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Excitation dynamics in single molecular crystals ofa-hexathiophene from femtoseconds
to milliseconds
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We identify odd- and even-parity states and measure transient photomodulation spectra of Frenkel excitons
in a-hexathiophene single crystals. The lowest Frenkel excitons are characterized by a stimulated emission
band at~2 eV and an absorption band at 1.3 eV. Intramolecular internal conversion governs transitions from
upper excited states to the lowest exciton and occurs in 200 fs. We observe exciton trapping on the nanosecond
time scale; as a result, the millisecond photomodulation spectrum is dominated by the absorption of trap states.
Using photoinduced-absorption-detected magnetic resonance spectroscopy, we identify the excited-state ab-
sorption spectra of triplet excitons and polarons, both of which are produced with a low quantum yield. The
triplet absorption band is structureless and approximately 4 times wider than the absorption of singlet excitons.
The long-lived photoexcitations are also studied by the photoluminescence-detected magnetic resonance
(PLDMR) technique, as a function of the magnetic field orientation in the cripstgdlane. We find that there
exist two triplets with similar zero-field-splitting parameters, but with the principal axes oriented along differ-
ent directions, giving rise to six magnetic resonances in the PLDMR spectra.
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[. INTRODUCTION temperature approach those of the purest inorganic
semiconductor&!® Typical carrier trap concentratich’’ of
In recent years oligothiophenes anethexathiophene less than 18 cm 2 suggest that exciton trapping on defects

(a6T), in particular, have been extensively studied as modein these crystals should be insignificant in the femto- and
m-conjugated molecular systems for potential applications irpicosecond time domain. Such materials thus offer a unique
optoelectronicd. Research initially concentrated on thin opportunity to understand how various electronic processes
evaporated filmé;2 and in recent years its focus has gradu-contribute to the excited-state relaxation.
ally shifted toward single crystafsAlthough practical de-

\(ices_ are !ikgly to be produced from disordered polycrystal- Il EXPERIMENTAL SETUP
line films, it is also necessary to understand the photophysics
of pure single crystals. Optical propertiesadT single crys- As described elsewhel&,a6T single crystals are grown

tals have been primarily characterized using linear absorpn the form of free-standing platelets with thickness from 1
tion and luminescence spectroscopieRecently, a time- to 10 um and sizes up to 1 cm. It has been established that
resolved optical spectroscopy has been applied to thig6T molecules can crystallize in two similar crystallographic
material® Here we present further analysis of photoexcita-phases: the low-temperatufeT) and the high-temperature
tion dynamics ina6T single crystals using the time-resolved (HT) phase®® Both of these phases have been thoroughly
spectroscopy. studied® and found to be herringbone structures with mono-
Primary photoexcitations in organic molecular crystals areclinic unit cells containing foue6T rigid rodlike molecules.
Frenkel excitong?2i.e., tightly bound electron-hole pairs lo- These molecules are aligned parallel to the plane formed by
calized on single molecules. The theory of molecular Frenkethe a and c crystal axes; thé crystal axis is thus almost
excitons has been developed rather extensiV¥yand an  perpendicular to the6T moleculessee Fig. 1 inset Since
enormous amount of experimental work has been accumuhe crystal growth direction corresponds to thexis, one
lated on this topi¢! Most experimental studies have been can readily measure polarized absorption for light polariza-
focused on doped and low-purity molecular crystals and retions parallel to thé andc crystal axes, respectively. Polar-
stricted in the time domain to nanosecond and longer timézed absorption spectra are measured using an Ocean Optics
scales? Exciton dynamics in mixed crystals are obscured byfiber-optic spectrometer.
exciton trapping on guest molecules and difficult to observe. PhotoluminescencéPL) spectra are recorded using an
High-purity single crystals are therefore required for theActon Research 0.3 m spectrometer and a Si photodiode.
analysis of intrinsic dynamics, which includes intra- and in-Measurements of integrated PL intensity in combination with
termolecular phonon-assisted relaxation, intermoleculaa Z-scan technique are used to obtain two-photon absorption
charge transfer, exciton migration, self-localization due tospectra. The PL due to two-photon excitation is measured
lattice relaxation, radiative recombination, and intersystenfrom a thin 6T crystal, while it is translated in and out of
crossind Recently, we have grown a variety of single the focus of a 100 fs pulsed laser beam having the photon
molecular crystals, in which carrier mobilities at low energy below the one-photon absorption edge. The PL inten-
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2 L B e e B B B B B B no sample degradation is observed, which would result in the
L (a) /e ] decrease of the PL and PM signals.

[ ] We also apply the continuous-wavew) PM technique

- for measuring long-lived photoexcitations in the micro- and
] millisecond regimes. Two light beams are employed in cw
PM spectroscopy. For the excitation beam we use ah Ar
] laser at 457 nm, where the light beam is modulated with an
1 optical chopper. An incandescent tungsten halogen lamp is

-logT
)

] used as the probe light. A combination of several diffraction
HT phase 1 gratings, optical filters, and solid state detectsikcon, ger-
manium, indium antimonideis used to span the proldas
between 0.5 and 2 eV. The PM spectrum/fas is obtained

by dividing the pump-beam-induced changes in the probe
beam transmissiom\ T(w), by the probe beam transmission
T(w), whereAT is measured by a phase-sensitive technique;
in this case the PA oha (= o AT/T in the thick-film limit,
where ¢ is the absorption at the laser frequendpes not
depend on the apparatus wavelength response.

