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Purely electronic zero-phonon line as the foundation
stone for high-resolution matrix spectroscopy,
single-impurity-molecule spectroscopy, and persistent
spectral hole burning. Recent developments
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A few examples of recent progress in the study and applications of purely electronic zero-
phonon line (ZPL) and its offshoots are briefly considered: new experimental values of the nar-
rowest ZPL; time-and-space-domain holography in the femtosecond domain, and the realization of
a femtosecond Taffoli gate by it; single-impurity-molecule spectroscopy, its relation to single-pho-
ton interference and to the realization of quantum computing; the promises of quantum computing
compared to what has already been done in holography.
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The purely electronic zero-phonon line (ZPL) is a
remarkable feature of low-temperature spectra of the
absorption and luminescence of quite a number of var-
ious impurity centers in various solid hosts (see [1-5]
and references therein). ZPLs can be very narrow and
have very high peak absorption cross sections. These
valuable properties, as well as several other features,
are in close correspondence with features of the Moss-
bauer y-resonance line. Because of this correlation,
originating from the symmetry of the harmonic oscil-
lator Hamiltonian in coordinate and momenta [6],
J.F. Gross called the ZPL the optical analog of the
Maossbauer line [7], helping considerably to popular-
ize optical ZPLs.

I must note that two main features of the optical
ZPL were pointed out in [8], five years before the first
publication by Méssbauer [9]. That result of this early
paper, however, was not given due attention.

ZPLs, as sharp and intense features in the low-tem-
perature spectra of some impurities in solids (without
detailed explanation of their properties), were found
and fruitfully studied experimentally years before the
Massbauer effect. ZPL widths of around 1 cm™ ! were
measured in the spectra of rare-earth impurity ions in-
troduced in proper ionic single-crystal hosts and also
ruby (see [10,11] and references therein). The new
wave of theoretical studies brought the understanding
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that even the very narrow widths of around 1 em ! are
essentially inhomogeneous widths [1,2,5,12,13]. It
was predicted that for dipole-allowed transitions the
homogeneous lines should be, at liquid helium tem-
peratures, another 3—4 orders of magnitude narro-
wer still, i.e., the homogeneous linewidth is 1073-
~10 " em™ ~ 10-100 MHz (see [5,12-14] and refer-
ences therein), and even a few orders of magnitude
narrower yet for forbidden ones. The theoretical
point, later confirmed experimentally [12,14] was
that the ZPL’s homogeneous width, Ty, (T), tends in
the limit T — 0 to the value determined by the life-
time of the excited electronic state.

This theoretical prediction stimulated experimen-
talists to search for methods of how to eliminate or use
the inhomogeneous broadening and to utilize the pre-
cious properties of ZPLs in the frequency domain.

ZPL became the foundation stone for three novel
fields of modern optics and spectroscopy [3,4,15]: (1)
very high spectral resolution ZPL studies of atoms and
molecules as impurities in low-temperature solids (ve-
ry high spectral resolution matrix isolation spectros-
copy); (2) single impurity molecule spectroscopy
(SMS) (see [16] and references therein); (3) persis-
tent spectral hole burning (PSHB) (see [17] and refe-
rences therein).
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Very high resolution ZPL spectroscopy
of impurity centers

Recently photon echo measurements of optical de-
phasing of forbidden transitions in rare-earth ions
have revealed low-temperature linewidths as narrow
as a few tens of hertz. The narrowest features reported
up to now is 'y, ~ 50 Hz for the 4115/2 © 4113/2
transition in Er” : Y,SiO5 with 0.001% concentration
of Ei’* at T =1.5 K and in a magnetic field of B =
=70 kG (to freeze the nuclear spin fluctuation, which
can be considered as causing unresolved or time-de-
pendent inhomogeneous broadening) [18,19].

In the conventional optical spectroscopy of impu-
rity solids, we have been accustomed to routinely ne-
glecting the effect of the recoil momentum associated
with the absorption and emission of optical photons,
because the recoil of the emitting /absorbing atom
corresponds to a frequency shift of about 1 kHz, which
is really small compared to the allowed transitions’
SMS linewidths about 10-100 MHz. For the very nar-
row ZPLs like those mentioned above, I',, < 1 kHz,
and the recoil has to be taken into account. The deve-
lopment of a new version of the theory of ZPLs taking
into account simultaneously the Stokes shift and re-
coil has been started [20].

