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ABSTRACT: By spatially resolving the polarized ultrafast optical transient absorption
within several tens of individual domains in solution-processed polycrystalline small-
molecule organic semiconducting films, we infer the domains’ extents of structural and
orientational heterogeneity. As metrics, we observe variations in the time scales of ultrafast
excited state dynamics and in the relative strength of competing resonant probe transitions.
We find that films of 2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene (diF-
TES-ADT) exhibit a much higher degree of both structural and orientational heterogeneity
among their domains than do films of 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-
Pn), despite the apparent structural similarity between these two small molecules. Since
both molecules feature prominently in solution-processed organic transistors, correlating
the extent of heterogeneity to bulk transport using our approach will be highly valuable
toward determining the underlying design principles for creating high-performing devices.
Furthermore, our ability to characterize such variation in heterogeneity will enable
fundamental studies of the interplay between molecular dynamics and driving forces in
controlling emergent unequilibrated structures.

Small-molecule organic semiconducting thin films serve
many applications in solution-processed electronics. In

many cases, they form polycrystalline films with a wide range in
the size and shape of individual domains. The high degree of
intermolecular order in these films predisposes them to
applications in solution-processed transistors, where compara-
tively high charge carrier mobilities can be engineered due to
regular π-stacking or other forms of orbital overlap along a
particular in-plane direction.1,2 Understanding how the
crystalline intermolecular packing in these materials determines
their electronic properties is of paramount importance in
explaining bulk transport metrics such as charge carrier
mobilities. Yet, the variation in structure and orientation
exhibited among crystalline domains also contributes to these
bulk metrics, and is generally averaged out in measurements of
structure, electronic structure, optical properties and excited
state dynamics. Being able to determine the differences
between an average structure’s electronic properties and
between the effect of structural heterogeneity on overall film
properties is important in order to determine the root cause of
limitations to transport properties and in order to further
improve them.
Ultrafast spectroscopies, such as transient absorption

(TA),3−5 have provided detailed information about the
electronic structure and dynamics of photoexcitable organic

semiconducting materials.6−8 The ultrafast excited state
dynamics of electronically coupled materials are extremely
sensitive to small variations in the Coulomb interactions
between coupled molecules that arise due to their particular
spatial configurations.1,9−11 Although such measurements are
generally performed in bulk with laser pulse waists exceeding
the size of individual crystalline domains, transient absorption
microscopy (TAM) has recently been used to study these thin
films12,13 in addition to other structures with heterogeneous
electronic and transport properties.14−21 Beyond the obvious
advantage of no longer averaging over the optical signatures of
multiple crystalline domains, there is a further incentive to
collecting very small signals from focal volumes orders of
magnitude smaller than is typically done with TA. Because the
individual molecular constituents in these polycrystalline films
are often planar, the crystals formed are generally very
anisotropic. By virtue of measuring individual crystallites,
single-domain TAM can therefore additionally utilize the
strong light polarization response of these individual domains
in order to more precisely determine the material’s excited state
dynamic time scales that are extracted from ultrafast measure-
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ments.12 Although it has not been previously demonstrated,
obtaining transient information on the single-domain level
should, in principle, enable a direct comparison of electronic
structure and dynamics among the domains in a film. Such a
comparison should reveal the degree of interdomain hetero-
geneity in much the same way as single-molecule measure-

ments have done for solution-phase studies or for impurities in
solid matrices.22−24

In previous work we illustrated the utility of polarized TAM
for uncovering rotations about the substrate normal in
otherwise structurally similar domains of small-molecule
solution-processed organic semiconducting films.12 Here we

Figure 1. (a) Chemical structure of diF-TES-ADT, (b) linear absorption spectrum of diF-TES-ADT film (black), and laser spectrum (red), and (c)
linear transmission image of a diF-TESADT film; spot indicates laser spot size. (d) Chemical structure of TIPS-Pn, (e) linear absorption spectrum of
TIPS-Pn film, and laser spectrum, and (f) linear transmission image of a TIPS-Pn film; spot indicates laser spot size. (g) Schematic energy levels and
transitions induced by pump and probe pulses. (h) Cartoon of a single molecule at a typical orientation with respect to substrate. Rectangular prism
represents aromatic core, spheres represent bulky side groups. Arrows represent ground state bleach (red) and excited state absorption (blue)
transition dipole moments and their projections on to the substrate plane.