The spin associated with a PA band may be obtained by
the  PA-detected magnetic resonancePADMR)
technique’*® In PADMR we measure the changes in PA
induced by a modulated microwave figid our experiment
3 GHz, modulated at 660 Hlim resonance with the Zeeman-
split spin sublevels in magnetic field.>*3® The microwave
] resonant absorption leads to small chang€sn T. This 6T

T T HE S SRS E S is proportional todN, the change in photoexcitation density
18 2 28 e (ev)3 35 4 Nthatis caused by changes in spin-dependent recombination
¥ rates induced by the microwaves. Two types of PADMR

FIG. 1. Polarized absorbance spectra of the (dTand LT (b) spectra are possibféthe H-PADMR spectrum, in whicksT
single crystals for light polarizations parallel to theandc crystal  is measured at a fixed probe wavelengtlas the magnetic
axes. The absorbance is not corrected for the reflectivity. The insdteld H is scanned, and the PADMR spectrum, in whictsT
schematically shows the crystal unit cell. is measured at a constamt, in resonance, whilex is
scanned. The PADMR measurements are done at 10 K, and

sity normalized to the laser peak power and the focal spoi'€ A~ pump laser is operated at_4827r_1m. The PL-detected
size is a measure of the relative two-photon excitation pLMagnetic resonand®LDMR) technique” is also employed,

yield. The spectrum of this yield vs the two-photon purnpWhere the magnetic resonances are detected by a change

energy corresponds to the two-photon absorption; the valig?PL) in the emission intensity. This experimental method is

ity of this statement is later verified experimentally. otherwise analogous to the PADMR technique.

_ A pump-and-probe correlz_:ltion technique is used to qbtain Ill. STEADY-STATE ABSORPTION AND EMISSION
time-resolved photomodulatiofPM) spectra by measuring

AT(t)/T vs probe photon energyw, whereT is the probe Exciton states in a crystal can be classified according to
transmissionAT is the change iT due to the pump pulse, the irreducible representations of a unit cell gréughe unit
andt is the time delay between the pump and probe pulseszell group of both LT and HTa6T crystals isC,, and the
NegativeAT implies photoinduced absorpti¢RA), whereas ~ corresponding representations ag, a,, by, and b,.}®
positive AT can be due to photobleaching or probe-inducedThese exciton states are based upon the excited states of a
stimulated emissiorfSE). Two electronically synchronized single molecule. The latter states can be similarly classified
Ti:sapphire mode-locked laseréSpectra-Physics “Tsu- asAg, A,, By, andB, according to the sam€,;, group,
nami”), one of which pumps an optical parametric oscillatorwhich also happens to be the symmetry group of &6&
(“Opal” ), are used to produce 100 fsec pump and probsingle moleculé. One-photon transitions are allowed only
pulses. The timing jitter between the Ti:sapphire lasersGs between different-parity states, i.g-~u (gerade to unger-
ps; for measurements with subpicosecond resolution we useatle. However, while theag— b, transition is polarized in
only one of the Ti:sapphire lasers. The pur is varied thea-ccrystal plane, they— a, transition is polarized along
from 2.5 to 3.0 eV; typical photoexcitation densities are be-the b axis. Sincea6T molecules are oriented almost perpen-
low 2% 10*®cm™3. The probefiw is varied from 0.7 to 2.3 dicular to theb axis, the low-energy, states should have
eV; in addition, a short mid-ir spectral range from 0.15 tovanishingly small transition dipole moment to the ground
0.18 eV is available via the difference-frequency mixing of state. Two-photon transitions, on the other hand, can occur
the signal and idler beams. All measurements are done anly between same-parity states, igg-»g andu—u. Thus,
room temperature. During the measurements the samples atee two-photon absorption spectrum is expected to provide
held either under flowing dry nitrogen or in air. In either caseinformation about the, andb, excited states.
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FIG. 2. Unpolarized absorbance spectra of the LT single crystal. [ (b)
Arrows indicate allowed states mark&g throughS;. -

Figure 1 shows the polarized absorption spec¢tmacor-
rected for the reflectivity of the two forms ofa6T crystal.
The oscillations evident at low photon energies are due to the
interference fringes, from which we can infer that the HT
crystal is about 4um thick and the LT crystal is aboutdm
thick. Absorption parallel to the axis could not be reliably
measured ati w>3.0eV due to poor optical transmittance. N
The absorption spectra in Fig. 1 between 2.3 and 3.0 eV car 0, o5 3 35 4 45
be interpreted in terms dd, states with wealkb-polarized Excitation Energy (eV)
andb,, states with strongc-polarized transition dipole mo-
ments to the ground statélhe origin ofb-polarized absorp-
tion is atAw=2.3eV, whereas the origin ac-polarized
absorption is ab w=2.6 eV. The energy difference between