A novel aspect is that recoil entangles the emitted
photon and the free atom which had emitted it. The
entanglement is utilized to build a new quantum de-
scription of the spontaneously emitted single localized
photon.

The situation for an impurity in a solid is more so-
phisticated than for an atom in vacuum. ZPL occupies
here a very specific position: for ZPL a macroscopic
piece of solid accepts and absorbs the recoil, and the
recoil momentum and energy received is practically
zero. The transitions creating the phonon sideband
distribute the recoil between phonons, and the entan-
glement is not clearly displayed and will be very
shortly cancelled by the macroscopic piece of solid,
acting as a thermostat.

Low-temperature narrow ZPLs are very sensitive to
various kinds of even very small irregularities of the
surrounding solid, leading for a body of impurities to
large inhomogeneous broadening of the ZPL. De-
pending on the solid host, on the impurity, and on the
features of the electronic transition, the inhomoge-
neous ZPL width can vary from a tenth of cm ™' (e.g.,
rare-earth ions in good single crystals) to thousands
of em ! (impurity molecules in amorphous glasses,
frozen solutions, and polymers). Due to inhomoge-
neous broadening, even the narrowest low-tempera-
ture ZPL obtained by conventional absorption—emis-
sion measurements (i.e., without special spectroscopic

1102

techniques) comprises thousands of slightly different
homogeneous ZPLs.

In the early years of ZPL spectroscopy [1,5], in-
homogeneous broadening (IB) of optical spectra was
considered as an annoying impediment, and the ab-
sence of IB in Mossbauer ZPLs was viewed as a great
advantage of the latter. Nowadays the situation has
changed [2,3]. IB of optical ZPLs has turned out to be
a valuable feature for ZPL science and applications,
especially in areas such as optical data storage and
processing. In fact, the larger the ratio between the
inhomogeneous linewidth (T,;,) and the homogeneous
linewidth (T, @4, = Cinh/Thom, the larger is the
potential utility of these applications.

A ratio oy, as high as 10% has been achieved for
Ert: LiNO3 [19]. IB helps also to address a single
molecule in SMS via spectrally selective excitation.

Single impurity molecule spectroscopy (SMS)
and single molecule detection (SMD)

SMS and SMD (see [21], references therein and
[22-25]) is a rapidly growing novel field of ZPLs
studies. The applications are especially promoting in
biology and molecular biology, also in chemistry [6].
A brand new development in physics are attempts to
push ahead quantum computing, quantum communi-
cation, etc. Utilization of the sharp and narrow ZPLs
[1,2,16,21-23] for realization and transformation of
qubits (N-V centers in diamond) and also studies of
single impurity molecules as single-photon sources
and interference phenomena in SMS should be men-
tioned.

Both SMS and SMD are based on multiple excita-
tion of luminescence and collecting photons. SMD can
use also markers without ZPLs. On the other hand,
the single impurity molecule spectroscopy, which is
based on ZPLs and consequently requires low temper-
atures, is 3—5 orders of more sensitive than SMD (the
peak absorption cross section of fluorescence excita-
tion being up to 510 "' cm? [24]). The shape of ZPL
and other fine features can be measured. The peak ab-
sorption cross section and the spectral selectivity of
luminescence excitation in SMD without ZPLs is 4-5
orders of magnitude smaller than in SMS using good
ZPLs. On the other hand, SMD also works at room
temperatures, and this is a great advantages in biologi-
cal studies.

A ZPL of 10 MHz width (typical for the popular
SMS molecular impurities today [2—4,16]) can be
shifted to a new spectral position (compared to the
ZPL’s width) by a change of the host structure or a
change of the electronic state of a neighboring impu-
rity even hundreds of nanometers away. Besides caus-
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ing IB, this makes SMS a supersensitive method using
ZPL impurities as probes. For it is sometimes too sen-
sitive. The measurements of the widths of individual
ZPLs in SMS reveal clearly the presence of various
spectral diffusion processes even at liquid He tempera-
tures [25—27]. An effective driving force at low tem-
peratures is the nonequilibrium lattice energy stored
in the cooling process. Measurements performed at
various times after cooling of the sample display
changes in the ZPLs’ positions and shapes, remarkably
different (individualistic) for different molecules. In
most cases this is the result of the dependence of the
IB on time [26,27].