Figure 2. (a−c) Transients collected using various probe polarizations in individual diF-TES-ADT domains, along with global triexponential fits
(blue). Signal can also be averaged over all polarizations (gray) and fit (black), which should be analogous to a bulk measurement if all domains were
orientationally and structurally identical to the domain studied. (d−f) Dependence of TA signal on probe polarization at pump−probe delay time of
1 ps. Blue lines are fits to a cosine squared function.
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obtain the polarized TA of individual domains of 2,8-difluoro-
5,11-bis(triethylsilylethynyl)anthradithiophene (diF-TES-
ADT)25−30 films and uncover for the first time heterogeneity
in both electronic structure and nonazimuthal orientation of
the domains in this type of organic polycrystalline film. We
quantify these interdomain heterogeneities, respectively, based
on variations in excited state dynamics time scales and based on
variations in the relative strength of two resonant probe
transitions. Performing a similar analysis on the single-domain
TA that we previously obtained12 for films of the structurally
similar 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-
Pn)1,6,31−36 molecule reveals significantly less interdomain
heterogeneity. The variations observed in diF-TES-ADT films
indicate that measuring TA with spatial resolution can be
essential to accurately characterize organic semiconducting film
excited states and their dynamics, the relationship of these
excited states to film structure, and the variability within a film.
The varying degree of heterogeneity surmised in contrasting
the diF-TES-ADT and TIPS-Pn films furthermore indicates
that the combined choice of molecules and their respective
casting conditions, however similar, leads to very different
extents of interdomain heterogeneity, a parameter that could be
important in determining charge transport over larger scales.
Our newfound ability to sensitively characterize and quantify
structural and orientation variability among domains in
solution-processed polycrystalline films therefore provides a
sought after avenue for explaining which types of microscopic
heterogeneities dominate the resulting macroscopic transport.
TAM measurements were performed within individual

domains in a dropcast thin film of diF-TES-ADT and were
compared to analogous measurements in dropcast thin films of
TIPS-Pn. Figure 1c,f show representative transmission images
of the two different types of films. The colored spots in these
images represent the approximate laser spot sizes used for the
TAM measurements. Since the measurement volumes are
smaller than the size of the domains, the resulting transient
absorption signal is caused by the excitations generated in only
one domain. Although diF-TES-ADT and TIPS-Pn have similar
molecular structures (Figure 1a,d), packing structures, and
linear absorption spectral shapes (Figure 1b,e), we find that
their excited state dynamics differ. Figure 2a−c reports
examples of the TA measured at the band edge in diF-TES-
ADT films using various probe polarizations. Figure 2d−f
shows the corresponding dependence of the TA signals on the
probe light pulse polarization at a pump−probe delay time of 1
ps. We reported similarly obtained TA within TIPS-Pn domains
in refs 12 and 13, some other examples of which are presented
in Supporting Information Figure S1 and Table S1.
To explain and analyze the features of the data in Figure 2,

we first describe the transitions accessible to the probe light
pulse and their couplings to the pulse’s polarized electric field.
The clear polarization dependence of the TA signals indicates
that the examined areas have anisotropic structure. The signal
can be either positive or negative, depending on the probe
polarization. This indicates that, after photoexcitation, the
probe is resonant with both excited state absorption (ESA) and
ground state bleach (GSB) transitions, which result in negative
and positive transient absorption signals, respectively (Figure
1g). These transitions must have transition dipole moments
that have different orientations in the lab-frame, so the coupling
of the probe to each of these transitions will change with the
probe polarization (Figure 1h) for a given domain. In
comparing different domains for a given probe polarization,

domains oriented so that their GSB transition (typically along
the polyacene short axis) is aligned with the probe field will
have dominantly positive TA signals as compared with those
domains oriented so that their ESA transitions (typically along
the polyacene long axis) align with the field. The molecules
studied in this work have packing structures with a single
molecule per unit cell, so the delocalized crystal transition
dipole moments point in the same directions as those of an
individual molecule (Figure 1h). In the diF-TES-ADT domain
measured in Figure 2a,d, about half of the probe polarizations
produce positive signals, which means that GSB dominates
ESA, and half of the probe polarizations produce negative
signals, where ESA instead dominates GSB. The projection of
these two different transition dipole moments onto the sample
plane determines their relative abilities to couple to the probe
pulse’s polarized electric field. The relative amounts of GSB and
ESA can thus be used to characterize and compare the
nonazimuthal orientation of different crystalline domains in a
film. We return to domain orientation after first exploring
attributes of the single-domain polarized TA that reveal
structural heterogeneity.
The spatial resolution of TAM allows for the comparison of

