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The luminescence spectra of thin anthracene single crystals in optical contact with quartz and gold were
measured for the first time ever at low temperatures (1.7-100 K). It is shown that the presence of the
metal layer leads to metallic quenching of the Frenkel excitons on the interface. Questions involved in
the quenching of coherent and noncoherent excitons are discussed, as well as the peculiarities of the
influence of a metallic substrate on the processes of exciton-phonon interaction in anthracene crystals.
PACS numbers: 71.35. + z, 78.60. - b, 63.20. - e
INTRODUCTION

A number of recent studies a r e devoted to the peculiarities in the behavior of excitons near the surface of
the crystal, especially i f the latter i s in contact with
another medium. F o r molecular crystals, such a s anthracene, these investigations were carried out in Refs.
1-6. In addition to the singularities of exciton reflection and luminescence spectra, studies a r e made a l s o
of luminescence quenching, which i s important f o r the
determination of the behavior of Frenkel excitons on a
f r e e surface o r in the case of contact between the crystal and another medium. The quenching of excitonic
luminescence of a single crystal of anthracene was measured in Refs. 3 and 4 a t room temperature a s a function of the thickness of the dielectric interlayer between
the crystal and the metal. It was concluded that the
quenching i s due to annihilation of the excitons into
electrons and holes on the separation boundary.
Theoretical investigations of the behavior of Frenkel
excitons on a boundary with a
show that the
phenomena depend substantially on whether the excitons
that come into play a r e coherent o r noncoherent. Thus,
f o r example, if the excitons a r e noncoherent then the
presence of a metal can produce forces that drag the
excitons to o r from the metal, and metallic quenching
of the excitons should be observed. To identify the type
of excitons that manifest themselves in the spectra, i t
is necessary to c a r r y out the measurements a t various
temperatures, especially a t low temperatures, when the
excitons can be coherent7 There a r e still no published
reports of investigations of Frenkel-exciton quenching
on an interface with a metal at low temperatures.
We report here the results of investigations of the
characteristics of the luminescence spectra of thin anthracene single crystals which a r e freely mounted and in
optical contact with quartz and gold, a s functions of the
temperature in the interval from 1.7 to 100 K. We
prove experimentally, for the f i r s t time ever, the exis46
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tence of metallic quenching of excitons on the anthracene-gold interface, and that the quenching depends substantially on the temperature, An analysis of the dependence of the parameters of the electron band of the
exciton luminescence (position and half-width) on the
temperature and on the type of the substrate has made
i t possible to identify the different effects of metallic
and dielectric substrates on the exciton-phonon interaction in anthracene.
EXPERIMENT

The investigated anthracene single crystals were l e s s
than l pm thick and were grown by sublimation in an
inert atmosphere from zone-purified (-100 zones) of
material. No impurity bands whatever were observed in
the luminescence spectra of these crystals a t low temperatures. One part of the anthracene crystal was in
optical contact with fused quartz and the other with a
semitransparent gold electrode. F o r comparison, we
investigated also freely supported single crystals of
anthracene approximately 10 pm, with a gold semitransparent layer evaporated on half of their surface.
The luminescence spectra were measured in the temperature interval 1.7- 100 K. Stabilization and monitoring of the temperature were by means of two germanium thermoresistors of the KGG type (which measured the temperature in the range from room to helium
and below). The accuracy of the temperature determination was 0.05" in the interval 1.7-4.2 K and 0.1" in
the interval 4.2-100 K. The spectra of the exciton luminescence of the anthracene were measured with a DFS12 spectrometer. The luminescence was excited a t an
angle <lo0 to the crystal by a DRSh-250-2 mercury
lamp through a UFS-6 filter (A,,, =365 nm). The anthracene emission spectra were registered from the side
of the f r e e surface of the crystal, with account taken of
the light lost in the various substrates on the other side
of the crystal. Since the crystal thickness was l e s s than
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1 km, we disregarded the reabsorption of the luminescence. The quenching of the singlet excitons was estimated from the relative change of the integrated intensity of the exciton luminescence in the spectral range
397-407 nm when the same crystal was placed on a gold
electrode and on quartz, under perfectly identical spectrum-registration conditions. The contribution of the
exciton luminescence reflected from the interface with
the subtrate in the direction of the free surface of the
crystal was taken into account by converting it into a
coefficient of reflection from the substrate. The reflection standard was a quartz plate 1 mm thick.
EXPERIMENTAL RESULTS

We measured in the experiment such characteristics
of exciton luminescence as the change of the integrated
intensity, the shift of the maximum of the band of the
purely electronic transition, and the increase of i t s
half-width with increasing temperature, f o r crystals
that a r e freely supported and those in optical contact
with gold and quartz.
Figure 1 shows the exciton-luminescence spectra of
freely supported anthracene single crystals (curves 1
and 1') and of crystals in optical contact with fused
quartz (curve 2) and with a gold electrode (curve 3), all
at 1.7 K. The emission spectrum of the free anthracene crystal reveals a t low temperature a fine structure of the band in the region 398-401 nm (purely electronic transition, 00 band) and a separate band a t
404.75 nm, resulting from the 396 cm-' intramolecular
The fine structure of the 00 band is due
to intracombination scattering of polaritons by the phonons of the anthracene lattice.' The presence of optical
contact between the thin anthracene single crystal and
the substrate leads to a substantial change of the spectrum of the exciton luminescence of the crystal measured a t the same temperature. The fine structure of the
spectrum vanishes and the electronic band broadens,
while the position of the maximum of the band shifts
towards the shorter wavelengths compared with its posi-