the two origins of 0.3 eV is the Davidov splitting between a|| identified statesS; throughSs as shown in Fig. 2S; at
thea, andb,, exciton components of the loweBf, molecu- 2.3,S, at 2.6,S; at 3.6,S, at 4.4, andS at 4.9 eV.
lar state. The lowest molecular stég(L) is polarized along The lowest excited stateS() can also be studied by mea-
the long molecular axigL). This splitting is larger than the suring photoluminescence. FiguréBshows the PL spectra
strongest Raman-active intramolecular phonon ené®gl®  of the HT and LT crystals, which were recorded in identical
eV), suggesting that vibronic exciton coupling in ta®T  conditions using emission from the frofexcited side of the
crystals is strong. As a result, some of the vibramjandb,  crystals. Both PL spectra appear to contain vibrational side-
components are degenerate and therefore intermixed. Condgands, which are common in molecular solids and corre-
quently, the interpretation of the absorption spectra is quitg&pond to optical transitions with simultaneous emission of
complicated and requires the introduction of so-called falsgphonons(0— v, wherev is the number of phonohsHow-
origins, which are additional optical transitions appearingever, this vibrationally broadened PL does not obey the
due to strong electron-phonon couplihg. Franck-Condon coupling mechanism generally used to de-
Absorption measurements at high energie88 eV) re-  scribe dipole-allowed transitiort§.Instead of an expected
quire very thin crystals. Figure 2 shows the unpolarized abstrong 0—0 PL sideband, only a weak shoulder is observed
sorbance of a thin LT crystal and reveals several higher exat the origin of one-photon absorptiofi¢=2.3 eV), result-
cited states above 3.6 eV. At least three additional allowedhg in a pronounced Stokes shift of the PL spectra with re-
states(eithera,, or b,) at 3.6, 4.4, and 4.9 eV can be distin- spect to the absorption spectra. This emission is likely due to
guished. We speculate that some of these states are basedths a, exciton (S,), which indeed has very small dipole
the B, (M) molecular state, which is polarized along the coupling with the ground state. Furthermore, PL sidebands |,
short molecular axi$M).> A B,(M) state would explain the 1I, and Ill in Fig. 3(a) are not equidistant: the separation
appearance of stronig-polarized absorption above 4.0 eV, between bands | and Il is 150 meV and between bands Il and
and electronic mixing with this state may also explain thelll 180 meV. This indicates that more than one excited state
existence of substantid-polarized absorption between 2.6 may contribute to the observed PL. This has been confirmed
and 4.0 eV. Traditionally singlet excited states in molecularin several previous studies @5T films and single crystafS,
systems have been marked&sS;, . .. ,S¢ in order of in-  which revealed complex behavior of the PL spectrum at low
creasing energy, whei®, is the ground state, is the first  temperatures and identified several shallow trap stéXes
excited state, etc. We adopt this terminology here and markaps and aggregate staté5Alternatively, a combination of

PL intensity (arb.units)

FIG. 3. () Emission spectra of the HTsolid line) and LT
(dashed lingsingle crystals{b) excitation spectrum of photolumi-
nescence in LT single crystals.
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several different intramolecular phonon modes can be usec 10 ~———T T T T T
to describe uneves; vibronic sidebands. A complete analy- Ho? (a)
sis of the PL spectrum im6T single crystals is currently s |
unavailable. [10?
Two-photon absorptiofiTPA) can be used to characterize
the even-parityay and b, states. To obtain the TPA spec-
trum, we measure the PL excitation spectrum using two-
photon excitatiof in combination with theZ-scan tech-
nique. That the PL excitation spectrum corresponds to the
TPA spectrum immediately follows from Vavilov-Kasha’s
rule. The majority of molecular systems obey Vavilov-
Kasha's rule, which says that luminescence should occul
from the lowest excited state and hence its yield is indepen-  © — —
dent of the excitation enerdf.Indeed, we finilj that the PFI)_ 06 e s Z(,:m) o2 o4 o6
one-photon excitation spectrum &6 T crystals is practically L e S S L B ML A
flat betweenZiw=2.4 and 3.2 eV, as shown in Fig(i8. ; ' ' ' '
Since typical radiative decay rates for allowed singlet states 1 0%
are on the order of10 n9 %, it is easy to see that Vavilov- [ oosf
Kasha's rule is a direct consequence of ultrafast relaxatior@ 08 [ oot
from higher excited states to the lowd#tte ultrafast relax- [ ook
ation is discussed in detail below & 06 ' e
In order to measure the two-photon excitation spectra, wegt - 23 e 2 B ET
use 100 fs pulses with photon energies varying from 1.1 to™ 04 woproton Eneroy €9
1.8 eV. The laser pump beam is focused onto the crystal i
which is translated across the focal point. While the sample 02 | 5
is translated, the emission rising from two-photon excitation
is collected and measured using a silicon detector and ¢ 0
short-pass filter at 650 nm. Figuréaft shows a typical result
of suchZ-scan measurements, i.e., the PL intensity de-
pendence on the sample coordinat&®/e model this depen- FIG. 4. (a) Z-scan measurement of two-photon excited PL in a
dence assuming a Gaussian beam and using the expressgingle crystal; the inset shows the dependence of peak PL intensity
lo(2)<{P/[1+(Nz/7w?)?]}2, where P is the excitation Vs the excitation powerb) Two-photon PL excitation spectrum of
power,\ is the excitation wavelength, andw2is the excita- the HT single crystal; the inset shows the spectrum at low photon
tion beam waist at the focus. Figuréa$inset shows that energies.
indeed the peak PL intensity grows quadratically with the
excitation power. In our measurements we vary the excita- IV. TRANSIENT PHOTOMODULATION
tion energy, while keeping a constant bandwittiLO nm),
and use the ratid,(0)w?/P? as a relative measure of two-
photon absorption. In order to investigate the relaxation dynamics of excited
The resulting TPA spectrum shown in Figb#reveals a states ina6T crystals, we measure their transient PM spectra,
smooth rise in two-photon absorption coefficient with fea-as shown in Fig. 5 fot=5 ps. The crystals are excited at
tures similar to those in Figs. 1 and 2, which correspond t®.58 eV with the pump and probe polarizations parallel to the
allowedS,;(a,) andS,(b,) states at 2.3 and 2.6 eV, respec- ¢ axis. The resultant picosecond PM spectra are dramatically
tively. As a result of negligible dipole-dipole interactions different from those previously measured in thin polycrystal-
betweena6T molecules along the crystal axis’ theag and  line 6T films?***First, a pronounced short-lived PA band
by components of the B,, molecular state are nearly degen- (bandA) is observed at w=1.25€eV in the LT crystal and at
erate with itsa, andb, components, respectively. Thus TPA Zw=1.3eV in the HT crystal phase. This band is usually not
can take place at 2.3 and 2.6 eV due to possible intermixingbserved in polycrystalline films. In a recent study of various
amongAy, A, By, andB, single molecule states. The on- hexathiophene thin film&, a PA band atiw=1.3eV was
set of TPA at 3.6 eV, on the other hand, has a relatively weaklso observed, but associated with disordered or amorphous
counterpart at 3.6 eV in the one-photon absorption spectrparts of the films. Such an assignment in the case of ultra-
(S;). We suggest that the TPA rise at 3.6 eV is due to thepure crystals is highly unlikely. Second, &w>1.85eV
nearly degeneratay,a, by ,b, components of amy mo-  there is a relatively weaker SE band due to radiative transi-
lecular state; the corresponding Davidov splitting is expectedion from thea, exciton to the ground state. In this spectral
to be small because of the negligible dipole-dipole interactange the probe pulse experiences net optical gaositive
tions in this state(Davidov splitting is much smaller for AT), the spectrum of which closely matches the PL spec-
even- than for odd-parity stat@s This conclusion is also trum. Figure %b) inset compares the SE spectrum of the HT
supported by the measurements of transient absorptiom6T crystal with the corresponding PL spectruithe SE
which are discussed next. spectrum is arbitrarily offset to compensate for the transient
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A. Femtosecond and picosecond photomodulation
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FIG. 6. (a) AT/T decay athw=2.1eV for probe polarization
FIG. 5. Transient PM spectra in the L&) and HT (b) single parallel toc (solid line) and tob (dashed ling the inset shows the
crystals at=>5 ps(circles and 2 ngsolid squares The inset com-  SE rise time (c). (b) AT/T decay atiw=1.3 eV for probe polar-