dynamics in individual domains in order to infer structural
variations among them. Transients can be collected at a number
of different probe polarizations. Because the pump polarization
remains the same for all measurements in a particular domain,
the initial exciton population is the same for each measurement
in the polarization series; the differences among the polarized
transients in a given domain are due to the polarization-
dependent coupling strength between the probe and the
available transitions. The physical processes which occur to the
photogenerated exciton population depend on the electronic
structure and dynamics of the domain, and will be the same
irrespective of the probe polarization. Thus, in fitting the data
to a weighted sum of exponential decays, the time constants in
the transients collected at each probe polarization should be the
same, but the amplitudes should change owing to the coupling
between the probe and the available transitions. With this in
mind, a global fit was performed using the collection of
transients at all probe polarizations for each individual domain.
The transient for each probe polarization was fit to the function
y = A1 exp(−x/t1) + A2 exp(−x/t2) + A3 exp(−x/2300 ps) + c.
In the fit to y, the time constants t1 and t2 are global, while the
pre-exponential amplitudes, A1, A2, and A3, and offset, c, are
different for each polarization. The time constant of the third
exponential was set to the fluorescence lifetime of diF-TES-
ADT, which represents the longest time scale of loss of the
singlet excited state population, and which has been measured
in films to be 2300 ps.37 The resulting fits are shown as blue
curves in Figure 2a−c, with extracted time constants shown in
Table 1. The fit A1, A2, A3, and c values, along with plots of the
dependence of these fit values on probe polarization, can be
found in Supporting Information Table S2, along with similar
fitting on single-domain TA of TIPS-Pn films (Supporting
Information Figure S1 and Tables S1 and S3). The amplitudes
have a cosine-squared dependence on polarization, as would be
expected from the varying coupling of the probe pulse electric
field vector to the transition dipole moments (Supporting
Information Figure S2).
The time constants from the global fit to the diF-TES-ADT

polarized transients can be compared to the fit of the average of
the signal at each probe polarization, shown as the gray data
points in Figure 2a−c. This polarization average would be
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analogous to a bulk measurement, provided that each of the
domains in the sample were identical both in structure and
nonazimuthal orientation. Yet, the differences among the time
constants of the three polarization-averaged fits demonstrate
that even averaging over rotations in the substrate plane is
insufficient to reach the homogenized transient obtained for a
bulk measurement. These differences therefore report on the
heterogeneity of the domains in the film. By contrast, similarly
obtained polarization-averaged transients in TIPS-Pn domains
consistently produce similar sets of time constants (Supporting
Information Table S1 and refs 12 and 13). The diF-TES-ADT
polarization-averaged data were fit to the same triexponential
function as the polarized TAM traces, and the resulting time
constants are also reported in Table 1. The differences in the
time constants resulting from fits to the averaged data and from
the global fits to the polarization dependent series of data show
that the dynamics can be much more accurately determined by
using TAM to measure individual domains with multiple probe
polarizations. Furthermore, the fits to the averaged data
generally have more uncertainty, as indicated in Table 1, likely
because of the mutual cancellation of ESA and GSB upon
averaging. In particular, the intermediate time constant t2 is
substantially lengthened from ∼10 ps to several tens of
picoseconds when averaging over polarizations, and the error in
the parameter value increases commensurately. In bulk
measurements (Supporting Information Figure S3 and Table
S4), which especially suffer from the cancellation of ESA and
GSB, this time constant is even more difficult to define,
obscuring the true dynamics that occur in each domain. This is
not surprising, as compared to bulk measurements or to a single
polarization-averaged transient, the set of single domain
polarized transient data introduces far more fitting constraints
than additional fit parameters. The difference between the
number of constraints and the number of parameters scales as
the number of probe polarizations employed multiplied by the
difference between the number of time points measured (23)
and the number of free parameters (4) per polarization
employed.
As shown in Table 1, the three diF-TES-ADT domains

