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ABSTRACT: Vibrational properties associated with the intra- and intermo-
lecular terms of pristine p-terphenyl at low temperatures are analyzed in detail by
Raman spectroscopy. Nearly all of the vibrational modes exhibit anomalous
behaviors at the transition temperature of about 193 K on the frequencies,
widths, and intensities. Meanwhile, the drastic drops of the spectrum weight
result in the splits of many peaks like the lattice vibrational peaks and the peaks
located at around 1220, 1280, and 1600 cm ™. All the anomalies result from the
drastic decrease of the vibrational anharmonic coupling effects in the crystalline
p-terphenyl after entering into the ordered state. The rapidly declining
anharmonicity also makes contributions to the anomalous behaviors of the
intensity ratios of the 1220, 1280, and 1600 cm™" modes, as well as the energy
separations between the combination bands and the fundamental bands. Our
work is of great significance to understand the internal vibrational properties of
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B INTRODUCTION

Poly(para-phenylene) (PPP) materials, as the excellent
chemical and thermal properties, have received a lot of
attention in the scientific research and application areas. The
pristine PPP materials always esxhibit insulating or semi-
conducting state. However, previous works discovered that the
conductivity of these materials can have drastic increases of
magnitude after electrons donors or acceptors doping.' >
Recently, superconductivity is found in the potassium-doped
PPP materials."~” These findings open an encouraging window
for the exploration of high temperature even room temperature
superconducting transition in organic materials. The drastic
increase on the conductivity in PPP materials also makes these
materials good potential in the thermoelectric applica-
tions.'*~'* PPP materials all have the structure with phenyl
rings connecting at the para positions. Such a typical structure
results in two major forces with contrary effects."”'* One is the
steric repulsion, this force tends to distort the neighboring
phenyl rings perpendicular to each other. The other force
arises from the delocalized 7-electrons and mostly contributes
to make the phenyl rings in one molecule parallel. These two
competitive forces, as a result, lead to strong thermal librations
on the molecules around the long molecular axes. However,
previous works based on X-ray and neutron diffraction
experiments discovered that the individual molecules of PPP
materials show planar states on average at ambient
condition.”>™*® At low temperatures, the interring tilt angle
of the molecules reemerges as the freeze of the molecular
librations; i.e., the molecules become nonplanar.ls_18 Interest-
ingly, the adjacent molecules are confirmed to have opposite
torsion angles along the 4 and b crystal axes. Hence, the lattice
parameters a and b have double enlargements. Such structural
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phase transitions among PPPs are generally classified into
“displacive” and “order—disorder” types. Biphenyl was found
to be the only “displacive” type transition, and the p-terphenyl
structural phase transition was predicted near the boundary
between the “order—disorder” and “displacive” regimes.'®"”
Plenty of works have been performed on the “displacive” type
transition inbiphenyl,zo_24 but only a few works focused on the
“order—disorder” type. Since the finding of superconductivity
with the 123 K transition temperature in potassium-doped p-
terphenyl,”** the properties of the p-terphenyl become
increasingly interesting and important.

p-Terphenyl molecule contains three phenyl rings connected
by the single C—C bond. It is often used as ultraviolet laser
dye.”® The crystalline p-terphenyl has a monoclinic structure
with two planar molecules in one unit cell. At around 193 K| it
undergoes a order—disorder phase transition.”””’~*' The
shake angles between the adjacent molecules along the a and
b crystal axes are confirmed in opposite senses. Thus, the
lattice parameters have double enlargements on these two
directions. The structure transforms to a pseudomonoclinic
cell containing eight molecules, or it could adopt a triclinic
phase with four inequivalent molecules.”””” The Raman
spectroscopy is one powerful tool to detect the phase
transitions in PPP materials. The low-frequency Raman study
on p-terphenyl at low temperature confirmed the order—
disorder phaser transition.””**** In addition, p-terphenyl has a
more displacive reconstructive transition under pressure,”* >’
and the influence of the pressure on the structure is also
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studied by Raman scattering.3'4’3’8 However, to date, few

analyses on the p-terphenyl intramolecular vibration modes
have been performed to study the phase transition. Thus,
comprehensive analyses on the internal vibrational properties
of p-terphenyl, especially the behaviors of the high-frequency
range modes, are interesting and essential for the further study.