pares the SE spectrum with the PL spectrum of the HT crystal. ization parallel toc (solid line) and tob (dashed ling the inset
shows the PA rise timell¢).

PA contribution and shows that SE and PL share a commorstates, which have two-photon allowed transitions from the
origin, i.e., theS; exciton athw=2.3eV. Transient SE oc- ground state in the spectral range from 2.3 to 3.5 eV; these
curs simultaneously with PA which lowers the net gain ex-states are probably responsible for the weak PA observed at
perienced by the probe; this is more obvious in the case diw<1.2eV. At hw>3.5eV we observe a new onset of
the LT crystal, where SE is weaker. From the excitation denTPA, which we attribute to the stat8; built on thenA,
sity and the signal magnitude, we estimate the net opticadtate. Therefore, banl can be attributed to the optical tran-
gain cross sectionogg in the HT crystal to be 2 sition from thea, exciton (S;) to theby component of the
X 10" *¥cn?. This osgis lower than that of luminescent dyes nAy molecular statédegenerate witl$;). Earlier pump-and-
and polymers, such as pdbphenylene vinylene probe measurements @®T single molecules in solutioff,
derivatives?® which can be attributed to the small oscillator which detected a PA band atw=1.38¢€V, agree with our
strength of theS; exciton. SE isc polarized and its decay is assignment. The lack of pronounced vibronic sidebands,
well correlated with the PA decay, as shown in Figa)6 similar to those in the PL or SE spectra, suggests that the
(here the PA contribution is evident for tHepolarized Franck-Condon vibronic overlap factors, which describe the
probe. Figure Gb) compares bandé decay for probe polar- strength of the exciton-phonon coupling, are small for tran-
izations parallel tdo and ¢ axes and shows that PA &tw sitions between upper excited states. Therefore, the potential
=1.3eV is also primarilyc polarized. Since the picosecond energy surfaces for th®, andS; states in the configuration
dynamics of SE and PA are well correlated, we can attributeoordinate diagram are nearly parallel.
the whole PM spectrum at=5 ps to theS,; exciton. As shown in Fig. ) inset, the PA onset is instantaneous
Whereas the origin of the vibronically broadened SE bandand limited only by the experimental resolutigh50 fs,
(Fig. 5 in a6T crystals is unambiguous$g«S;), the origin  suggesting an ultrafast electronic relaxation from the initially
of the narrow bandh is less clear. Since the lowest Frenkel excited statein the spectral rangéw=2.6—-3.2eV to S;.
exciton (S;) is built upon the odd-parityB,(L) molecular However, the SE onset shown in Fig@pinset is slower
state, we presume that this excitonic state should have than that of the exciton PA and occurs in about 0.5 ps at
strong transition dipole moment to the higher excited stategxcitation energyi w=3.2eV. This discrepancy in the PM
built upon an even-parity molecular stated;. The even- dynamics at early times can be explained by the competition
parity states, in principle, can be identified using TPA specbetween the SES,<S;) and PA fromS; to some higher
troscopy. Indeed, Fig. () shows a broad continuum of excited state5;. The potential energy surfaces $f andS;
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states are nearly parallel, i.e., their respective equilibrium
configuration coordinates are equal. We speculate tha®the (a)
energy surface is also parallel to tBe surface; in this case
the PA produced b, — S; andS; — S; transitions is insen-
sitive to the exciton thermalization within th®, vibronic

manifold. On the other hand, ti® andS; surfaces are not

parallel, as evidenced by the Stokes shift between the ab

sorption and PL spectra in Fig(88. Consequently, the SE

dynamics due to th&y,—S; transition should be strongly

influenced by the vibronic exciton relaxation within ti&g

manifold. In particular, we expect an ultrafast redshift of the Gsrgigd

SE spectrum associated with exciton “cooling,” which im-
plies that one may observe a relatively slower onset of the
optical gain at lower photon energies, corresponding to tran-
sitions from the minimum of th&, potential surface.
Alternatively, the primary excited states might first decay

. . I < 67
Si(a,) exciton] is common for many complex molecular I

into the dipole-forbiddemy state, which then relaxes into the 6 o 4
a, state; however, this is an unlikely scenario, because of the- 1 \ ]
near degeneracy between thg and a, excitons. The ul- E = s ]

trafast relaxation to the lowest excited stfite our case the o 4T =] .