A recent development which is promising, in par-
ticular, for fundamental quantum optics is the study
of interference between the exciting laser beam and
the resonantly scattered light emitted by a single mo-
lecule [28], and also the interference of emission of a
single molecule with its mirror image [29]. The novel
field of single-photon sources and single-photon phe-
nomena has been opened.

Single-photon states of light today take an impor-
tant position in quantum computation [30], quantum
cryptography [31], and interferometric quantum non-
demolition measurements [32]. Several candidates for
single-photon sources has been proposed: faint laser
pulses and parametric down-conversion [33], recombi-
nation of electrons and holes in single quantum dots
[34], and optically excited single molecules [35].

The advantage of a single molecule as a source of
single-photons is the clear situation that after emis-
sion of a photon, the emission of the next can take
place only when the molecule gets excited again.

It takes some waiting time T, = Toxe + Trad, Where
Toxc is the time required for excitation and T,,q is the
radiative lifetime, which is about 107 sec for allowed
transitions but can be orders of magnitude longer for
forbidden ones. T.. is longer when excitation is
weaker and the time gap between two subsequent pho-
tons longer. In interference experiments like [24] the
excitation must match in good resonance the fre-
quency of the ZPL, i.e., the 0—0 transition. To have
the possibility for this absorption, the vibrational re-
laxation in the ground electronic state must be com-
pleted. We have Ty, = Teye + Traq + Trel » Where T is
the (vibrational) relaxation time, which also can be
very different for different impurity centers. Thus T,
can be different by orders of magnitude and manipu-
lated via excitation intensity.

A promising candidate for a photon gun and sin-
gle-photon interference experiments is the N-V impu-
rity center (substitutional nitrogen trapped by a va-
cancy) in diamond [36,37], which is photostable even
at room temperatures. First, the quality of the transi-
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tion of the N—V center excited via the ZPL was
verified to be good through measurements of the inter-
photon time in the process of photon counting and
also through the second-order correlation functions of
the fluorescence intensity. Both show clearly the anti-
bunching nature of the process of photon emission
and, consequently, that the source really is a single
impurity center, emitting photons one by one sepa-
rated by rather long time delays. To create and mea-
sure the interference, the stream of (single, well-sepa-
rated in time and space) photons was directed into
a Michelson interferometric detection set, and the
change of the interference pattern of a photon with it-
self as a function of the delay introduced by the inter-
ferometer was detected. The measurements showed
that in a system with an interferometer a single pho-
ton from a N—V center exists as a superposition of two
states of the single photon using both paths of the in-
terferometer. The coherence length of the single-pho-
ton emitter was found from the decay of the visibility
of the fringes in the interferogram. Interpretation
of the measurements gave values in reasonable ac-
cordance with the expected ones for wavelength,
linewidth, decay time (phase relaxation time T), and
coherence length. When only the spectral interval cor-
responding to the ZPL frequency was selected for de-
tection, the coherence length was increased by more
than two orders of magnitude.

SMS has been successfully applied to spin dynam-
ics in organic molecules [38—40] and proposed for se-
quencing of nucleotides in the DNA molecule [41,42].
Let us point out that the task of sequencing of nucleo-
tide in the DNA molecule is an ideal one for low-tem-
perature SMS spectroscopy: the biological essence —
the sequence — is most probably not spoiled by cooling
to liquid He and applying moderate laser excitation.

Recently single molecule spectroscopy has been ap-
plied to paramagnetic single nitrogen—vacancy (N=V)
defect centers in diamond [43—48] (actually the only
SMS-studied inorganic impurity center up to now).
They show high fluorescence emission yield, allowing
optical detection of individual defects at low tempera-
ture under resonant excitation. The measured homoge-
neous linewidth of 150 MHz is smaller than the
2.88 GHz zero-field splitting of the triplet ground
state of the center, allowing the control of the single
electron spin state [8]. Individual spin dynamics has
been analyzed qualitatively using fluorescence corre-
lation spectroscopy [49]. Time-resolved data show
that spin—lattice relaxation time is in the range of mil-
liseconds.

