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High-pressure low-temperature phase transition in a dopedara-terphenyl crystal:
A spectral-hole-burning study
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The homogeneous width of zero-phonon lines in a chlorin-dqmed-terphenyl crystal is determined by
spectral hole burning a&=4.2—14 K under various hydrostatic pressures up to 7 kbar. A drastic broadening
of spectral holes with pressure occurs on approaching the order-digaidémic-to-monoclinig phase tran-
sition which takes place und&-=5.5 kbar at 4.2 T<14 K. The thermal broadening of spectral holes at fixed
pressures is an activated process with the activation energy depending on pressure and having a deep minimum
at P~5.5 kbar, i.e., in the phase-transition regip80163-182¢08)02801-X]

Structural phase transitio®T's) have been one of the perimentgno pressure or temperature variations between the
most challenging and intriguing topics of condensed mattehole-burning and hole-recording agté=1° this study is to
researcH. In general, the PT temperatufg depends on the our knowledge the first observation simultaneousempera-
pressureP and, conversely, the PT pressiRg depends on ture and pressure dependences of the isobaric-isothermal
the temperatur&, i.e., T,=T,(P) andP,=P(T). Particu- hole width in a polymorphic solid over the PT region at low
larly, in the case of a monoclinic-to-triclinic PT ingara  temperatures(In an interesting studif the temperature de-
terphenyl crystal observable at ambient pressure by coolingendence of the hole width at 1.2-42 K for
the sample belowTl,=193 K,2 application of hydrostatic bacteriochlorophylk in triethylamine was measured only at
pressure shifts the PT temperature strongly downwards, sa single high-pressure value, 30 kbar.
that at around 5.5 kbaf, falls to ~0K,® and at higher The polycrystalline samples were prepared by dissolving
pressures the triclinic phase does not exist at all. Such ahlorin (Chl) at 490 K in moltenp-terphenyl (p-Tph) of
character of the phase boundary para-terphenyl allows purity >99% (Fluka) followed by slow cooling to room tem-
one to study this “cold” PT by the methods of high- perature. The Chl concentration was about “énol/mol.
resolution spectroscopy, including persistent spectral hol@he same sample was used in all measurements under hy-
burning®® as well as by their time-domain counterparts, in-drostatic pressure. Our high-pressure low-temperature setup,
cluding photon ech8. consisting of a 15-kbar helium gas compressor, an optical

In this paper, we report on pressure and temperature ddygh-pressure cell with three sapphire windows, and a liquid-
pendences of hole widths para-terphenyl(an aromatic mo- helium cryostat, as well as further experimental details, has
lecular compound, §HsCsH,CeHs) doped with free-base been described earliét-*>The standard procedure involved
chlorin (a hydrogenated derivative of porphin, 7,8- the application of a helium-gas prepressure of about 5 kbar at
dihydroporphin at temperatures 4.2—14 K and pressures ugoom temperature, pressure adjustment at liquid-nitrogen
to 7 kbar, including the critical region around 5.5 kbar. temperaturgP,, for p-Tph is around 3.8 kbar at 77)Kand

The PT in ap-terphenyl crystal has been argued to be ofthe subsequent cooling down to 4.2—14 K. Any temperature
an order-disorder type at normal presslibeit acquiring dis- ~ within that range could be stabilized with an accuracy of
placive (soft mode PT features with increasing pressire. =0.1K. The final pressure value was determined to
The order parameter involved is the torsional angle betweert 0.15 kbar by measuring the pressure-induced shift of the
the plane of the central and the plane of the coplanar outdR; emission line of a small chip of ruby placed in the high-
phenyl rings in thep-terphenyl molecule. pressure cell.

The choice of chlorin as a dopant was motivated by the Spectral holes were burnt and recorded with a Coherent
existence of an intramolecular phototransformation proces€R-699-29 single-frequency tunable ring dye laser of
(turning of the central proton pair by 90in a chlorin <2 MHz linewidth by using DCM dye. Rather low burning
molecule? providing an effective mechanism for burning intensities of~3 xW/mn¥? and different burning times of
persistent spectral holes into inhomogeneously broadenetD—100 s were used. Holes were scanned in the fluorescence
spectral lines of this impurity. excitation spectrum of the zero-phonon lit8PL) under

Beside a lot of normal-pressure data on the temperaturstudy by measuring the fluorescence intensity of the sample
dependence of the hole widtquasihomogeneous linewidth at\>650 nm through proper cutoff glass filters, using exci-
of zero-phonon linés in various doped crystals and tation intensity of~0.03 uW/mmn?. All the hole widths mea-
glasse¥ ' and also the recent results on the pressure depersured were extrapolated to the zero burning dose fifrit.
dence of the hole width at 4.2 K in isobaric-isothermal ex-Ordinary fluorescence emission spectra of the sample and of
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FIG. 2. Isobaric-isothermal hole widtlisee the textas a func-
tion of pressure fop-Tph:Chl at several fixed temperatur@s2, 6,
8, 10, and 14 K The lines traced between the data points serve

6.3 kbar only as guides for the eye.

