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Two-dimensional (2D) excitation-emission spectra of biphenyl doped with free-base chlorin
were measured at 5 K under various pressures up to 350 MPa. Besides the features related to
zero-phonon lines and their phonon sidebands, a broad spectral band amounting to 80% of the total
intensity at 5 K was revealed in the 2D spectra. The obtained inhomogeneous distribution function
shows drastic changes with increasing pressure — the triplet structure observable at normal pres-
sure in the incommensurate phase ICIII of biphenyl converges to a singlet in the high-pressure
commensurate phase CI. These observations are assumed to reflect specific for incommensurate
phases relaxation after an optical excitation of probe molecules and interaction of them with the
incommensurate modulation wave.

PACS: 61.44.Fw, 62.50.+p, 64.70.Rh, 78.55.Kz

Introduction

Optical spectra of impurities in solid matrices [1]
contain, in principle, rich information on both static
structure and dynamical processes in solids. Even for
strongly disordered materials the methods of site-selec-
tion spectroscopy, such as selective excitation [2,3] and
spectral hole burning [4,5], have revealed a lot of details
otherwise obscured by the inhomogeneous broadening of
conventional spectra. In this paper we make use of an
advanced version of site-selection spectroscopy, namely
two-dimensional (2D) excitation-emission spectroscopy
(also called total luminescence spectroscopy [6]), in or-
der to study local structure and dynamics in doped in-
commensurate solids. Incommensurate systems [7] are a
specific and interesting class of solids showing a
long-range order but lacking the translational lattice pe-
riodicity of crystals. In most systems exhibiting incom-
mensurate behaviour, the incommensurate phase exists
in quite a narrow temperature interval between an ordi-
nary higher-temperature commensurate phase and a
low-temperature lock-in phase, which is commensurate
again, but generally has a larger unit cell. Incommensu-
rate biphenyl is one of a few systems where such lock-in
transition to a low-temperature commensurate structure
has not been observed down to the lowest temperatures
studied (60 mK [8], 70 mK [9]). This makes it a suitable
object of investigation using the methods of optical

site-selection spectroscopy. (Note that some of the recent
results on the temperature broadening and thermal cy-
cling of spectral holes in doped biphenyl are presented in
our papers [8,10].) The phases of biphenyl and transi-
tions between them have been extensively examined
(see, e.g., [11] and references therein). By cooling a
biphenyl sample it passes from the ordinary high-tem-
perature crystalline phase CI to an incommensurate
phase ICII at 40 K followed by transition to another in-
commensurate phase ICIII at 17 K, the spatially modu-
lated property being the twist angle between the planes
of two phenyl rings. Under pressure at liquid helium
temperature, the phase transitions ICIII � ICII and
ICII � CI occur at � 20 MPa and � 180 MPa, respec-
tively [12]. As a possible reason for absence of the
lock-in transition to a crystalline ground state at low
temperatures, the metastability of the phase ICIII was
proposed («incommensurate glass» [13]).

Experimental

An organic dye free base chlorin (7,8-dihydroporphin,
H2�C20N4H14) was used as a dopant in this study.
A polycrystalline sample was obtained by slowly cooling
the molten biphenyl down to the room temperature.
Two-dimensional excitation-emission spectra were mea-
sured on a spectrometer, which consists of a tunable
linear dye laser CR-490 (Coherent Inc.) and a double
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grating monochromator DFS-24 (LOMO) equipped
with a CCD-camera DU420-BU (Andor). A small liq-
uid-helium cryostat was used for measurements at 1
atm. For high-pressure measurements a system consist-
ing of a 1.5-GPa helium gas compressor, optical
high-pressure cell with sapphire windows and a large
temperature-controlled liquid-helium cryostat was used.

Results and discussion

The two-dimensional excitation-emission spectrum
(depicted as a plot of isointensity lines for emission at
a constant excitation intensity) for chlorin-doped
biphenyl in the incommensurate phase ICIII at 5 K
and ambient pressure is shown in Fig. 1,a. Here the
excitation was scanned by 0.02-nm steps within the
(0–0) � 863.4 cm�1 vibronic transition of the probe

molecule while the fluorescence emission was recorded
in the 0–0 region, 0–0 denoting the resonant purely
electronic transition S S0 1� . The high-intensity nar-
row «diagonal» features in the dashed corridor corre-
spond to the three zero-phonon lines. By plotting the
maximum emission intensity inside the corridor at
each fixed excitation frequency, one obtains the static
inhomogeneous distribution function (IDF) of probe
transition frequencies as shown in Fig. 2,b. The shape
of IDF reflects the distribution of static local environ-
ments around probe molecules. The triplet shape of
IDF for chlorin in the ICIII phase of biphenyl can be
interpreted as arising from interaction of a probe mo-
lecule with the static incommensurate modulation wa-
ve. While the outermost lines in the triplet can be at-
tributed to edge singularities characteristic for such a
situation [7], the middle peak may arise from pinning
of the modulation wave by probe molecules. Such a
viewpoint is further supported by the results of our
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Fig. 1. Two-dimensional excitation-emission spectrum of
chlorin-doped biphenyl at 5 K under normal pressure (in-
commensurate phase ICIII) (a). The same but normalized
to the intensity values along the horizontal dashed line in
Fig. 1,a (b). The dashed diagonal corridor represents the
area used to determine the inhomogeneous distribution
function depicted in Fig. 2,b.
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Fig. 2. Selective excitation spectrum of chlorin-doped
biphenyl obtained from Fig. 1,a by making a cut of 2D spec-
trum along the horizontal dashed line at 15836 cm�1(a). The
inhomogeneous distribution function obtained by making a
diagonal cut of 2D spectrum in Fig. 1,a (b).