It was shown that polarization-sensitive single-mo-
lecule fluorescence analysis provides a detailed insight
into the photophysics of photosynthetic antenna com-
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plexes. The picture of excitonic interactions in the
light-harvesting complex LH2 is a matter of signifi-
cant perturbation at room temperature. Dynamical
disorder results in the fluctuation of the emission po-
larization on a time scale of a few hundreds of milli-
seconds [50]. Strong influence of the local protein en-
vironment on the spectral characteristic of pigments
was observed for plant antenna LHCII [51]. This
photosynthetic aggregate was extensively investigated
at low temperature, where the spectral jumps of indi-
vidual Chls molecules reveal the dynamics of the pro-
tein matrix. Room temperature studies of LHCII show
that only one emitting state is responsible for the fluo-
rescence emission at room temperature. For the tri-
meric LHCII, the energy transfer between monomeric
subunits is slower than the fluorescence lifetime, re-
sulting in an unpolarized fluorescence emission. Re-
cently the single-molecule approach was success-
fully applied to a reaction center containing a
photosynthetic aggregate — Photosystem I from the
cyanobacterium Synechococcus elongatus [52,53]. Tt
was shown that the red-most pigment pool contains
two subgroups of Chls molecules, which differ not
only by their spectral position but also by the strength
of the electron-phonon coupling. It was proposed that
the red-most state is a Chl dimer, which is located
near the special pair. High-resolution fluorescence
emission and excitation spectra revealing the single
chlorophyll structure were recorded at cryogenic tem-
peratures. It was shown that the low fluorescence
quantum yield (a few percent at room temperature) is
not a severe obstacle to detection of the reaction cen-
ter containing the photosynthetic species. Quenching
of pigment fluorescence can be deactivated at cryo-
genic temperatures when the required uphill energy
transfer is blocked.

The homogeneous width Ty, (shape) of the ZPL is
important especially in the novel applications, and to
have its definition seems desirable. If the measurement
of luminescence (of secondary emission, generally
speaking) is performed shortly after the act of excita-
tion with a short pulse, then the result is a time-de-
pendent spectrum which can differ entirely from those
of conventional stationary measurements. The critical
time parameters are the radiative lifetime and the
nonradiative relaxation times. If the measurement pe-
riod is too long, then spectral diffusion can introduce
basic changes. Therefore, I would suggest the follow-
ing definition of the homogeneous ZPL’s line shape:
«the homogeneous ZPL spectrum is that of a single im-
purity center measured in a proper time intervals» [54].

For sake of quantitative interpretation of experi-
mental data, it is generally useful to consider four se-
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parate factors that can contribute to the width of
homogeneous ZPL (and also the line shape):

Thom (T,8) = Tpaq (T) + Tgep (T) +
+ Fnrad(T) + Finh(T, t) ) (1)

where T, ((T) is the linewidth caused by spontaneous
emission (for allowed transitions the T' dependence is
not critical); T, . (T) is the linewidth caused by
quenching of luminescence (the T dependence is criti-
cal); Lo p(T) is the line broadening caused by de-
phasing, in most cases by scattering of phonons at the
impurity, leading to degradation of the phase coher-
ence (optical coherence) of the excited electronic
state (the T dependence is strong because the number
of phonons in the solid increases rapidly with T);
[, (T,t) arises from different rearrangements and
heating /cooling processes taking place in the matrix
during the measurement. For individual single mole-
cules the time dependence of the inhomogeneous
broadening is also individual and can be strong and
complicated. For example, in SMS hundreds of fluo-
rescence photons are being collected for each point of
the spectrum, and the measurement process may last
up to tens of seconds.

Note that every individual impurity may have its
own values for each of the factors in (1). Linewidth
SMS measurements of individual molecules have re-
vealed variations of T, (T,¢) up to tens of percent
between chemically identical impurity centers and
also from one measurement time to another delayed by
tens of seconds (see next Section). Variations in T'p,q
may occur; the dependence of T',,q can be due to differ-
ent densities of photon states in the crystal and in vac-
uum, or can depend on its position relative to the sam-
ple’s surface. It is interesting to note that similar
dependence on the density of the electromagnetic field
states causes the well-known Casimir effect [55].