In this work, we measure the temperature dependent Raman
spectra of p-terphenyl from S to 300 K. The wavelength of the
applied beamline is 660 nm. The comprehensive analyses of
the vibrational modes from the lattice vibrations to the high-
frequency modes of C—H vibrations are introduced to study
the order—disorder phase transition occurring at around 193
K. Our work is of important significance to understand the
internal properties of p-terphenyl, and it provides the basis for
the further studies on p-terphenyl.

B EXPERIMENTAL DETAILS

In this experiment the high-purity sample was purchased from
Alfa Aesarare. It was sealed in a quartz tube with the diameter
of 1 mm for Raman-scattering experiments in a glovebox with
the moisture and oxygen levels less than 0.1 ppm. The
wavelength of the exciting laser beam was 660 nm. The power
was less than 1 mW before a X20 objective to avoid possible
damage of the sample. An integration time of 20 s was used to
obtain the spectra. The scattered light was focused on a 1200
g/mm grating and then recorded with a 1024 pixel charge
coupled device designed by Princeton. A continuous-flow
liquid-helium cryostat was used to obtain an low-temperature
condition from S to 300 K, and a vacuum pump was used to
assist in achieving the temperature less than 40 K.

B RESULTS AND DISCUSSION

Figure 1 shows the 660 nm laser excited Raman spectra of p-
terphenyl at 300, 200, 100, and 5 K. All the spectra are placed
on the same standard scale. Classifications of the vibration
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Figure 1. 660 nm laser excited Raman spectra of p-terphenyl at 300,
200, 100, and S K. The spectra at S and 100 K with the frequencies
range of 300—980 cm™" have been zoomed in for clarity. A broad hill
located at around 500 cm™ with the full width at half-maximum
above 100 cm™ is pointed out by a purple arrow. Classifications of
the vibration modes over the spectrum of 300 K were taken from ref
37. Here, ip = in-plane and op = out-of-plane.
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modes are depicted over the spectrum at 300 K, and the
schematic drawing of the p-terphenyl molecule is presented
over the spectrum at 200 K. All the spectra are broken between
1700 and 3000 cm ™" where no phonon bands are observed. At
high temperature, the phonon bands in the p-terphenyl spectra
show very broad features and often overlap to some
indistinguishable peaks. However, at low temperature, the
spectra show obvious splits on some peaks, especially the
librational motion part, the modes at around 1220 and 1280
cm™!, and the highest-frequency C—H stretching modes.
Otherwise, unlike the biphenyl, no new peaks except a broad
hill located at around 500 cm™ with the full width at half-
maximum (fwhm) above 100 cm™' are observed appearing
after the structural transition. This indicates that the phase
transitions in biphenyl and p-terphenyl belong to different
types. Two ring breathing modes are observed at around 1000
cm™". Tt is different from biphenyl in which one can only
observe one ring breathing peak. Such phenomenon most
probably results from the different situations existing in the
terminal rings and the middle ring of p-terphenyl. The energies
of these two modes all increase with decreasing temperature,
whereas their intensities exhibit different tendencies; the
former intensity has almost no changes, and the latter
decreases in intensity as the temperature is decreased.

Details of the temperature evolution of the p-terphenyl
Raman spectra in the lattice vibration range are presented in
Figure 2a. All the broad phonon modes observed in this figure
have obvious blue shift with decreasing temperature, and they
simultaneously decrease their fwhms, together with increased
intensities. Below around 200 K, the fwhm of these peaks all
have drastic decreases, this results in the splits of those peaks as
observed in the figure. At S K, the number of the observed
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Figure 2. (a) Low-frequency Raman spectra of p-terphenyl. (b)
Temperature dependent frequency and fwhm of the lowest-frequency
mode. The vertical dashed line indicates the structural transition
temperature at around 193 K.
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Figure 3. (a) Raman spectra of p-terphenyl at the frequencies around 1220 and 1280 cm™. The inset is the atomic displacement. (b), (c), (d)
Frequencies and fwhm of the vibration modes at around 1220 and 1270 cm™". (e) Intensity ratio of the 1280 cm™" mode and the 1220 cm™"' mode.
The vertical dashed lines indicate the structural transition temperature at around 193 K.
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Figure 4. (a) Raman spectra of p-terphenyl at the frequency of around 1600 cm