FIG. 1. Luminescence spectra of anthracene single crystals
(the figure shows the spectral width of the slit used to register
the spectra): l,lt-freely supported crystal; 2-crystal placed
on quartz; 3-crystal placed on a gold layer.
47
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FIG. 2. Temperature dependence of the position of the maximum of 00 band of the exciton luminescence of anthracene:
1-freely supported crystal; 2-crystal in a contact with
quartz; 3-crystal in contact with a gold layer.

tion for the free crystal. In addition, the intensity of
the electron-vibrational band decreases and an additiona l band appears in the spectrum a t 401.7 nm (24,877
cm-'), whose intensity depends on the number of defects
and on the magnitude of the crystal deformation, and
varies with the type of substrate. It is customarily assumed'' that this band is of strain origin.
Raising the temperature from 1.7 to 30 K causes a
redistribution of intensity in the fine structure of the
electronic band of the free standing single crystal anthracene without changing i t s position o r i t s half-width
(Figs. 2 and 3, curve I ) , and leads to an appreciable
decrease of the integral intensity of the exciton luminescence. The emission spectra of an anthracene crystal located on a gold electrode and on quartz, a negligible shift of the maximum of the electron band towards
longer wavelengths is observed (Fig. 2, curves 2 and 3),
a s well a s an increase of the half-width (Fig. 3, curves
2 and 3), a decrease of the intensity of the electronic
and defect bands, and a slight increase of the intensity
of the vibronic band. Further raising of the temperature from 30 to 100 K causes considerable changes in
the emission spectra of both the free anthracene single
crystal and on those in contact. The fine structure vanishes, the purely electronic band shifts towards longer
wavelengths and i t s half-width increases (the largest
shift and broadening a r e observed for a crystal placed

FIG. 3. Temperature dependence of the half-width r ( T)of the
00 band of the exciton luminescence of anthracene: 1-freely
supported crystal; 2-crystal on quartz; 3-crystal on gold.
V. V. Bondar and M. V. Kurik
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We examine f i r s t quenching of noncoherent excitons,
i.e., we discuss the results of the measurements a t
high temperatures (60-100 K). In the diffusion approximation of the description of the exciton motion, the
expression f o r the exciton quenching is of the form1
FIG. 4. Temperature dependence of metallic quenching of
Frenkel excitons.

on a gold electrode). F o r a crystal placed on an optical
contact, the intensity of the deformation band decreases
and vanishes a t a temperature close to 50 K. The temperature a t which the defect band vanishes varies from
sample to sample, depends on the crystal strain due to
optical contact of the crystal with the substrate. In the
same temperature interval, the asymmetry of the electron energy bands of all the crystals decreases.
The metallic quenching of the Frenkel excitons were
determined experimentally from the formula
rl=~qu/(~qu-lrnet),
(1)
where I,, and I,,,,, a r e the integrated luminescence intensities of the same anthracene single crystal placed respectively on quartz and on gold. The temperature dependence of q for the anthracene-gold system on a
quartz plate is shown in Fig. 4.

DISCUSSION O F RESULTS

Metallic quenching. Before we discuss the plot shown
in Fig. 4, we must examine the influence of inhomogeneous strains in the single crystal on a contact with a
substrate on the process of the exciton quenching.
These strains a r e produced a t low temperatures because of the difference in the coefficients of the linear
expansion of the crystal and the substrate. At 100 K
the coefficient of thermal expansion of anthracene is
20 x
deg-I," while f o r gold and quartz the respective values a r e 11.5 x
and 6.1 x
deg-l.'= To produce a relative decrease of the contribution of the
strains to the exciton quenching, the same single crystal was simultaneously placed in optical contact with
gold and fused quartz. It was assumed that the charact e r of the strains in the anthracene on the quartz and on
the gold is the same.
A control experiment was also performed and demonstrated the presence of metallic quenching of the excitons. To this end, a dispersed film of gold (thickness
-100 A) was sputtered on an anthracene single crystal
(thickness -10 pm). The luminescence of this crystal
was excited and registered through the gold film.
Curve 1' of Fig. 1 shows the result. It is seen that the
luminescence spectrum is similar to the spectrum of
the free anthracene single crystal, although the integral intensity is substantially decreased. The emission
spectrum of the crystal with the sputtered gold film has
no deformation band. This result, in our opinion, conf i r m s the existence of metallic quenching of the Frenkel
electrons on the boundary of the anthracene with the
gold, and the plots shown in Fig. 4 reflects qualitatively
the change of the magnitude of this quenching with tem48
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where L =(DT)"' is the diffusion displacement of the excitons, T is their lifetime, D is the diffusion coefficient,
v is the rate of quenching of the excitons, and 1, = 1/K,
is the depth of penetration of the light exciting the excitons in the crystal.
If we assume f o r anthracene' 1, =I000 A, L =420 A, T
lo-' sec, and v = 4 x lo4cm/sec, we obtain q = 3.45a value close to the experimental one (Fig. 4). From
this we can conclude that quenching of noncoherent excitons takes place in the temperature region in question.
In the case of noncoherent excitons, in accordance with
Ref. 1, the presence of the metal leads to the appearance of forces that contribute to exciton diffusion directed towards the substrate. This circumstance can be
regarded a s an additional exciton-annihilation channel.
=5 x