systemg’ The nonradiative relaxation between molecular v oo

states of the same spin multiplicifginglets in our cagehas i 6% )
been termed internal conversibhThe rate of internal con- J 6 se to0_ 102 104 106

version between two excited states increases exponentiall  ohad 00 S
with decreasing difference between the energies of thest 0 50 100 150 200 250 300

. . . . t
states® Therefore, internal conversion in single molecules, {ps)

which contain many closely spaced electronic levels, is the g, 7. (3 Three-beam photomodulation diagrath) AT/T
fastest relaxation channel for most excited states, except pejizcay ath w=1.3 eV induced by the first pump pulse orijashed

haps the lowest one. This situation appears to be preserved ife) and both pump pulsesolid line); the inset shows a closeup of
molecular crystals, where intermolecular interactions arghe |atter.

weak and, consequently, their ultrafast dynamics are deter-
mined primarily by intramolecular interactions and intramo-semiconductopsin polycrystalline a6T films is located at
lecular relaxation. Ecr~2.7 eV2® Therefore, partial relaxation into a CT state
In order to emphasize the importance of internal converis energetically possible fotw>E~t—E(S;)~0.4eV. The
sion in organic semiconductors, we directly measure the ulrecovery of the lowest excited state after reexcitatiofi at
trafast relaxation between different excited statesaBT  =1.3eV is indeed incomplete, as evidenced by the long-
crystals using a three-beam photomodulation techrifjie.  lived PA quenching component fdr>100 ps in Fig. ).
these measuremeniishown schematically in Fig.(@] we  About 10% ofS; excitons do not relax int&; and undergo
use the first excitation pulsé = 2.6 eV) to generate th®,  an alternative relaxation route. Among possible alternatives
excitons, then after vibrational cooling the second excitatiorthere are singlet fission and exciton dissociatiantoioniz-
pulse fw=1.3eV) to reexcite these excitons to a higheration), which lead to the formation of the triplet and CT
excited state $3). The probe pulse @tw=1.3eV is used to states, respectively. It is known from the literatdrthat the
monitor the changes in the sample transmission induced byiplet yield due to hot singlet exciton fission is on the order
both pump pulses. Figurg) shows the PA transient signal of 2% in molecular crystals, which cannot explain the 10%
with only the first pump(broken ling and both pump pulses yield of the long-lived PA quenching component. Therefore,
(solid line). The second pump is delayed with respect to thewe suggest that th8, exciton is an autoionizing state, which
first by 100 ps. We observe instantaneous transfer oSthe partially overlaps with the continuum of delocalized electron
excitons toS; followed by ultrafast relaxatiorfwithin 200 and hole pair states. Some of the ionized CT states have
fs) back toS,;. This observation completely agrees with the lower energies tha8; and, therefore, allow partial autoion-
fact that internal conversion is the dominant relaxation chanization beforeS; internally converts intdS; or S,. Ineffi-
nel in organic semiconductors. This confirms our previousient charge photogeneration is common for all pure organic
conclusion that the primary relaxation channel from uppersemiconductors and can be attributed to the large binding
excited states, either one- or two-photon allowed, is internaénergy of Frenkel excitons and fast internal conversfon.
conversion and explains the ultrafast photogeneration of the PA and SE transients in Fig. 6 show complex exciton
S; excitons. A different behavior would be observed in therecombination dynamics, which cannot be described with a
case of exciton dissociation and subsequent formation of aingle exponential decay: these transients can be closely fit-
charge transfe(CT) state. It has been suggested that theted, for instance, using a biexponential decay with time con-
lowest CT statéan analog of a Wannier exciton in inorganic stants of r;=150ps andr,=1.2ns. Although an accurate
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interpretation of these dynamics is difficult, we can makelntersystem crossing and exciton trapping, on the other hand,
several speculations. First, we argue that because of the loaffect the PM spectrum in a profoundly different manner.
excitation density all recombination processes are monomoFriplet and singlet excitons in organic materials are known to
lecular. Indeed, we found that the observed PM dynamics dithave different PM spectr&.Similarly, trapped excitons may
not depend on the pump power in our experimental Setubave their distinct PM spectra as well; the PL spectrum of
(e.g., the bimolecular recombination rate increases with intrapped excitons indeed differs from that of free exciti?s.
creasing pump powgrSecond, we presume that exciton dis- We can loosely classify traps as either shall@epth less
sociation does not occur and neglect the geminate recombif@n 0.1 ey or deep(depth greater than 0.1 ¢VThe small-
naton that is typically observed in inorganic est observable energy shift in the PM spectra of Fig. 5 is on
semiconductors. Third, in a homogeneous system eithdf® order of 0.1 eV. Accordingly, we expect that shallow
monomolecular radiative or nonradiative decay will result in{faPPing does not have an observable effect on the shape of
an exponential decay. Therefore, we conclude that outhe PM spectra. In contrast, exciton Iocgllzatlon at deep traps
samples behave as a heterogeneous system on the picosBY have an observable effect, especially when such local-
ond time scale. Since the samples are highly pure singlls,zat'of‘ is foIIowe_d by the exciton dissociation or forma.t|on
crystals, we can exclude polycrystallinity, grain boundaries,Of a different t_excned state. We t_herefore ponclude that inter-
and impurities as the source of this heterogeneity. HowevegYStém crossing and deep exciton trapping are not seen on
even in the purest material there is always a small amount dhe Picosecond time scale. This observation agrees with the
crystalline defects. Presumably, some of these defects mdjfévious measurements of low é:harge trap concentratjon
act as deep traps or recombination centers for excitons; othdif Our «6T single crystal;rqt<101 cm™®);* presumably, the
traps may disturb the crystal field only enough to localize thedensity of exciton traps is equally low.
exciton in their vicinity(shallow traps As a result, the trap- Previous time-resolved PL measurements at low
assisted recombination, provided that exciton diffusion isemperatur® have revealed a significant difference in spec-
fast enough, would lead to a nonexponential PM decay. tral _dynar_mes betweenG_T films and crystals. In particular,
Although exciton localization at shallow traps does not€Xcitons in films are quickly captured at deep traps, the PL
affect the PM spectrum, it can change both radiative angPectrum of which is very different from that of tlag ex-
nonradiative exciton recombination rates. Consequently, wéitons. In crystals, where the trap density is low, exciton
tentatively attribute the faster decay componeny) (to ex- trapping |s_s!ower and |_or_|mar|Iy limited to_ shallow traf’s.
citon diffusion and weak localization within the inhomoge- Therefore, itis not surprising that the transient PM sgtzacz;gra of
neous distribution of shallow trapping centers. Some of thes@6T crystals dramatically differ from those @6T films.**
weakly localized excitons can be subsequently released duge ultrafast dynamics in films are governed by exciton trap-
to thermal fluctuations and continue to migrate through the?ing at numerous defects, most of which act as deep traps.
crystal only to be recaptured by other traps. The longer-lived\S @ result, it is impossible to measure the intrinsic PM
component ¢,) is determined by the rates of radiative re- s_pectrum of free Frenkel excitons. On _the other hand, pure
combination, direct ground-state internal conversion, angingle crystals have much lower density of traps and thus
possible deep-trap-assisted recombination. Since the piptrinsic Frenkel excitons can be easily |dent.|f|ed. This argu-
quantum yield inaBT crystals is only about 159, 7, rep- ment is also supported by the observed differences in the
resents primarily the nonradiative decay rate, which include§Psorption spectra of crystals and films; the latter are usually
internal conversion and trapping. Other possible nonradiativéharacterized by substantial inhomogeneous _broadénmg.
decay channels are intersystem crossing, in which a Singh_ﬁurthermore, Fren_kel exc_|ton stimulated emission ha; not
exciton is converted into a triplet exciton, singlet fission, ?€en observed in film, which suggest that ultrafast exciton
where a single singlet exciton splits into two triplet excitons, 4€€P trapping indeed occurs in disordered materials.
and bimolecular recombination. The latter includes exciton-
exciton annihilation, singlet-triplet quenching, and several
other Auger-type processes; none of them are expected to
play a major role at low excitation densities. Singlet fissionis The shape of the transient PM spectradfiT crystals
energetically forbidden, since the relaxed singlet exciton enstarts to change at-0.5 ns; the nanosecond PM spectrum in
ergy is substantially lower than the energy of two tripfets. fact resembles the picosecond PM spectrum of thin filsee
Hot singlet fission can occur in principle, but with only a Fig. 5.2 The main feature of the nanosecond PM spectra is
small yield!! The intersystem crossing, on the other hand, ishe pronounced PA band at 1.6 gWand B). Figure §a)
a possible decay channel at low densities and this process siows the transient PA at 1.6 eV from 0 to 2 ns for two
known to occur on the nanosecond time scale. However, wdifferent probe polarizations. First, it is evident that bahd
later show that intersystem crossing is not the major relaxis stronglyc polarized. Second, it is possible to subtract the
ation route. PA contribution due to tha, excitons and obtain only the
The shape of the PM spectrum does not change signifiresponse of the long-lived species, as shown in Rig). 8§he
cantly from 1 ps to 0.5 ns, which suggests that after theise of bandB is well correlated with the decay of bad
initial rapid relaxation the nature of the excited states doese., thea, exciton decay. It is tempting to assign the forma-
not change on the picosecond time scale. Neither radiativeon dynamics of band to excitons being trapped at deep
nor nonradiative transitions to the ground state change thgaps. These traps are similar to those found in polycrystal-
shape of the PM spectrum; they only change its magnituddine films; the main difference is their respective concentra-

