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Time-resolved phase-sensitive second harmonic generation spectroscopy
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A methodology based on time-resolved, phase-sensitive second harmonic generation (SHG) for
probing the excited state dynamics of species at interfaces is presented. It is based on an interference
measurement between the SHG from the sample and a local oscillator generated at a reference
together with a lock-in measurement to remove the large constant offset from the interference.
The technique is characterized by measuring the phase and excited state dynamics of the dye
malachite green at the water/air interface. The key attributes of the technique are that the observed
signal is directly proportional to sample concentration, in contrast to the quadratic dependence
from non-phase sensitive SHG, and that the real and imaginary parts of the 2nd order non-linear
susceptibility can be determined independently. We show that the method is highly sensitive and can
provide high quality excited state dynamics in short data acquisition times. © 2015 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4909522]

. INTRODUCTION

Many chemical, physical, and technological processes
occur at the interface between two media and these can signif-
icantly differ from the analogous process in either media, or
indeed entirely new mechanisms can emerge that have no
bulk analogue. Hence, the study of interfacial dynamics has
attracted a broad interest in diverse fields including biochem-
istry, atmospheric and astrochemistry, electrochemistry, and
analytical chemistry. The experimental study of interfaces has
been greatly aided by the development of even-order nonlinear
spectroscopy. Phenomena such as second harmonic generation
(SHG) or sum frequency generation (SFG) can only occur in
non-centrosymmetric media because of symmetry restrictions
within the electric dipole approximation. In a medium with
inversion symmetry, even-order processes are forbidden, while
at the interface between two such media, this symmetry is
necessarily broken. As a result, even-order nonlinear spectros-
copy can be surface specific to less than a monolayer. To gain
species selectivity, resonance-enhancement can be used, where
either of the driving fields or the second-order nonlinear field
produced is in resonance with a transition of the species of
interest at the interface. This also serves to enhance the SHG or
SFG signals relative to the inherent non-linear signal generated
from the interface, thus enabling the study of the spectroscopy
and dynamics of adsorbates at interfaces. SHG and SFG are
described in detail in a number of standard textbooks,"? and
the study of adsorbates at interfaces using SHG and SFG has
been the focus of a number of excellent reviews.>”’

Unfortunately, the non-linear signal is often very weak
and this is a particular problem when the interfacial concen-
tration of the adsorbate species is small. This situation gener-
ally arises for time-resolved measurements in which a pump
pulse only excites a small fraction of adsorbates to induce
the process of interest that is subsequently probed by SHG
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or SFG. The resulting resonance-enhanced signal can then be
difficult to distinguish from the nascent interface background
and can interfere with it.> Here, we describe a method for
probing the ultrafast dynamics at interfaces using SHG in
which the interference with a local oscillator (LO) is used
to enhance sensitivity, to linearize the measured SHG signal
with respect to interfacial concentration, and to enable phase-
sensitive measurements.

The polarization, P, induced in a material by the electric
field of light, E, can be expressed as a power series,

P=Py+ y"E+ y?E-E+--, (1)

where y( is the linear and y™ the nth-order non-linear
susceptibility. When the driving field is weak, only the term
linear in E is important (the static polarization, Py, can usually
be neglected because it does not radiate); however, at higher
field strengths the second- (and higher-) order terms become
significant. For SHG, both driving fields are at the same
frequency, and the second-order term leads to an emitted field
at twice the input frequency. All molecular information is
contained in the second order susceptibility, )((2), which can
be written as

X2 = Ns(B), 2)

where N is the number of adsorbates per unit area and (f)
is the orientationally averaged hyperpolarizability of the spe-
cies. However, when monitoring a specific adsorbate through
resonance-enhancement, two terms contribute to the effective
second-order susceptibility

Xat = Xx * Xxpo 3
where )(g ) contains resonant contributions (and is proportional
to Ns) and ng)z all other non-resonant contributions arising
from the nascent interface. Note that y® in general is a com-
plex quantity. If the probe is on resonance with the adsorbate,
then /\/g) is predominantly imaginary. In contrast, XI%){ isreal (if
sufficiently far from resonance). The signal measured in a SHG

©2015 AIP Publishing LLC
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experiment, Ssyg, is the square of the generated SHG electric
field

2 2) 2
Ssi = Egyg o |X£1) + /\/i\u)z‘ r

2)[2 2) 2 2 2
= [T + [l + 2 il cos ] 2. @)
The interference term between )(g ) and Xﬁ})z means that, when
measuring resonance-enhanced Sspg of an adsorbate (which
is contained in xif)), the signal can depend on Ng to any

power between 1 and 2. In the limit that )(5{2 ) > )(g})z, SsuG

o N2, while in the limit that x§;’ < x'o, Ssug oc Ns. Conse-
quently, a direct comparison with linear bulk spectroscopic
measurements such as transient absorption becomes difficult.
An elegant way to overcome the above difficulties is by using
interference, which can provide a signal linear in concentra-
tion, and information about the phase can help to distinguish
the imaginary part, corresponding to the resonant part, from
the background.