studied in Figure 2 have similar dynamics, in that there are fast
(sub-picoseconds), intermediate (tens of picoseconds), and
long (∼2300 ps) time scale processes observed in each one.
The time constants extracted from global fits for the three
different domains do not, however, agree with one another to
within 1−σ confidence intervals. Full transients, similar to those
shown in Figure 2a−c, were collected for 8 different diF-TES-
ADT domains, and their time constants were determined by
global fits, as described above. Figure 3a,b shows histograms of
all of these t1 and t2 values, respectively. The t1 and t2 values are
reported as fractions of the average values from these eight

domains, 0.595 and 15.9 ps, respectively. This can be compared
to Figure 3c,d, which shows histograms of the fast and
intermediate time constants obtained from the global fits of
transients collected for 27 different TIPS-Pn domains. The
average t1 and t2 values for these domains are 0.046 and 3.17 ps.
The percentage variability in time constants observed in diF-
TES-ADT is several times that observed in TIPS-Pn films,
especially apparent for t1. The spread of t1 and t2 values from
eight domains of diF-TES-ADT is larger than the spread of
values found after 27 measurements of TIPS-Pn.
We note briefly that we have also performed simultaneous

fits of the diF-TES-ADT polarized TAM traces to a kinetic
model, similar to that described for TIPS-Pn in ref 12. The
excellent fits to all data in Figure 2 are shown in Supporting
Information Figure S4, Tables S5 and S6, and accompanying
text, and imply that the three time scales that we observe are
consistent with singlet vibrational relaxation, singlet fis-
sion,7,38−41 and fluorescence decay. Variations that we observe
in the short and intermediate excited state dynamics time scales
among the domains of diF-TES-ADT films could be due to
small variations in lattice constants that respectively alter the
lattice vibrational modes and the singlet−triplet energy gap.
Before discussing the relationship between variations in time

constants and variations in domain structure, we conclude our
presentation of results by pointing out the relative extent of
GSB and ESA among domains, as an indicator of interdomain
heterogeneity in nonazimuthal orientation. Inspection of the
data in Figure 2 also shows that the relative extent of GSB and
ESA can vary among domains of diF-TES-ADT. For example,
GSB dominates over a larger range of probe polarizations in the
domain measured in Figure 2b,e, while ESA dominates over a
larger polarization range in the domain measured in Figure 2c,f.
In order to determine a metric for the relative strength of GSB
and ESA, the TA signal at a pump−probe delay time of 1 ps as
a function of probe polarization is fit to a cosine-squared
function that oscillates both above and below zero (curves in
Figure 2d−f). This oscillation’s offset from zero indicates the
GSB strength relative to the ESA strength. The offset of the
curve, normalized to its peak-to-peak amplitude, shows which

Table 1. Time Constants from Fits for Three Different diF-
TES-ADT Domainsa

global polarization averaged

domain t1/ps t2/ps t1/ps t2/ps

(a) 0.23 ± 0.02 12.1 ± 0.8 0.16 ± 0.04 90 ± 34
(b) 0.33 ± 0.05 13.5 ± 1.1 0.21 ± 0.05 7.1 ± 1.4
(c) 0.60 ± 0.06 11.4 ± 0.9 0.24 ± 0.08 67 ± 19

aTA signal was fit to y = A1 exp(−x/t1) + A2 exp(−x/t2) + A3 exp(−x/
2300 ps) + c, where t1 and t2 are global when data collected at all probe
polarizations are used. 1−σ confidence intervals are shown. Tables and
plots of A1, A2, A3, and c are provided in the Supporting Information.

Figure 3. Histograms of time constants t1 (a,c) and t2 (b,d) from
global fits of TA signal collected from individual domains of diF-TES-
ADT (a,b) and neat TIPS-Pn (c,d). Time constants are reported as
fractions of their average values.
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transition dominates in a given domain when the excitation
light is incident normal to the substrate. For the domains
represented in Figure 2c,d,e, these offset parameters are −0.08,
0.18, and −0.03, respectively. This indicates that ESA
dominates over GSB in the domains of Figure 2c,e, while
GSB dominates over ESA in the domain of Figure 2d.
The nonazimuthal orientational heterogeneity of crystalline

domains within a sample can be visualized by constructing
histograms of this offset parameter value collected in different
domains. Using TAM, 62 diF-TES-ADT domains were
inspected, and their offset parameters calculated. The histogram
of the resulting normalized offsets, shown in Figure 4a,