When the temperature is lowered to 1.7 K, the motion
of the excitons in the anthracene becomes coherent.
This fact should influence the function q(T). It seems
to u s that the growth of 77 in the region of low temperatures and the saturation of this growth a r e due to the
influence of the coherence of the Frenkel excitons on
their metallic quenching. Unfortunately it is difficult
to speak of good coherence of excitons, since the crystal is deformed. It is qualitatively seen, however,
that the values of the exciton quenching in the low-temperature and in the high-temperature regions a r e different. If we assume that expression (2) can be used
for the low-temperature region, then the increase of 77
with decreasing temperature is due to the increase of
L and v . At low temperatures the increase of the rate
of surface annihilation of the excitons can also produce
surface states of the crystal.
Exciton-phonon interaction. The processes of interaction of excitons with phonons can be assessed from
the dependence of the half-width and the position of the
electronic luminescence band on the temperature. The
results of measurements of these dependences a r e
shown in Figs. 2 and 3.
An analysis of the relations obtained for a freely supported single crystal shows that the main contribution
to the broadening and the displacement of the 00 band
of the exciton luminescence with temperature (up to 100
K) is made by phonons with energy 45 cm-'. This
agrees with the published data?*1°
Substantial changes of the plots of r ( T ) and w(T) a r e
observed f o r crystals in contact with quartz and gold.
The temperature-independent sections of the quantities
r(0) and w(0) decrease, and the plots of r ( T ) and w(T)
become much steeper with increasing temperature.
The observed changes a r e apparently due to two circumstances, t o the influence of the inhomogeneous
V. V. Bondar and M. V. Kurik

48

strains of the crystal and t o the appearance of interaction of excitons with the metal. Thus, from the different behaviors of r ( T ) and w ( T ) of an anthracene crystal
placed on a contact with a gold layer and with quartz
one can conclude only qualitatively that the metal exerts
an influence on the exciton-phonon interaction in the
anthracene. It is of interest to obtain theoretical relations for r ( T ) and w ( T ) with account taken of the influence of the considered metallic quenching of the excitons.
Thus, the measurements of the luminescence spectra
of single crystals of anthracene on a contact with gold
at low temperatures have made it possible to observe
experimentally, f o r the f i r s t time ever, metallic
quenching of Frenkel excitons in the low-temperature
region. It is concluded that the coherent and noncoherent excitons a r e differently quenched. Finally, it is
shown that metallic quenching of excitons influences
the exciton-phonon interaction in crystals.
In conclusion, the authors thank A. F. Prikhot'ko for
support and V. G. Litovchenko f o r a discussion of the
results.
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The possibilities are analyzed of obtaining a coherent flux of resonant pseudophotons for the excitation of
an inversion state in Mossbauer nuclei. The spectral composition of radiation accompanying the motion
of a modulated beam of superrelativistic electrons whose space-time distribution is described by Poisson
statistics is considered. The emission spectrum has coherent and noncoherent components at the beammodulation frequency. The flux density of the coherent component of the radiation, at realistic
parameters of the beam, of the modulator, and of the accelerator, satisfies the y-amplification threshold
condition.
PACS numbers: 76.80. + y, 23.20.Lv, 41.80.Dd

The continuing active discussion of the problem of
developing a gamma laser stimulates the search for optimal mechanisms of excitation of the inversion in such
devices. In view of the considerable principal difficulties in the realization of a system of long-lived gamma
transitions, due to the need of eliminating vanishingly
small perturbations and stimulated narrowing of the line
width by 5-8 orders of magnitude, a search is being
made for more realistic results on the basis of another
system, which makes use of different variants of a system based on short-lived MZjssbauer nuclei with natural
49
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line width. As a result of the high spectral pump density P(w) needed to realize such a model, the source
must satisfy a number of conditions, one of which, for
the case of radiation pumping, reduces to the requirement that the pump spectrum band be narrow Aw s r R
( r / R i s thew idthof the activation level of the excited nuclei). If the inverse inequality Aw >> r/E i s satisfied, the
possible strong heating and destruction of theworking
medium make the use of the Mossbauereffectpractically
impossible, and without this effect the problem cannot
be solved. From this point of view [as well as with
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