~L. The inset is the atomic displacement pattern of the C—C

stretching mode. (b), (c) Temperature dependent frequencies and the fwhm of the two peaks at around 1600 cm™. (d) Temperature dependent
intensity ratio Iz/I,. (e) Difference between these two peaks (red line) and the difference of the v + v and vy (blue line) as a function of
temperature. The vertical dashed lines indicate the structural transition temperature.

peaks is 20, this result is consistent with the previous
works.””>* We fit the lowest-energy peak by the Lorentz
function. This peak is assumed to be associated with the ¢ axis,
and it is always used as an indicator of the chain lengths of the
individual PPP molecules.””** The fitted results are shown in
Figure 2b. The frequency increases with decreasing temper-
ature. At around 193 K, it stops increasing, and then almost
stabilizes to constant upon cooling. The temperature depend-
ent fwhm of this mode exhibits the opposite tendency. It has a
slight decrease upon cooling. Below 193 K, the fwhm shows a
sudden drop. Such a phenomenon indicates that the
anharmonic effect is significantly suppressed below 193 K. It
also implies that the lattice enters into an ordered state from a
chaotic state. This scenario is well in accord with the order—
disorder transition case. The other lattice vibration modes also
have similar behaviors. This is why those modes exhibit sudden
splits shown in Figure 2a after entering into the order state.
Figure 3a presents the temperature evolutionary Raman
spectra in the range from 1170 to 1320 cm™'. Two strong
peaks located at around 1220 and 1280 cm™ and a weak
shoulder near the 1280 cm™" mode can be observed at room
temperature. At low temperatures, these peaks all have severe
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splits, especially the 1220 cm ™! mode, which splits at least four
peaks below 200 K. In order to analyze the behaviors of these
modes, we respectively fit the two peaks with the strongest
intensities at around 1220 and 1280 cm™' by a Lorentzian
function. Results are shown in Figure 3b—d. The 1220 cm™
mode exhibits a monotonous increase on the energy with
decreasing temperature, but the fwhm of this mode has a sharp
drop at around 193 K. The frequencies of the splitting two
peaks at around 1280 cm™' exhibit different tendencies, the
lower energy peak almost has a stable energy, whereas the
frequency of the higher energy peak rapidly increases at around
193 K. The fwhms of these two peaks all exhibit sharp drops at
193 K. The tendencies of these peaks not only are the reasons
for peak splits but also indicate the reduction of the
anharmonic effect. This is caused by the occurrence of the
“order—disorder” type transition. Meanwhile, the intensity of
the 1220 cm™' mode reduces obviously below 193 K, whereas
the 1280 cm™ mode exhibits little response with the
temperature except those modes in the Raman spectra below
40 K. These may result from the additional assistance of the
vacuum pump to cool down the sample. This scenario is very
consistent with the previous calculations,” which reported that
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the 1220 cm™' mode is more sensitive to the conjugation than
the 1280 cm™ mode. The intensity ratio of these two modes is
always used to be an indicator of the chain length and the
planarity of the PPP molecules.*”™** Figure 3e presents their
intensity ratio as a function of temperature. This ratio is almost
constant above the transition temperature, whereas it shows a
drastic increase below 193 K.

Modes at around 1600 cm™" also attract intense interest due
to their interesting vibrational behaviors. These two modes are
associated with the C—C stretching E,, modes vg, and they are
believed to result from the “resonance splitting”."”**~** The
lower energy peak (A) is the fundamental band, and the higher
energy peak (B) is a combination tone from the Epg
fundamental v, at around 992 cm™' and the E,, fundamental
Vg at around 606 cm™'. Figure 4a presents the Raman spectra
of p-terphenyl at different temperatures. Unlike those in
crystalline biphenyl, no obvious splits can be observed in the
Raman spectra at low temperature, but an anomalous
asymmetry occurs on the higher energy peak. This anomaly
looks like the split of this peak. These two peaks were fitted by
a Lorentzian function, and the temperature dependent
frequencies and fwhms of these two peaks are shown in
Figure 4b,c. Both of these modes increase their energies with
decreasing temperature. Below the transition temperature,
their frequencies become constant. The fwhm of the lower
energy peak decreases with decreasing temperature, whereas
the fwhm of the higher energy peak exhibits anomalous
behavior. It has a downward shift as the temperature is
decreased, and then it starts to increase below around 205 K.
The big error bar in Figure 4c is due to the additional peak
asymmetry. This indicates that this peak starts to split at
around 205 K, which can be observed from the emerging
shoulder near the higher energy peak. The strong overlap of
there peaks makes it hard to be fitted and analyzed.
Interestingly, the temperature of 205 K is a little higher than
the transition temperature of 193 K. This may signal the
entrance of the thermal anomalous state; it has been
discovered by thermodynamic studies that the transition in
p-terphenyl starts above 193 K.*"*’ This can also be observed
in other vibration modes (see Figures 2 and 3).