indicates that the offset parameter in the inspected domains
can range from −0.22 to +0.42. These domains show more
heterogeneity in their offset parameters than those of TIPS-Pn:
Figure 4b shows a histogram of the offset parameters measured
for 51 domains of TIPS-Pn, centered more narrowly about ca.
−0.35. The distribution of offset parameters in the measured
TIPS-Pn domains is more than 2 times narrower than the
measured diF-TES-ADT domain distribution.
Before discussing our results, we note that the combination

of subdomain optical resolution and the resulting polarization
sensitivity of our measurements has been essential to form our
observations and carry out the above analysis. Bulk TA
measurements average over orientational and structural
variations among domains and sufferespecially in diF-TES-
ADTfrom the cancellation of competing polarization-
dependent TA contributions in a spatial average, therefore
obfuscating the true excited state dynamics that aid in
comparing structures (Supporting Information Figure S3).
Although spatially resolved linear absorption measurements42,43

might be sensitive enough to decode variations in nonazimuthal
orientation, they are not capable of discerning small differences
in crystal structure. While X-ray diffraction is often used to
obtain crystal structures, and even various polymorphs, the
spatial resolution of the diffractive measurements does not

generally enable single domain resolution, nor does it enable a
direct connection to electronic structure or dynamics.29,44−46

Having observed single-domain polarized TA in both diF-
TES-ADT and TIPS-Pn and having developed metrics to
statistically analyze variations among TA features of domains,
we now physically interpret and discuss the implications of our
analysis. We distinguish between the structural variations
inferred from variations in transient time constants, illustrated
in Figure 3 and discussed next, and the primarily orientational
variations inferred from variations in the offset parameter,
illustrated in Figure 4 and discussed thereafter.
Heterogeneity in dynamics is indicative of structural disorder

among crystalline domains. Namely, differences in the crystal
lattice parameters should generate differences in intermolecular
electronic coupling and in the resulting electronic structures of
the crystalline domains, some examples of which are sketched
in Figure 5a,b. Our measurements are sensitive to these
differences through the statistically significant variations that we
observe in the transient time constants for diF-TES-ADT
(Figure 3a,b). We note that, despite the sensitivity of our
measurements, we observe no similarly sized variation among
TIPS-Pn domains (Figure 3c,d). We thus conclude that the
casting of our diF-TES-ADT film supported the nucleation of
slightly different crystal structures (Figure 5a), whereas those in
the TIPS-Pn films seem far more homogeneous (Figure 5b).
Films of diF-TES-ADT are known to exhibit two polymorphs,
with a transition temperature near room-temperature.28 It is
therefore possible that both crystal forms exist in our films,
although the distribution of structural parameters that we have
obtained is not obviously bimodal. While it is beyond the scope
of this work, this possibility could be verified with X-ray
diffraction. It is possible that the heterogeneity of crystal
structures we infer in diF-TES-ADT films causes the singlet−
triplet energy gap to fluctuate, resulting in variable rates of
singlet fission among domains.
Heterogeneity in the offset parameter is indicative of

nonazimuthal orientational disorder. Here, we distinguish
between rotations of the crystal structure about the normal
to the substrate plane and all other rotations. The former do
not affect the offset parameter since the projections of the GSB
and ESA transition dipole moments relative to one another
(Figure 1h) are preserved upon rotation about the normal. On
the other hand, all other rotations of a crystallite (Figure 5c) do
not preserve the relative strength of these projections and are
hence able to alter the offset parameter. (Although differences
in packing structure could also, in principle, affect this
parameter by altering the electronic structure, we assume that
they are a less significant contribution.) In TIPS-Pn films, there
are hardly any variations in the offset parameter (Figure 4b,c).
Therefore, we interpret that the angle of the TIPS-Pn
molecules with respect to the substrate is essentially preserved
in all of the many measured domains (Figure 5b). By contrast,

Figure 4. Histograms of normalized offsets in single domains within
thin films of (a) diF-TES-ADT and (b) TIPS-Pn. Bin size is 0.05.

