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The low-temperature narrow-line spectra of optical impurity centres doped substi-
tutionally into carboxylic acid crystals carry information about the proton structure of
the environment. This fact has been used in benzoic acid crystals containing thio- and
selenoindigo to measure the tautomerization dynamics of the acid dimers and to deter-
mine the tunneling matrix element of the double well potential governing this proton
transfer.

Introduction

Two-level systems, double-well potentials, and tunneling systems
have been invoked to explain the optical properties of impurity centers
in glasses. They are used to rationalize the mechanisms of both the
burning and the broadening of spectral holes produced by frequency
selective laser irradiation in the inhomogeneous absorption line of the
optical center [*> z]. Yet the exact physical nature of the tunneling sys-
tem is obscure: in hydrogen-bonded organic glasses large deuteration
effects have been found pointing to the role of protons of the hydrogen
bonds [3,4 j, but any detailed study is hindered by the wide distribu-
tion of two-level systems coupled to the optical center, which makes it
difficult if not impossible to uncover the behaviour of a specific center.
The detailed study of well-defined tunneling systems as can be observed
in hydrogen-bonded crystals is interesting in this regard. In a more
general context these systems can be used as models for the study at
low temperatures of the interplay of tunneling and relaxation in a
tunneling system coupled to a heat bath, a subject of much current
theoretical interest [5~B ]. These systems are also relevant for the
description of the transition from quantum motion at low temperatures
to classical transport at higher temperatures and provide models for the
study of hydrogen transfer reactions along hydrogen bonds.

Fig. 1, Tautomerization of a symmetric carboxylic acid dimer.
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Our model system is shown in Fig. 1. Carboxylic acids form dimers
linked by two hydrogen bonds and there exist two tautomer forms sepa-
rated by a potential barrier, which interconvert by a concerted two-
proton transfer along the hydrogen bonds. For an isolated symmetric
dimer the tautomerization is therefore governed by a symmetric double-
well potential and one of the questions that arises concerns the value of
the tunneling splitting in such a potential. In the tautomerization reac-
tion not only the protons move (by ca. 0.7 Ä) but also to minor extent
the other atoms of the skeleton: С— О double and single bonds, for
example, are interchanged and the corresponding bond distances vary
by 0.1 Ä. It follows that the reaction coordinate is not simply given by
the position of the hydrogen atoms and that the value of the tunneling
splitting is lowered, reflecting the weight of the heavier skeleton coordi-
nates involved in the reaction [9-11 ]. In a condensed phase environment
this splitting is further lowered by the coupling to the bath coordinates
and in addition the tunneling oscillation is damped by this coupling [ l2].

The coupling to the bath coordinates leads to a structural relaxation of
the environment around each of the tautomer forms, but in a low tempera-
ture solid this relaxation cannot fully occur on the timescale of the
tunneling oscillation: the two tautomers become distinct and have diffe-
rent energies and at low temperatures the system is trapped in the most
stable form, as the energy difference of the two tautomers is in general
large as compared to the tunneling splitting.

In a pure crystal, therefore, the two tautomers are distinguishable and
depending upon their energy difference and the temperature both forms
will be more or less populated. At finite temperatures the protons are
not in an ordered configuration and the question arises whether this
disorder is static or dynamic on the timescale of an optical experiment
for example. This timescale is given by the rate of tautomer interconver-
sion: nuclear magnetic resonance and inelastic neutron scattering tech-
niques have recently been used to determine its value in a number of
carboxylic acid crystals at higher temperatures (7>>loo K) when the
process occurs by thermally activated barrier crossing [l3-19 ]. At lower
temperatures direct transitions between the quantum states of the system
are thought to dominate, but their rate could not be determined because
at low temperatures only the most stable tautomer is populated, the pro-
tons are ordered, and all dynamics is frozen out.

The object of our work is to show how optical methods, using a dye
molecule as a probe of the environment, provide information on the
tunneling level structure and the dynamics of the system at very low-
temperatures. In this paper I shall summarize the results of recent work
done in collaboration with R. M. Hochstrasser and G. R. Holtom in
Philadelphia and with M. Pierre and Ch. Rambaud in Grenoble f2O-26 ].