B. Nanosecond and microsecond photomodulation
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after subtracting the contribution due to tBe decay. FIG. 9. (@) In-phase(solid line) and quadraturédashed ling

components of the steady-stald/T signal athw=1.6 eV vs the
d modulation frequency (f). (b) Steady-state PM spectra at
|_f:0.3 MHz of the HT (solid circle3 and LT (squarep single
crystals.

tions. Alternative assignments are triplet excitonsnd
charge transfer excitorf$ both of which have been invoke
before to describe the PM spectral dynamics in polycrysta
line 6T films.

Triplet excitons have been observed in thin films and dispolarization of a predimer is similar to that of a free exciton.
cussed in several publicatioAsTheir generation with high Figure 8 shows that indeed baBdreserves the polarization
quantum yield within 1 ps is doubtful, and the measuredof bandA in the a-c crystal plane. A complete loss of polar-
triplet PA band in films differs substantially from ba&l  ization would have been observed if excitons were trapped at
Furthermore, our PADMR measurements, which are disrandomly oriented defects or impurities.
cussed below, show that the triplet PA band in crystals is Using frequency(f) modulation, we monitor the PA dy-
also different from band8. On this basis, we discard triplet namics of trapping states ia6T crystals(both phasesat
excitons as a possible origin of baid Charge transfer ex- longer times. Figure @ shows the in-phase and quadrature
citons, which have been suggested as an alternative explarg@mponents of the PA signal from the lock-in amplifier,
tion of long-lived PA bands in films, are generally higher in from which we find that the dynamics are governed by two
energy than singlet excitoffs(by about 0.4 eV, Thus their ~ components with lifetimes of 5 and 266, respectively. The
generation in pure crystals is also unlikely. amplitude of the faster component is about 50 t|mes_larger