The importance of measuring the phase of the nonlinear
susceptibility has been demonstrated as early as 1965, when
Chang et al.’ reported the first phase sensitive measurement of
SHG. In this, the second harmonic generated by reflection from
a surface was interfered with a second SHG beam (later called
the local oscillator, Ej o) generated from a second surface but
from the same fundamental beam. The phase-delay between
the two wavelengths of light was controlled by varying the
pressure of air between the two surfaces.

Recently, the range of different approaches to phase-
sensitive SHG and SFG has been reviewed;'° we briefly discuss
the main methods below. Interference measurements of SHG
were exploited extensively in the 1980s for studying adsor-
bates at interfaces.!'”!® Phase-sensitive measurements were
also applied to SFG'*'® and sum-frequency vibrational spec-
troscopy (SFVS), which have attracted a considerable atten-
tion because of its ability to probe vibrational spectra of the
molecules at interfaces. Phase-sensitive SFVS measurements
can also provide information about the absolute orientation
of specific functional groups in the adsorbate. A limitation
of early phase-sensitive measurements was that, to obtain a
vibrational spectrum, the IR probe beam had to be scanned
over the spectral region of interest, making the measurements
time consuming. More recently, this has been overcome by
the use of broadband lasers and the collection of the entire
spectrum using heterodyne-detected (HD) SHG'*?* and SFG
spectroscopy.?'=3? In this, the signal and local oscillator are
separated in time at a fixed delay and the interference is essen-
tially measured in the frequency domain. By back-Fourier
transformation, filtering and forward-Fourier transformation,
the real and imaginary parts of the non-linear susceptibility can
be measured across a spectral range. These types of measure-
ments have also been extended to the time-domain in which
the spectral evolution is monitored as a function of time.?*3!-32
Although such experiments are extremely insightful, they are
also very time-consuming and consequently require phase-
stability over several hours, which can be non-trivial. As a
result, such experiments may become prohibitively difficult
for measuring the ultrafast dynamics of species at low concen-
tration. To overcome this, we have developed a method that
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uses an interference-measurement and monitors the integral
time-resolved SHG signal. Although the differential nature of
HD-SHG has been lost, our method is superior in terms of
sensitivity and phase-stability. The distance between sample
and reference only requires mm precision.

Il. METHODOLOGY

The basic idea of the phase-sensitive measurement fol-
lows one of the methods reviewed by Stolle et al.,>* where
the second harmonic is generated from the sample in reflec-
tion, Egyg, and travels collinearly with the remaining reflected
fundamental onto a reference surface. At the reference surface,
the remaining reflected fundamental light produces the local
oscillator SHG field, E| ¢, that will interfere with Egyg. Spatial
overlap is guaranteed by the fact that the beam paths are
identical. The measured interference signal can be expressed as

S' = [Esngl” + [Erol®

2nwAn

#27(0) Bl Fnolcos (¢ + 22 L). )
where ¢ is the phase between Esyg and Ej g at the point they
are generated and w is the angular frequency of the second
harmonic light. The phase can be controlled by virtue of the
differing phase velocities of the driving field and the SHG
fields in air (due to the difference in refractive index, An, at the
two wavelengths) and, hence, can be conveniently controlled
by altering the distance between the sample and the refer-
ence surfaces, L. If this distance is relatively small, then the
group velocity mismatch is sufficiently small that both pulses
remain temporally overlapped. Nevertheless, some attenuation
will occur because of the group-velocity mismatch, which is
included in Eq. (5) through the function f(L). The term of
interest is the interference term in Eq. (5) as this is linear in
Esyg and therefore in also concentration. To measure this term
without the (large) constant offset imposed by the Egyg> and
E| o’ terms, one can employ a lock-in measurement.