Optical transitions of a dye coupled to a carboxylic acid dimer

The energy difference of the two tautomers of a symmetric carboxylic
acid dimer in the solid state is as explained above determined by
the coupling to, and the static structure of the environment. In a crystal
the molecular packing determines the asymmetry of the double-well
potential; frequently all dimers are symmetry related and the tautomeri-
zation is described by a unique potential function. In order to change the
value of the asymmetry it is possible to apply external electric or strain
fields, but in general these perturbations lead to insignificant changes
of the potential only. Using different compounds with different crystal
structures it is, of course, possible to realize a variety of asymmetries,
but a more versatile and easier way to alter locally the potential func-
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tion of selected dimers in the crystal is to dope the crystal with suitable
impurity molecules. When a carboxylic acid dimer is replaced substitu-
tionally by an impurity the tautomerization potential of neighboring
dimers is perturbed and for these dimers the asymmetries of the double-
well potential span a set of well-defined descrete values. The distribution
of asymmetries depends not only upon the chemical nature of the impu-
rity but also upon the electronic state. For studies at low temperatures a
limited number of dimers will be relevant only:

a) dimers for which the asymmetry of the potential has been reduced
to a value below the asymmetry of the bulk material and also sufficiently
small, such that both tautomers are thermally populated;

b) dimers for which the asymmetry of the double-well potential is
reversed when the impurity is promoted into an electronically excited
state, such that in an optical transition of the impurity the unstable form
of the neighboring acid dimer is populated.

Time resolved fluorescence measurements of the
tautomerization dynamics

Fig. 2 illustrates schematically how the dynamics of tautomerization
can be monitored in case b) mentioned above, using time resolved mea-
surements of the emission of the dye impurity subsequent to frequency
selective pulsed excitation. The labelling of the different levels is given
in the figure; the decay rates of the | 1, a) and |l,p) excited states are
denoted by ki a and &ip, respectively, and ka p represents the rate of tauto-
merization 11, a) j I,’ |s>. With these notations the intensities h{t) and
h{t) of the 11, a)->• 10, a) and 11, (3> -> 10, (3> transitions subsequent to
pulsed excitation at the ]O, a>—>~ 1 1, a) transition frequency is given by;

h{t) =A-exp(—kui-t)
>

h{t)=A-kafi/{kia Aqp) • (exp exp {—kla -t)}
The ratio of the time integrated emissions is:

1

Fig. 2. Schematic representationof the double-well tautomerization
potential of an acid dimer coupledto a dye molecule. The wavefunc-
tions are indicated as broken
lines. The asymmetry of the double-well potential is reversed when the
dye molecule is excited. The rateof tautomerization can be determi-
ned in this case from time resolvedemission measurements.
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Fig. 3. Projection on the a, b
crystallographic plane of a thio-
indigo molecule doped substitu-
tionally into a benzoic acid
crystal. Two of the four tauto-
mer configurations of the two
equivalent acid dimers sand-
wiching the indigo molecule are

shown.

These measurements lead therefore to a straighforward determination
®f the rate of tautomerization. The situation illustrated in Fig. 2 is rea-
lized in thio- and selenoindigo-doped benzoic acid crystals. As both the
crystal and the dopant are centrosymmetric, there are actually two equi-
valent acid dimers separated by two lattice spacings coupled to one impu-
rity molecule and four interconverting tautomer configurations that have
to be considered (see Fig. 3). Two of these are centrosymmetric, the
energy degeneracy of the two other polar configurations can be lifted in
an applied electric field [2i ]. The measurements on thioindigo in benzoic
acid are shown in Fig. 4. The fit of all experimental data could be obtain-
ed with just two adjustable parameters, the rate of tautomerization and
the lifetime of the excited state of thioindigo [23 ]. Within experimental
accuracy the intrinsic lifetime of the impurity is not affected by the
detailed structure of the environment and the tautomerization of the
acid dimers on either side of the impurity occurs in an uncorrelated
fashion and with the same rate. Fig. 4. also illustrates the large deute-
ration effect: in the deuterated acid nearly all emission occurs from the
initially excited level because the rate of tautomerization is reduced by
about three orders of magni-
tude. Measurements of this
kind have been performed
for a variety of systems and
the rate of tautomerization
was found to be remarkably
independent of the nature of
the impurity and the magni-
tude of the asymmetry of
the double-well: its value is
2—4-108 s-1 .