Figure 4d is the intensity ratio of these two modes. The
intensity ratio of the two modes at around 1600 cm™" is also a
common indicator of the molecular length and planarity in
PPP materials.*”*** The ratio is almost constant at the
normal state, whereas it rapidly drops below around 205 K.
This drop results from the structural transition. The difference
between peaks A and B and the energy separation between the
combination mode vg and the fundamental bands vg + v as a
function of temperature are shown in Figure 4e. The former is
also often used to estimate the planarization.”” It shows a
drastic increase at low temperature. The latter is an indicator of
the mode mixing level. It exhibits an anomalous drop after
entering into the order state. The reduction of the difference
indicates that the mixing between the fundamental and
combination band declines.

According to previous theoretical works, the planarity
plays an important role in the vibrational properties. The p-
terphenyl molecules exhibit strong thermal librations around
the ¢ axes in the disorder state, and they suddenly quiet down
after the “order—disorder” type transition.””**~" In our work,
the intensity ratio of the 1280 cm™ mode and the 1220 cm™
mode, as well as the intensity ratio of the two modes at around
1600 cm™', remains constant down to the transition temper-

41,45
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ature. This indicates that the amplitude of the interring
librations does not change until 193 K. Upon cooling, almost
all the modes rapidly decrease their fwhms. Thus, the
anharmonicity inside the crystalline p-terphenyl has a
significant decrease. This is also the reason for the appearance
of the stable interring tilt angle of the molecule. Meanwhile,
the diminishing anharmonicity implies the gradual increase of
the molecular planarity even though the stable interring tilt
angles appear. As a result, these two intensity ratios will
decrease, as well as the energy separation of the 1600 cm™
modes increasing and the Fermi resonance dec1‘easing.4l’45 The
vibrational behaviors of the modes at around 1600 cm™ are in
accord with this scenario, whereas the intensity ratio of the
1280 cm™ mode and the 1220 cm™ mode is contrary to it.
This anomaly should result from the interring tilt angles. In
such a way, the two major forces have contrary effects below
the transition temperature. As the angles increase, the
vibrational amplitude of the interring C—C stretching mode
(1280 cm™") increases and the C—H ip-bending mode (1220
cm™) decreases. Thus, the intensity ratio of these two modes
increases. At low temperatures, the behaviors of the 1600 cm ™
modes are better indicators to investigate the vibrational
properties.

B CONCLUSIONS

In conclusion, we have comprehensively investigated the
vibrational properties of the crystalline p-terphenyl in the
temperature range from 5 to 300 K by the 660 nm laser excited
Raman scattering measurement. The librational modes all
increase their energies with decreasing temperature, and those
peaks exhibit obvious splits that result from the drastic
reduction of the width after entering into the “order” state
from the “disorder” state at around 193 K. The 1220 and 1280
cm™' modes also have severe splits and the intensity ratio of
these two modes shows a rapid increase below the transition
temperature. The energies of the 1600 cm ™" modes all increase
with decreasing temperature. The ratio of the intensity and the
difference of these two modes, as well as the difference
between vg and v4 + v, all exhibit anomalies at around the
transition temperature. All those anomalies are considered to
be the signature of the drastic decrease of the anharmonicity
inside the crystalline p-terphenyl after entering into the order
state. Our work is of important significance to understand the
internal properties of the p-terphenyl, and it provides the basis
for the further studies on p-terphenyl, especially the
exploration the superconducting mechanism in the potassi-
um-doped p-terphenyl.
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