Persistent spectral hole burning (PSHB) is actu-
ally bleaching of luminescence. What makes PSHB a
remarkable and useful phenomenon is that the bleach-
ing can be performed, owing to ZPLs, with very high
spectral selectivity — with an accuracy of their width.
A precious gift of Nature is that the very narrow ho-
mogeneous ZPLs form a broad inhomogeneous ZPL
band. Illuminating a PSHB material by a light beam
having the intensity spectrum (summed up over the
excitation time) I(®) bleaches the inhomogeneous ab-
sorption in accordance with I(®) and forms <a hole»
having the shape I(w) and thus memorizing the fre-
quency distribution of the excitation. PSHB is an ef-
fective tool of optical engineering by means of illumi-
nation: it enables one to predesign and change the
profile of the inhomogeneous absorption band of im-
purity absorption, i.e., actually to control the coeffi-
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cient of absorption and the index of refraction, which
is bound to it via the Kramers— Kronig relations.
When we deal with time-dependent holographic pic-
tures (events) (see next Section) this relation guaran-
tees causality in the theoretical description. A novel
chapter of optical engineering has opened using light
as the tool. The hole structure fixed in the changes of
the sample’s material can have long and very long life-
times — depending on the lifetime of the changes
caused by bleaching. In [56] the lifetime of holes in
deuterated organic solids has been estimated as a hun-
dred thousand years. Thus PSHB devices can be made:
broad-spectral-band and broad-apperture spectral fil-
ters, modulators and, the most remarkable application
— optical memories having lifetimes lasting hours,
days, and longer.

In the case of pulsed light excitation, the intensity
spectrum of the bleaching pulse is stored in the broad
and complicated hole structure with a high accuracy
equal to the width T'y,,,. If the approach of hologra-
phy is applied — a reference pulse (shifted in time) is
added to the pulse carrying the information and the
two pulses are stored together — the equivalent of
phases of the information pulse’s Fourier components
can also be stored. Thus the signal pulse can be re-
stored completely and with high accuracy. The real-
ization of this possibility has opened new and spectac-
ular chapters of optical information storage and
processing — frequency-and-space-domain holography
[57] and time-and-space-domain holography (TSDH)
(see [3,4,17,58] and references therein). If the excita-
tion laser band is narrow compared to the homoge-
neous linewidth Aw; << T}, the hole width measured
(in the limit of weak excitation) is '}y = 2T}om - Fac-
tor 2 originates from I}, being involved twice —
first, in hole burning and, second, in the hole shape
measurement.

The selectivity, given by Tyom ~ 102 cm™', shows
that the profile of a picosecond pulse (with A®.y. = 10
em” 1) can be stored with a rather high accuracy, given
by the ratio

Aexc : Fho

Here Iy >> 10 em ™!

The remarkable feature of PSHB holographic stud-
ies and applications is that practically everything pro-
posed theoretically has been realized experimentally
the laboratory environment. Commercial applications
are still absent because the really nice applications re-
quire large o and, consequently, also low tempera-
tures. In fact, liquid He temperatures are nowadays
quite a minor technical problem. An essential recent

development is femtosecond PSHB.

~10:1072 ~ 10% .
m
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Femtosecond pulses. The pulses of 10—100 fs dura-
tion and hundreds of cm ™~ wide provide a convenient
field for frequency-domain experiments and thus also
PSHB technique. The first femtosecond experiment
was published ten years ago [59]. In [60] it is shown
how to produce arbitrary time-domain pulse shapes by
using PSHB.

The Fourier amplitudes of the desired time depen-
dence of the light pulse are calculated. The corre-
sponding profile of the frequency dependence of the
absorption coefficient of a PSHB sheet is written in
through PSHB by scanning a narrow line laser.

The PSHB sheet prepared in that way is illumi-
nated with a broad band pulse (a «white pulse»)
which, after passing through, is modulated in accor-
dance with the calculated profile of the absorption co-
efficient (together with it the index of refraction) and
will propagate having the desired shape in time [60].

If a time-dependent picture (an event) is to be com-
posed (a scene of an artificial movie) the procedure
has to be performed for each spatial pixel of the PSHB
sheet.