Fig. 4. Top; emission spectra
of thioindigo in benzoic acid
recorded under selective excita-
tion of the tautomer configu-

ration with the highest (lowest)
energy when thioindigo is in
the excited (ground) electronic
state. The lines marked R u R 2and R 3 correspond to the diffe-
rent tautomer configurations
I ct, a), ja, p> and |p, a>, |p,p>.
The bands marked ph and и
are phonon side bands and vib-
ronic lines, respectively some of
the other sharp lines are Raman
transitions of the benzoic acid
matrix. Bottom: time resolved
fluorescence emission from the
R i, R 2 and R 3 configurations
subsequent to selective excita-

tion of Ri.
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t)elocalized proton levels
In all the measurements described above the asymmetries of the

double-well potentials were large as compared to the tunneling matrix
element and the states involved correspond therefore to localized proton
configurations. Measurements of benzoic acid dimers in the vapor phase
[27 ] and the absence of any resolved tunneling substructure in the con-
densed phase indicated that the magnitude of the tunneling splitting
should be smaller than the inhomogeneous linewidth, i.e. less than ca.
1 cm-1

. A measure of the value of the tunnelig matrix element and the
relaxation dynamics between delocalized proton levels is of particular
interest and becomes possible in a system where the assymmetry of the
double-well potential is accidentally nearly zero when the dye impurity
is unexcited while it becomes large for the acid dimers next to the
excited dye.

Resolution of the tunneling splitting by fluorescence line narrowing

The situation described above is illustrated in Fig. 5. The ground
state splitting of the delocalized levels is not resolved in conventional
absorption and emission spectra, and was inferred from the temperature
dependence of the absorption line intensities of the transitions to the
different localized excited states. Fluorescence line narrowing tech-
niques on the other hand are capable to resolve the ground state splitting:
narrowband laser excitation transfers population from the ground state
levels into the excited state for those molecules for which the transi-
tion energy in the inhomogeneous distribution matches the laser fre-
quency. After relaxation by tautomerization the resulting emission can
be spectrally resolved and reflects the ground state splittings. The
feasability of the experiment relies upon the fact that the inhomogeneous

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 wave-functions are represented by broken and dotted lines. The inhomogeneous width of theelectronic transition indicated schematically masks the ground state level splittingin conventional absorption or emission spectra. p b
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Fig. 6. Line narrowed emission spectra ob-
tained for thioindigo in benzoic acid: excita-
tion into a vibrational level (top) and the
o—o-transition (bottom) of the higher energy
la, (3>, IP, a> configuration. The homogene-
ous linewidth of the transitions in the excita-
tion process masks the ground state spli-
tings 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.

distributions of the transitions involved are correlated. The actual expe-
riment p6 ] was done with thioindigo in benzoic acid (a different sub-
stitutional site than the one involved in the time resolved experiment
described above), and shows a somewhat more complex structure as
again two-coupled acid dimers have to be considered. The resulting
line narrowed spectrum is shown in Fig. 6. The residual linewidth is
instrument-limited; any broadening due to incomplete correlations of the
inhomogeneous broadenings is smaller than about 0.1 cm -1; this is a
remarkable result as the excited states involved in the transitions
correspond to polar and nonpolar tautomer configurations, respectively.
The value of the tunneling matrix element obtained in these experi-
ments is 0.16+0.01 cm-1 (this value equals one half the tunneling
splitting of a symmetric dimer). The asymmetry of the double-well
potential is slightly smaller than this value and the protons are therefore
delocalized to a very significant degree.

Relaxation dynamics between delocalized proton levels
Time resolved fluorescence measurements, as described above, are

inadequate to acces the relaxation dynamics between these delocalized
levels which are associated with the ground electronic state of the
impurity. An indirect evaluation of the finite lifetime of the ground state
levels was obtained from a determination, by hole-burning, of the homo-
geneous linewidth of the transitions at low temepatures when pure
dephasing can considered to be negligeable po ]. The contribution to the
linewidth in excess of the term coming from the known lifetime of the
excited state was attributed to the finite lifetime of the ground state
levels. In view of the well-known uncertainties associated with spectral
hole-burning techniques a more direct measure was made using time
resolved picosecond transient grating techniques.
In these experiments two time coincident laser pulses of equal fre-
quency cross in the sample, and form a pattern of interference fringes.
This leads to a spatially periodic excitation of the sample and produces
variations of the index of refraction, which have contributions from both
the excited and ground state populations of the dye molecules. This
index grating is probed by a time delayed third pulse, and the intensity
of the diffracted signal, which is proportional to the square of the index
variations, is measured as a function of the time delay. The signal there-
fore maps the time evolution of these populations.