The lock-in measurement consists of two separate mea-
surements. The first one occurs as described above, where
Esyg and Ep o temporally overlap. In a second measurement,
the fundamental and Egyg beams are passed through a disper-
sive material which is placed between the sample and the refer-
ence surfaces. The result is that the group velocity mismatch
between the harmonic and second harmonic is sufficiently
large such that the two short pulses no longer temporally over-
lap. Hence, E| o will be generated before the Egyg pulse arrives
at the reference surface and they can therefore not interfere. As
a result, from the second measurement, S' = |Esyg|* + |ELo|*
The difference between the two measurements yields the inter-
ference term of interest,

2rwAn

$P4 = 2(0) sl ol cos o+ 272

L). 6)
A simple scheme of the measurement is shown in Figure 1.
The method works because of the integration over the entire
pulse envelope in the frequency domain. If we attempted to
record the spectrum by dispersing it onto a spectrometer,
then the measurement yielding S' = IESH(;l2 + IELOI2 would be
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FIG. 1. Schematic representation of the lock-in measurement. The top path shows the interference of a SHG field generated from the surface of interest with
a LO from a reference surface. The bottom path shows the same, but the SHG and fundamental that will generate the LO are offset in time by the presence of
a dispersive material leading to a group-velocity mismatch. In such a case, no interference takes place. The difference between the measurements recovers the

interference term of interest.

similar to the heterodyne detected methods, and would show an
interference pattern superimposed onto the spectral envelope,
which depends on the temporal delay between the two pulses.

lll. EXPERIMENTAL

A schematic of the experimental setup is shown in Figure
2. Our main scientific interests are in ions at aqueous interfaces,
and to demonstrate the methodology, we study the ambient
water/air interface with malachite green (MG) as a cationic
adsorbate. All laser pulses were derived from a commercial
femtosecond laser system based on a Ti:Sapphire oscillator
and a chirped pulse amplifier (Tsunami and Spitfire Pro XP,
Spectra-Physics), providing 35 fs pulses with a 3 mJ pulse

energy centered around 800 nm. The system was operated at
333 Hz.

For the probe beam, either attenuated 800 nm light from
the amplifier was used directly, or the signal output from
a commercial optical parametric amplifier (TOPAS Prime,
Spectra-Physics) at 1220 nm was used. The pump was gener-
ated by SHG of the fundamental in a BBO crystal, providing
400 nm light. Both the pump and the probe pulses were linearly
polarized in the plane of reflection (p polarized). The beams
were independently focused by a pair of curved mirrors onto
sample surface at a ~70° angle of incidence. In order to refresh
the sample, it was placed in a dish that was rotated with an
angular velocity of ~0.7 rad/s. The delay between pump and
probe pulses was controlled by a home-built mechanical delay

FIG. 2. Schematic of the experimental
setup. The red line indicates a path of
the probe beam, the dark blue solid line
is a path of the pump beam, and the
light blue is a path of a second harmonic
from the sample (dashed line) and local
oscillator (dotted line). BPF is a band
pass filter and PMT is a photomultiplier
tube. The dashed rectangles indicate po-

Polarizer

Probe

Pump

sitions of the translation stages, with
arrows showing the direction of motion.
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stage, capable of changing the delay in steps as small as ~3 fs.
After the sample, any reflected pump beam was blocked. The
reflected collinearly propagating probe and its SHG from the
sample were then collimated using a curved metal mirror and
entered the interference setup.

As areference surface (110)-cut gallium arsenide (GaAs)
was used. To change the distance, L, between the sample and
the reference surface, a manual translation stage was used, on
which the reference surface and two focusing mirrors were
placed as shown in Figure 2. In order to generate a lock-in
measurement on a shot-to-shot basis, a rotating chopper was
placed between the sample and the reference. The custom
chopper wheel consisted of 20 holes, where in every second
hole, an SF10 glass window (2 mm thickness) was placed in
order to provide the aforementioned group velocity difference
between the SHG from the sample and the fundamental pulses.

After the generation of the LO, both the SHG and LO
beams were directed on a pair of mirrors and directed through
the chopper once more. This was done to compensate for losses
introduced by reflections from the SF10 windows. The setup
was aligned in such a way that for every shot, the beams pass