high-pressure measurements (Fig. 3), where one ob-
serves convergence of the low-pressure triplet to a
high-pressure singlet at pressures above 180 MPa, i.e.
in the crystalline phase CI (for more detailed discus-
sion of pressure effects, see [12]). This proves that we
have only one substitutional site for dopant molecules
in the phase CI.

A surprising and remarkable feature in Fig. 1,a,
however, is the existence of a broad 2D band located
around the horizontal dashed line, which makes up
more than 80% of the total intensity. As can be seen
from Fig. 1,a, the position of the maximum of the
broad-band emission (as indicated by the dashed line
at 15 836 cm�1) does not depend on the excitation fre-
quency. Note also that this maximum is red-shifted
from the red peak of IDF (see the vertical dashed line
in Fig. 4), and therefore the broad band cannot be the
phonon sideband of the red peak in IDF. The excita-
tion spectrum of the broad 2D band, recorded selec-

tively at its emission maximum 15836 cm�1 (Fig. 2,a),
repeats the triplet shape of IDF (Fig. 2,b) but is not
so clear-cut, consisting of markedly wider bands. For
example, while the intensity of zero-phonon lines at
15875 cm�1 is about 15 times lower as compared to the
peak value at 15870 cm�1 (see Fig. 2,b), respective
intensity reduction in the excitation spectrum of the
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Fig. 3. Two-dimentional excitation-emission spectrum of
chlorin-doped biphenyl at 5 K under pressure of 220 MPa
(crystalline phase CI) (a). The respective inhomogeneous
distribution function (dashed curve) and a diagonal cut
(solid curve) along the solid line in Fig. 3,a (b).
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Fig. 4. Selective excitation spectra (1–6) of chlorin-doped
biphenyl obtained from Fig. 1,a by making horizontal cuts
of 2D spectrum at various excitation frequencies denoted
by arrows; the inhomogeneous distribution function (7)
obtained from a diagonal cut of 2D spectrum taken at nor-
mal pressure. The dashed vertical line indicates the broad
2D band peak position which is independent of the excita-
tion frequency.



broad 2D band is barely twofold or so (Fig. 2,a). As
mentioned above, the peak position of the broad-band
emission is independent of the excitation frequency;
however, its spectral width exhibits some frequen-
cy-dependence. This can be seen from Fig. 1,b, where
the isointensity plot is given for the excitation-de-
pendent emission spectra, normalized to the peak
value of the non-resonant broad 2D band (along the
dashed horizontal line in Fig. 1,a). This band in fluo-
rescence emission is narrowest at about 15855 cm�1

and broadens somewhat with the increase of the
excitation frequency (see Fig. 1,b). Its low-energy
slope, however, does not change much at frequencies
�ex � 863.4 cm�1 > 15865 cm�1 as follows from the
parallel run of the isointensity lines. Only at the posi-
tion of the blue peak in IDF some local peculiarity is
observable.

In order to incorporate the above observations into
the «traditional» picture of low-temperature inhomo-
geneously broadened impurity spectra, one has to
make a number of quite unusual assumptions, such as
strong quadratic electron-phonon coupling (strong
deviation from the excitation-emission mirror symme-
try), strong dependence of this coupling on the
electronic transition energy, etc. We remind that the
chlorin probe is known to have very large Debye-
Waller factors (intensive zero-phonon lines with
rather weak phonon sidebands) in a number of crystal-
line and glassy matrices. Therefore it may be more
productive to seek specific for incommensurate phases
novel mechanisms of relaxation. We have shown
earlier [10] that in chlorin-doped biphenyl there exists
an efficient mechanism of non-photochemical spectral
hole burning attributed to photo-induced depin-
ning-repinning of the incommensurate modulation wa-
ve. Such a phase shift of the modulation wave, pro-
vided it can take place not only in the excited state
but also in the course of an electronic transition, may
present a possible channel for formation of the broad
spectral feature observed.

Due to softness of the torsional motion of two
phenyl rings in biphenyl, even the dynamics in the
high-pressure crystalline phase may still be non-triv-
ial. Thus a simple interpretation of the non-resonant
sideband as a phonon sideband of the resonant singlet,

both seen in Fig. 3,a, is rather disputable because IDF
of the resonant singlet is much broader than the diago-
nal cut (not to mention the narrower horizontal cut)
of the non-resonant sideband in Fig. 3,b.

Conclusions

We have demonstrated that optical spectra of probe
molecules in incommensurate and commensurate pha-
ses of biphenyl exhibit uncommon features incompa-
tible with simple models of impurity spectra. Selective
hole-burning experiments, including those at elevated
pressures, may shed further light on these interesting
problems.
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