Fig. 7. shows the results of such measurements for proto and deutero
(acid protons exchanged) benzoic acid [2s]. If the recovery of the
ground state were solely determined by the lifetime of the excited state
the signal should decay exponentially with half the excited state lifetime.
This is indeed observed for the deuterated compound, because the rate
of deuterium transfers is orders of magnitude slower and does virtually
not occur on the timescale of the measurement. In proto benzoic acid
the deviations from the exponential decay are obvious and can be
explained by taking into account the relaxation between the delocalized
proton levels of the benzoic, acid dimers near the ground state thioindigo
impurity. The analysis of the data was made introducing a single rela-
xation rate as the signal to noise ratio did not warrant a multiparame-
ter fitting required if two relaxation rates are used for the three ther-
mally populated levels. The value obtained for this rate (3.5 ■ 108 s -1 )

is in fair agreement with the value obtained from the optical linewidth
measurements (see above).

Fig. 7. Transient grating measurements in proto (top) and deutero (bottom) benzoicacid doped with thioindigo. The full and broken lines are calculated decays neglecting
and including relaxation processes of benzoic acid dimers near ground state thioindigomolecules. The peak near t—0 reflects a fast process possibly related to multiphoton

excitation of higher electronic states.

Relaxation processes in double-well potentials can be related to
modulations by phonons of the asymmetry and the barrier, i. e. the
tunneling matrix element. Using Fermis golden rule and taking thephonon density of states to be proportional to the square of the energy,it is easy to see that rate of population relaxation is proportional to the
square of the sum of two terms: one is the product of the tunnelingmatrix element and the modulations of the asymmetry, the second is theproduct of the asymmetry and the modulations of the tunneling matrix
element f22 ]. Our results indicate that this rate is quite insensitive to
the absolute value of the asymmetry and suggest therefore that the firstterm dominates: the measured relaxation rates should therefore beproportional to the square of the tunneling matrix element. The deute-
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ration effect on these rates of about 10+3 indicates that the tunneling
matrix element in deuterated benzoic acid is reduced by a factor of
about 30 and is of the order of 5-10~3 cm-1 : in condensed phases it
will be very difficult to measure such a small value as the asymmetry
is likely to be always much greater and the system will be completely
localized.

Summary and conclusion

We have shown here how optical techniques can be used to assess
the level structure and the dynamics of a tunneling system in the con-
densed phase in the limit of very low temperatures where conventional
nuclear magnetic resonance and inelastic neutron scattering methods
become inoperative. Our results for benzoic acid dimers should be typi-
cal for carboxylic acid dimers, because the parameters determined here
with different probe molecules are fairly insensitive to the nature of the
probe. One unexpected result is the great insensitivity of the rate of
relaxation to the asymmetry of the double-well potential. This point
certainly deserves further investigation and confirmation.
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Н. Р. TROMMSDORFF
OPTILISED SIIRDED PROOTONÜLEKANDESÜSTEEMIDES

Karboksüülhappe kristallidesse viidud asenduslisandi optiliste tsentrite kitsajoonelised
Spektrid sisaldavad madalatel temperatuuridel teavet ümbruse prootonstruktuuri kohta.
Seda asjaolu kasutati tio- ja selenoindigot sisaldavates bensoehappe kristallides happe-
dimeeride tautomerisatsiooni dünaamika mõõtmiseks ja seda prootonülekannet juhtiva
kahenõolise potentsiaali tunnelmaatrikselemendi määramiseks.

Г. П. ТРОММСДОРФ

ОПТИЧЕСКИЕ ПЕРЕХОДЫ В СИСТЕМАХ С ПЕРЕНОСОМ ПРОТОНА
Узкополосные низкотемпературные спектры оптических примесных центров заме-

щения в кристаллах карбоксильной кислоты несут информацию о протонной струк-
туре окружения. Этот факт был использован для изучения кристаллов бензойной
кислоты, содержащих тио- и селеноиндиго, с целью измерения таутомерной дина-
мики димеров кислоты и определения туннельного матричного элемента двухъямного
потенциала, определяющего перенос протона.
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	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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	Illustrations
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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.
	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.
	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.
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	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.
	Рис. 1. Характерная морфология поверхности толстых ЭС.
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