Fluorescence

Figures 2 and 3 show, respectively, the pressure and tem-
perature dependences of the isobaric-isothermal hole widths
: : . (when AP=0 andAT=0 between burning and recording
630 635 640 645 650 the hole$. Under low pressures<{2 kbar) the hole widths

Wavelength (nm) (FWHM) at all but the lowest4.2 K) and the highesti4 K)
. temperatures decrease with increasing preg$tige 2). Such
_ FIG. 1. Fluprescence emission spectra Mph:cm att a h(lnole narrowing was earlier observeg ?or cﬁlgrain molecules
=4.2 K and various pressures. The arrows indicate the line chosen 315 - .
for spectral-hole-burning experiments at the pressures shown. In frozenn-octané and ascribed tp the p!'ess!.lre-md.uce.d
increase of the frequency of a quasilocal vibration active in

a ruby chip were detected with a LOMO DFS-24 double-the thermal broadening of the impurity transition. A similar

grating spectrometer of a 0.5 crhspectral resolution. effect—the pressure-induced increase of the dephasing
_Figure 1 shows the inhomogeneo(ronselectively ex-  time—was also observed in photon echo experiments for
cited fluorescence emission spectrafTph:Chl at 4.2 K ntacene molecules in naphthaljémand for pentacene in
under various pressures. The spectrum measured at norrr{)ﬁ monoclinic phase op-terphenyl at pressures of 8—18
pressure contains a number of rather narfowt cm L full Kbarl8

width at half maximum(FWHM)] inhomogeneously broad An unlike behavior, the pressure broadening of holes in

ened purely electronic ZPL’s. Note that all these lines belong _ '
to Chl molecules occupying different, crystallographically P-TPh:Chl at 4.2 K below~2 kbar (see Fig. 2. may be

inequivalent sites in thp-Tph host lattice. The whole inho- €xplained by a contribution of spectral diffusion, directly ob-
mogeneous multiplet of the ZPL's seen in Fig. 1 reflects aservable in single-molecule spectroscopic stufié8in the
local disorder, i.e., variations in loc#site) geometry. The ordered triclinic phase of @-terphenyl crystal, almost all
relative intensities of the recorded linesspecially of weaker molecules freeze-in into fixed conformations. In real crystals
oneg vary to some extent from sample to sample. Howeverthijs |eads to the formation of two types of ordered domains
these variations are much weaker than those induced by preseparated by narrovgolitonic) domain walls? The dynamics
sure. o _responsible for the spectral diffusion may then be related to
As seen in Fig. 1 the spectrum taken.at 5.:.3.kbar, €-the conformational “jumps” of the host molecules located in
close toPy, is drast'lcally changed: The intensities of all %w domain wall regiorian analog of the dynamics governed
but the 55141.1-nm line are strongly reduced and a broa y two-level systems in glassesin our experiments the
(75 cm " FWHM) background structure appears. In such a | diffusion reveals itself as a temporal broadening of
pressure-induced evolution, the spectrum at 4.9 kbar displaysé,pectra mus . P g
an intermediate stage. The 6.3-kbar spectrum reveals a nurﬁpectral .hOIE’fs on thg t'm? scale from 10 to 1000 s. NO. hole
ber of partially overlapping narrow ZPL's again, and it does roadening in this time interval was observable at higher
not differ much from the spectrum recorded at still highertemperatures, above 4.2 K. )
pressure of 7.2 kbafnot shown here In both triclinic and On approaching the PT point, the pressure dependence of
the hole width changes qualitatively: In the pressure region

monoclinic phasegbelow and above 5.5 kbarall the ZPL's : :

exhibit red pressure shifts with the mean pressure coefficieffom about 2 to 5.5 kbar, a large increase of the hole width

of about —15 cmi Ykbar as averaged over all measuredWith pressure takes place at all temperatures. ThusTfor
<10 K, the hole width grows about 4—-40 times, as can be

lines.
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FIG. 3. Plots of isobaric-isothermal hole widtfsee the textvs FIG. 4. Activation energ)E for thermal broadening of spectral
reciprocal temperature f@-Tph:Chl at various fixed pressures near 015 in p-Tph:Chl calculated from the plots of the hole width

F_)tf (4.0,5.3, 6.3, ?nd 7.2 kbarThe straight lines are least-squares logarithm Insvs 1T at various fixed pressures. The lines between
fits to the data points. obtained values oF are merely guides for the eye.