We therefore assign the long-lived baBdn crystals to than that of the slower one; the slow component may in fact

excited states, which were produced as a result of excitoRe due to thermomodulation of the crystal’s refractive index.
trapping at crystalline defects. The number of defects inl & characteristic PA spectrum measured a0.3 MHz is

evaporated thin films is significantly larger than that in singleShoWn in Fig. 9b). The comparison between nano- and mi-
crystals, which explains the ultrafast formation of long-lived ¢rosecond PA spectra shows that, except for the slight spec-
species in films. One of the frequent crystalline defects is 4@l narrowing, the PA spectra between2 ns andt~1 us
dislocation plane, where neighboring molecules lie parallef© not change significantly. The absence of additional spec-
to each other and form dimefShese defects are believed to tral dynamics indicates that a single trapping state is respon-
act as both exciton and charge traps and they have beéfple for the exciton trapping in pure crystals.

observed in many molecular cryst&l€xciton trapping at
these sites leads to the formation of so-called predimer states.
Since dislocations do not affect the molecular orientation In Fig. 10 we show the continuous wave PM spectra of a
with respect to the crystal axes, one may expect that the PAT crystal at temperatured=80K. The single crystal,

C. Milisecond photomodulation
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FIG. 10. cw PM spectra of a LT crystal at 80 K, excited at 457
nm and modulated at 660 Hz, with the probe polarization along FIG. 11. H-PADMR spectrum of a LT crystalH is applied
(solid) andb axes(bold). parallel to thec axis.

mounted in an optical cryostat, is excited with a cw argon, oaApvR spectrum, in whictH is kept in resonance, e.g.
lon Iaser_ at_457_ nm with the laser I|_ght being ?'two'?‘f' with spin3 or spin 1, while the PA spectrum of the correlated
ized (solid line in Fig. 10 or b polarlzed(b_old ling n Fig. photexcitations is recorded by scanning the prbbe

10). The pump laser beam is modulated with an optical chop? Applying H-PADMR spectroscopy to a LT crystal, we

per at typically 100 Hz to 1 kHz, which corresponds to the,. : - B T
millisecond time domain, if compared to the transient PM'clnd (see Fig. 11 resonances atlo=1060 G (9=2, spin;

measurements. First, we note that the cw PM spectra af&Sonance ango quite a strong spin-1 half-field resonance
quite weak, whereas the cw PL is relatively strong. The PL(HF) at 360 G=~ Additional resonances are also foufid-

has to be subtracted from the recorded signal in order to  P€led FF1 and FF2 in Fig. 1lwhich belong to the spin-1
obtain the PM spectrum. This becomes increasingly difficulful-field pattern. These resonances will be discussed in more
at the high-photon-energy part of the spectrum, where the pgetail in connection with PL-detected magnetic resonance
contribution dominates. Therefore, we have not been able t8elow. The half-field resonance is found to be some 160 G
isolate the PM spectrum at photon energiesabove about belowHy/2 org=4. This is caused by a zero-field-splitting
1.8 eV. parameteD~760 G [D = \[(H3—4H?)].%2 Since D is re-

The cw PM spectrdFig. 10 show bands atiw~0.75 |ated to the dipolar interaction between the constituent
(labeledP;), 1.25(EX), and 1.6 eMTEX). Itis seen from a  charges? the triplet exciton wave function extehtmay be
comparison between Figs. 5, 9, and 10 that the cw PA bandsptained from it: we conjecture=3.5A, using the relation
EX and TEX resemble the transient PA bands in Figs. 5 anqj(nm)=278,D (G).®
9. The cw PA spectrum is therefore dominated by the excited Tpe spind A\-PADMR spectrum(Fig. 12, bold shows
states formed following exciton trapping’EX). The EX  rogqnances at approximately 0.75, 1.3, and 1.6 eV, at posi-
band at 1.3 eV can be assigned to the fraction of free exCijons close to the PA banda,, EX, and TEX, respectively
tons left over in shallow traps on the micro- and m|II.|second(See Fig. 10 TheP; and TEX PADMR bands are negative,
time scales probed by the cw PM technideee also Fig. B 1yaaning that they are correlated with a resonance-enhanced

recombination for spi- photoexcitations. The 1.25 eV

V. OPTICALLY DETECTED MAGNETIC RESONANCE band, however, shows an enhancement upon magnetic reso-
A PADMR ‘ nance. These experimental observations can be explained, if
' spectroscopy we assume that the charged spiphotoexcitations, namely,

The PADMR spectroscopic technique measures th@olarons, may act as quenching sites for the photogenerated
changessT of the PA spectrum caused by electron spin resoexcitons. Indeed, nonradiative Auger recombination due to
nance of the long-lived photoexcitations. Using this cw tech-the exciton-polaron interaction has been previously reported
nique, we can correlate some PA bands with either spin-1 on molecular crystals! A resonant reduction of the polaron
spin+ excitations. Two types of PADMR spectra are of in- population(negative resonance Bf) would then lead to the
terest: anH-PADMR spectrum, in which a PA band is reduction of the Auger recombination rate, therefore reduc-
probed as an applied magnetic fiehtl is scanned; and a ing the population of TEX states. At the same time the re-
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duction _of TEX is mirrored by a resonant increase of the g 13 pLDMR spectra of a LT crystal for different angles
free-exciton absorption band, or EX. between the applied magnetic figitland the crystat axis, where