Figure 5. Schematic illustration of possible variations in structure and nonazimuthal orientation of small molecule crystal domains. (a) Structural
variations, as inferred for diF-TES-ADT, involve changing the intermolecular spacing and angle with respect to the substrate. (b) TIPS-Pn appears to
maintain a ∼single intermolecular spacing and angle with respect to the substrate. (c) The nonazimuthal orientation of diF-TES-ADT crystal grains
appears to be variable even if independent of lattice spacing.
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it appears that the diF-TES-ADT crystal grains can take on
various orientations rotated about an axis in the substrate plane
(Figure 5c), as evidenced by the much larger spread in offset
parameters observed over many diF-TES-ADT domains
(Figure 4a). Although it is possible that there exists a positive
correlation between the extent of structural and orientational
variations in small-molecule organic semiconducting films, a
specific form of interdependence in our time constant and
GSB/ESA metrics is not obvious.
In the two types of small-molecule films that we have studied,

we observe striking differences in the extent of structural and
orientational variations. In the context of organic thin film
transistors, a film’s degree of interdomain heterogeneity could
correlate to its macroscopic mobility, and this degree of
heterogeneity could determine device consistency. For
solution-cast polycrystalline films with impressive intradomain
mobilities along the π-stacking direction, charge transport
isotropy is important for device consistency.47,48 For example, a
randomized array of crystallites provides a higher multiplicity of
charge carrier scattering trajectories from source to drain than a
single crystal whose π-stacking direction is misaligned with the
channel. It is possible that the interdomain orientational
heterogeneity that we discovered promotes such charge
transport isotropy and could be used as a predictor for
consistent, high-performing devices. By the same token, too
much structural heterogeneity could create energetic traps.
Therefore, calibrating the extent of these variations to
macroscopic metrics could help to dictate the film micro-
structures and casting conditions that optimize overall transport
in polycrystalline materials.
In sum, we have illustrated how structural and orientational

heterogeneities among domains in polycrystalline small-
molecule organic semiconducting films can be highly variable,
even within a particular class of small molecules. To do so, it
was essential to achieve single-domain specificity in performing
polarized TAM on our diF-TES-ADT and TIPS-Pn thin films.
The anisotropy of the crystalline domains enables the probe
pulse field polarization to aid in characterizing excited state
dynamics far more accurately than bulk measurements, which
we used to uncover interdomain variations in crystal structure
and orientation. This powerful new approach to characterizing
and quantifying these interdomain variations stands to identify
an important hidden variable in the quality and consistency of
electronic devices. In the realm of small-molecule semi-
conducting films, TAM studies as a function of molecular
structure, solvent, and casting conditions should establish
specifically how the extent of interdomain order relates to bulk
charge transport or even to multiexciton-generating efficiencies.
Such patterns may furthermore enable predictive design of the
most promising small molecules for switching or photovoltaic
applications in solution-processed organic electronics. More
generally, our approach will aid in answering the question of
how to control solution-based, selective self-assembly of
complex structures. The heterogeneity that we observe in
kinetically trapped solids should both infer the dynamics of
formation and infer the resulting structure’s energy landscape
to support a variety of complex functions.

■ EXPERIMENTAL METHODS
Film Preparation. Films were created from 5 mg/mL solutions
of diF-TES-ADT in toluene. For each film, ∼ 150 μL of
solution was dropcast onto a clean glass coverslip and then
covered with a large Petri dish to slow the evaporation rate

while it dried at room temperature. Likewise, an additional
portion of ∼150 μL of pure toluene was placed under the same
Petri dish on a separate coverslip to further control the solvent
vapor pressure of the casting environment. (See Supporting
Information for TIPS-Pn film preparation.)
Transient Absorption Microscopy. TA microscopy measure-

ments were conducted in a home-built optical microscope.12

Briefly, 5 kHz, 550 nm center-wavelength laser pulses were
used to pump the S0 → S1 transition of diF-TES-ADT (Figure
1b). The beam was split into degenerate pump and probe
pulses in a 4:1 intensity ratio and focused on the sample using a
0.4 NA objective to yield full-width half-maximum (fwhm) spot
sizes between 4 and 13 μm and pulse durations of ∼40 fs. A
variety of pump energy fluences were employed (940 μJ/cm2 to
120 μJ/cm2), all within the linear range. Probe polarizations
were varied by rotating a motorized waveplate. After passing
through a single domain in the sample, the transmitted beams
were collected using a second, identical objective, and the pump
beam was removed via spatial filtering. The probe signal was
focused onto a photomultiplier tube (PMT). The output from
the PMT was coupled to a lock-in amplifier, locked to the
pump chopping frequency (500 Hz) to collect the
unnormalized TA signal, ΔT.
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