seen from Fig. 2. At pressures higher thap, a decrease of monotonous pressure dependence, as shown in Fig. 4. The
the hole width with increasing pressure is observed again. values ofE in Fig. 4 were calculated as the slopes of the
Close to the PT the thermal broadening of spectral holefeast-squares-fitted straight lines through the data points in
has a thermally activated nature, as is evidenced by lineahe plots of InS versus 1T at several fixed pressurés, 2.1,
dependences of the logarithm of the hole width on the recip4.0, 5.3, 6.3, and 7.2 kbarFigure 4 illustrates that at pres-
rocal temperature at several pressures mgatFig. 3. The  sures above-2 kbarE decreases rapidly, attains a minimum
following three observations{h the intersection of all ex- value in the vicinity ofP*, and then increases at nearly the
trapolated least-squares-fitted straight lines at about 20 K isame rate.
Fig. 3, (ii) the smallestnearest to zenoslope of the 5.3-kbar We have not enough experimental data to determine the
line in Fig. 3, and(iii) the pressure behavior of all the curves exact functional form of the pressure dependendg.dflow-
in Fig. 2 (their estimated peaking near 5.5 kbasllow usto  ever, theE~|P— P*|Y2 behavior, similar to the pressure de-
suppose that close B = 20 K andP* =5.5 kbar the depen- pendence of soft optical phonon modes in ferroelectrcs,
dence of the hole width (Ref. 21 on both pressure and seems to be compatible with our data. If this is the case, then
temperature is rather weak. Then all the straight lines in FigE(P*)=0, and according to Eq(2), we have §(T,P*)
3 obtained at various fixed pressures can be represented withs(T*,P*) and alsod(T*,P)=&(T*,P*); i.e., the hole

a reasonable accuracy as width 6 as well as the homogeneous widthof the respec-
L tive ZPL, I'= 6/2,2° becomes temperature independenPat
_ =P* and pressure independentTat T*.
IN&(T)—=In&(T*)=—E| —=— —|, 1 .
(M) (T kT kT*} @ There are only a few papers where the influence of

pressure-induced polymorphic PT’s on the electrofvic
a ) ' L . \
ronic) spectra of impurities or other defects in solids has
geen considered. In early room-temperature studies, mainly
those on the alkali-halide crystals doped wsthions (TI™,
In*, PP, and BF" absorption bandé and KCI:TI" emis-
sion and absorption barfds and also on color centers in
alkali halides(F and F-aggregate centers giving rise kg
1 1 M, N, and R, absorption band$), only broad vibronic
o(T,P)= 5(T*,P*)GXP{ —E(P)[ﬁ— W” (20 bands without any ZPL's were examined under high pres-
sure. Abrupt changes in spectral positions and intensities of
where &(T*,P*), i.e., the hole width at~20K and these bands as well as the emergence of new bands due to the
~5.5 kbar, is equal to-3.6x10* MHz or ~1.2cm! (see  change of crystal structure were reported there. Lately, the
Fig. 3. influence of the PT on ZPL's in the low-temperature absorp-
The activation energ§, which according to the so-called tion and fluorescence spectra of pentacene molecules doped
exchange mod&l??is associated with the energy of a low- into a p-terphenyl crystal has been studid:?® Especially
frequency quasilocal vibrational mode interacting with aninteresting for us are the recent restfltsn the pressure and
impurity electronic transition, has a rather strong and noniemperature dependence of the photon echo decay in

whereE is the activation energy for thermal broadening of
spectral hole at a fixed pressure. From this equation of
bundle of straight lines passing through the given poin
[T*,8(T*)] in Fig. 3, by using an exponential form and
taking into account the pressure dependence et fixed
temperatures through the variation ®fwith P, we get
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pentacene-dopedo-terphenyl at T=4.3—10 K under P Besides, two general remarks concerning the SHB method

=0-18 kbar, demonstrating essential impact of PT’s uporshould be made. _
vibronic dephasing. (i) Molecular probes as defects in a pure crystal can, of

It is of interest to point at a particular difference between®OUrSE influence its phase transitimarticularly by nucle-

ation of a new phase. Such effects may be of interest in
the results of Ref. 18 for pentacene-dogedph and ours: 4
In Ref. 18 only a mino(about 20% decrease of the activa- themselves. However, narrowness of persistent spectral holes

. ; ) s kes th iti i 'S I Il.
tion energyE with pressure in the triclinic phase @fTph makes them sensitive to distant eveft3's in bulky as we

. Therefore the results obtained by SHB may be applicable
has been observed, whereas in our case a decrease by a faclpy, 1o pure, undoped systems.

of about 4 occurs within the same pressure range. Apart from (i) Other kinds of SHB measurements, performed by us-

the obvious d_ifference caused by different dopa_nts, a POSxg hydrostatic pressures, e.g., pressure tilliflgand pres-
sible explanation may also stem from the huge difference iR, .o cycling® experimentgsee also Ref. 14 for both cages

the experimentall time scales involved—d_own to a few teng.g pe applied to tackle different problefigenetic” cor-
of nanosecor_1ds in the photon echo experlments contrasted rtespondence of dopant sites in different phases, “survival”
10-1000 s in our spectral-hole-burnin@HB) measure- ¢ qefects in a PT etE.

ments. While in the photon echo studies the results reflect

only the vibrational dephasing, in our case a contribution to The authors are indebted to V. Hizhnyakov, N. Kristoffel,

the hole width from the “slow”(yet fast as compared to our P. Konsin, and T. @l for valuable discussions and to E. L.

experimental time domajnspectral diffusion may become Chronister for sending the manuscript of Ref. 18 on photon

dominant when approaching the PT. echo studies prior to publication. This work was supported in
In conclusion, we have demonstrated the suitability of thepart by the Estonian Science Foundation under Grant No.

SHB technique in the study of a structural phase transition345 and also Grant No. 2268.
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