In the case of a given time-dependent picture
(event) it is projected to the sheet. When the PSHB
sheet prepared in that way is illuminated with a prop-
erly directed «white» interrogating pulse, an image of
the event is created in full: color picture, time depend-
ence, and even polarization properties are available.
The same PSHB structure can be created pixel-by-
pixel by means of a cw laser writing the precalculated
hole structure. Note that the scenes are artificial:
nothing like them ever existed (happened) in reality.
The time dependence is continuous, different from our
conventional movies or TV, where it is a deception
created by changing static pictures with 50 Hz fre-
quency. PSHB time-and-space-domain holography
provides a means for really continuous time depend-
ence. In principle, to make a movie, only the scenario,
a team of PSHB laser-optics professions and proper
equipment and materials are necessary. No artists, no
requisites, panoramic sights, etc. are needed. The pres-
ent-day limitation comes from the materials — the
maximum duration of a scene is limited by the mate-
rial’s phase relaxation time to small fractions of sec-
ond.

In [61] a femtosecond interference effect created in
a ultrafast two-pulse photon echo in dye-doped poly-
mer films at low temperatures was used to demon-
strate an ultrafast three-port all-optical logic «con-
trolled NOT» gate (Taffoli gate).

A fascinating result of nonlinear optics is the very
large slowing down of the group velocity of light in
matter down to the complete «stopping of light» (see
[62,63] and references therein). In fact it means that
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the information carried by a light pulse can be stored
in the structure of n(x) and later (within the limits of
the coherence time of the excited state of matter), be
retrieved by a suitable interrogating pulse. PSHB
time-and-space domain holography has performed the
same task with the following essential differences: co-
herence (no phase relaxation of the excited state is re-
quired only for the write-in time), and the storage
time can, as mentioned above, last hours and if de-
sired, be even longer by orders of magnitude. Note
that the light—matter interaction in PSHB is linear
[3,4,64].

An interesting brand new attempt of indicate the
possibility of considerably increasing (by a factor of
~ 100) the number of qubits involved in processing is
made via using spectral holes [65].

Promises of quantum computing compared to
what is done in PSHB holography

What can be actually achieved in quantum comput-
ing (QC) is not clear yet. Current literature prefers to
focus on comparing the future of QC to the present
state of conventional digital electronic data storage
and computing. The outcome of such comparison is
overwhelmingly in favor of the future QC. However,
it would be fair and educational if QC would be also
compared to holographic data storage and processing,
in particular, to PSHB-based time-and-space-domain
holography (see [66]).

Holography is based on distributed data storage
and uses interference of light waves. PSHB adds to
the two pillars: the frequency—time dimension. In ho-
lography, owing to these features, the parallelism in
storage, processing and retrieval of information is na-
turally present. Holography provides self-correction
of errors and associative recall of information, PSHB
TSDH — also in the time domain — in the sequence
of events; effective data search (search for events), re-
trieval of the whole picture (event) by interrogating
with a fragment of the picture (event). Time-and-
space-domain holography comprises the time-arrow
and allows manipulating temporal order of recalled
signals, time-reversal, time lens and fast time shutter
(based on causality) [2—4,64].

As a further advantage of holography I would like
to point out that it is based on read-out of whole pic-
tures and events, which appears as a natural path to
human comprehension. In contrast, digital computers,
no matter how advanced they may get in the future,
produce «mountains of bits», which are digestible
only for another large computer.

The strongest point of TSDH compared to QC is
that phase memory has to be preserved only for the
time of write-in. In the experiments performed up to
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now the phase memory of the excited electronic states
lasts for about 1 ns in organic materials and up to 1 ms
in rare-earth doped crystals. After the phase informa-
tion is written in, it will be preserved through the
stored pattern of intensities (amplitudes) in the mo-
dulated structure of the complex index of refraction
n(r,0) The latter is fixed by the rather stable posi-
tions of the atoms of the sample. The information can
be read out at a later time (up to years) and many
times over.

In contrast, QC requires that phase memory be pre-
served at all times during writing, storing, and read-
out of the information. The last completely destroys
the content of the memory. It would be desirable to
combine the ideas of QC with the features of holography
(or to prove that such a combination is impossible).

Conclusion

The laser era of ZPL studies and applications
started almost 40 years ago, persistent spectral hole
burning is thirty years old and single-impurity-mole-
cule spectroscopy ten years of age. All three are in
good health, producting and promising fine new re-
sults. The most interesting results and future develop-
ments seem to lie in optical data storage and process-
ing, including quantum informatics. We have to
expect remarkable results also in SMS and SMD ap-
plications through single marker-carrying impurities
as probes in biology.
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