As discussed above, a negative resonance is found for thg jies in theb-c plane. 0° denotel parallel to thec axis, whereas
polaron P, band. It is well established however, that po- 90° denotesH parallel to theb axis. The spectra are offset for
larons are correlated ttwo absorption band¥, one band  clarity.
(P,) at photon energies typically around 0.5 eV, whereas the
other band P,) is in the visible spectral region. Therefore, nance on the integrated PL emission strength, where the mi-
an alternative interpretation for the PADMR spectrum can becrowave frequency is at 3 GHz, the magnetic field is swept
given, where an accidental spectral degeneracy of the highp to 2000 G, and the microwave intensity is modulated at
energy polaron band anBl, and TEX bands is assumed. 660 Hz. Figure 13 shows variow$-PLDMR spectra, mea-
Indeed, it was foundt in disordered films ofa6T that the  sured for several orientations of the applied magnetic field in
high-energy polaron PA band peaks afl.6 eV. Further- the b-c plane, namely, at angles 0°, 22°, 45°, 67°, and 90°.
more, it was found in films of several-conjugated polymers These angles are understood in the following way: 0° corre-
and oligomers that enhanced recombination of polarons leadsponds to the axis, while 90° corresponds to theaxis. The
to an enhanced bipolaron populatifrBased on this expla- PLDMR spectra(Fig. 13 show several discrete magnetic
nation the PADMR bands at1.6 and 1.25 eV may be in- resonance lines. The sharp resonance 60 G is the spin-
terpreted as the spifi-resonances of polarons and bipo- { magnetic resonance and does not change with angle; we
larons, respectively. Such an assignment is in agreemeftierefore conclude that the~2 value is isotropic in thé-c
with the polaron and bipolaron bands obtained by electroplane. The other resonant lines are assigned to triplets. We
optical measurements in ordere@T films3® note that this is the first time that discrete triplet resonances

Figure 12 also shows the spin¥-PADMR spectrum have been observed in PLDMR of-conjugated polymers
(solid line). A comparison between the singlet exciton PA and oligomers to our knowledge. We are able to reproduce
bands(EX and TEX bands, Fig.)@and the tripleh-PADMR  the resonant field¢see Fig. 14 for the spin-1 resonances
band (see Fig. 12 shows that the excited-state absorptionusing two effective spin-1 Hamiltonians with different zero-
band of the triplet excitons is approximately four times widerfield-splitting tensors, representing the two magnetically in-
than the singlet excited-state absorption bands. The tripla§quivalent sites of the monoclinic unit cell. The resonant

PA band, as revealed in thePADMR, is very different fields for each triplet are obtained from the following Hamil-
from the PA band discussed in Sec. IV B, confirming that tonian:

bandB is not due to triplets.
H=gBH-S+D[S5—3S(S+1)]+E(S—S2).

Here D andE are two parameters describing the zero-field-
In this section, the complete picture of the magnetic resosplitting tensor in its principal axes. We are able to fit the
nances is presented. We measure effects of magnetic resfive spectra within the experimental accuracy assuming that

B. PLDMR spectroscopy
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260 However, the tensor direction cosines appear in even powers
040 |- in the Hamiltonian; therefore the sign of these cosines cannot
L be obtained from the fit, and altogether four principal axis
220 systems lead to the same resonant fields.
200
180 VI. SUMMARY
160 | We have measured the transient PM spectra of Frenkel
. excitons ina6T single crystals and interpreted them in terms
7 140 I of odd- and even-parity states identified by one- and two-
E 120 photon absorption spectroscopies. The lowest Frenkel exci-
< tons are characterized by a vibronically broadened stimulated
o 1007 emission band at-2 eV and a narrow absorption band at 1.3
80 eV, which we have used to follow the exciton dynamics.
co | Intramolecular internal conversion governs transitions from
L upper excited states to the lowest exciton and occurs in 100—
40 200 fs. We have observed exciton trapping on the nanosec-
0l ond time scale; the secondary excited states produced as a
L result of exciton trapping have the characteristic absorption
0 e T T T et band in the photomodulation spectrum. The cw photomodu-
0 200 400 600 800 1000 1200 1400 1600 1800 2000 lation spectrum is dominated by excited-state absorption of

H (G) the trap states; however, we have also observed two addi-
tional weak cw bands that we assign to free excitons and
FIG. 14. Experimental spectra of Fig. 13 together with the re-charged polarons, respectively. Using spin-1 PADMR spec-
sults (open symbolsof a model calculation for the resonant mag- troscopy, we have identified the excited-state absorption
netic fields as a function of the magnetic field orientation inkike spectrum of trip|et excitons, which are produced with a low
plane. quantum yield via intersystem crossing. The triplet absorp-
tion band is structureless and approximately four times wider
E parameters of the zero-field-splitting tensors are zero. Ththan the absorption of singlet excitons. The spin signatures
triplet excitons associated with the two magnetically in-of long-lived photoexcitations have also been studied by the
equivalent sites are expected to be similar to each dther PLDMR technique, as a function of the magnetic field ori-
find that theirA-PADMR spectra are identical The zero- entation in the crystdb-c plane. By employing the PLDMR
field-splitting parameter® are therefore chosen identical for technique, we have found that there exist two triplets with
both triplets; the principal axes of the tensors, however, arsimilar zero-field-splitting parameters, but having the princi-
in general oriented along different directions in space. Fivgpal axes oriented along different directions giving rise to six
free parameters appear in the Hamiltonians that have beanagnetic resonances in the PLDMR spectra. These principal
used to model the resonant spin-1 fields as a function of thexes are oriented along thi¢ axes of the molecules at the
magnetic field orientation in Fig. 14. These are bhewalue  two magnetically inequivalent sites.
and four additional parameters that determine the orientation
of the two zero-field-splitting parameters in space. We find
that the resonant fields, within experimental accuracy, are in
agreement with an orientation of the tensors along the mo- The work at the University of Utah was supported in part
lecular N axes of the two inequivalent sitdsee Fig. 14 by the DOE Grant No. DE-FG03-93ER45490.
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