J. Chem. Phys. 142, 084201 (2015)

through the SF10 window once (i.e., if the SF10 window is
present between the sample and LO, it is not present after
the LO, and vice versa). This arrangement ensured that the
SHG from the sample always passes through an SF10 window,
which in turn ensured that the |Esyg|* term from Eq. (5) (which
could vary with experimental conditions) was cancelled in the
final lock-in measurement. However, a small constant offset
remained, due to a difference in the reflection losses depend-
ing on whether the LO beam passes through the window or
the fundamental beam that generates the LO passes through
the glass window. A detailed consideration of this offset is
given in the supplementary material.** For SF10 windows with
a 800 or 1220 nm probe beam, the offset is approximately
+0.15[E1 0| or +0.1|ELo|%, respectively. We have not removed
this offset from measurements of signal with as a function of
the stage position (e.g., Figure 3, later). However, we have
removed the offset from our pump-probe measurements, where
the signal should be proportional to concentration. A possible
minor source of errors in our subtraction occurs because the
reflectance of the fundamental from the sample is a function of
the state of the sample. In practice signals from a dye solution

L (m)
04 05 06 07 08
3 -
< 3
s )
(7)) o
[7}
O O‘ o
0.1 K o o ; 0.1
3 N r ‘ ". b /A,‘ A .
o . . &0
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FIG. 3. Dependence of interference signal on distance between sample and reference surface L. (a) Calculated signal and (b) measured signal with a 800 nm
probe beam; (c) calculated signal; and (d) measured signal for a 1220 nm probe beam. The green squares represent signal obtained with malachite green as a
sample, blue triangles represent water signal (10x for (b) and 5x for (d)) and open circles represent quartz.
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and water are unlikely to be directly comparable, while signals
from a dye solution before and after photo-bleaching should be
comparable.

The beams were then directed through a Glan-Taylor po-
larizer, where a specific polarization was selected (p-polar-
ized). Finally, the beams entered a light-tight box in which
the fundamental beam was separated from the SH and LO
beams using a prism, and the interference between SH and
the LO beams was detected by a photomultiplier tube (PMT)
(Hamamatsu H7732-10).

The output from the PMT was recorded across a 250 kQ
resistor using a DAQ card (NI-USB-6210) and monitored over
~1000 laser shots. Each pulse was integrated and divided into
odd (A) and even (B) pulses, corresponding to the full form
and only quadratic terms of Eq. (5), respectively. The lock-
in interference signal was then simply calculated as S'°°k-in
= A — B, and averaged over all shots.

To quantify and calibrate the absolute phase, a piece of
left-handed z-cut quartz was used in the place of the sample,
and placed so that the positive x-axis was oriented along the
direction of beam propagation in the plane of incidence. The
positive x-axis was defined using the piezo-electric effect®
and determined by measuring the sign of the brief potential
generated when the quartz was squeezed in its xy-plane using
a clamp. Because of a lack of absorption in the wavelength
range used, the signal obtained from quartz contains only the
nonresonant (real) part in Eq. (4).3® However, as quartz is a
bulk-SHG active material an additional factor of i, and thus
a phase difference of it/2, should be added.’” Therefore, we
would expect quartz to have a similar phase to that of a resonant
adsorbed layer.

IV. RESULTS AND DISCUSSION

As a proof-of-concept, we have studied the excited state
dynamics of MG at the water/air interface. MG has been the
subject of a number of investigations before, including at the
water/air interface using time-resolved SHG, and it therefore
serves as an ideal comparator. Additionally, it has optical tran-
sitions (S; <= Sp and S, < Sg at 610 and 400 nm, respec-
tively) that are readily accessible for resonant enhancement
and provides a strong SHG (and SFG) signal.*®* All reported
experiments used a 10 uM solution of MG in water.

To determine the relative phase of the measurements and
the phase-stability, the lock-in signal was measured as a func-
tion of the distance L (see Figure 2); §'°*~"(L). Note that no
pump beam was present for these measurements. The results
are shown in Figure 3 for both an 800 nm and 1220 nm probe
beam. Also shown in Figure 3 is the expected signal based on
the relative phase-velocities in air between 800 and 400 nm
and 1220 and 610 nm (assuming ~30 fs FWHM Gaussian
transform-limited pulses—full details of the calculations are
given in the supplementary material**). The oscillations arise
from the SHG and LO being in phase (constructive interfer-
ence) or out of phase (destructive interference), while the enve-
lope arises from the group-velocity mismatch. The oscillation
frequency and damping are faster for the 800 and 400 nm case
because of the more rapidly changing nature of the refractive

J. Chem. Phys. 142, 084201 (2015)

index of air between those two wavelengths than at 1220 and
610 nm.

The measured response over the range 0.2 < L < 0.4 m
reproduces the calculated interference pattern. Also included
in Figure 3 are the results for an experiment in which quartz
was used as a sample. Comparing the signal detected from
MG with the signal from quartz shows that these are almost in
phase. As mentioned before, this suggests that the signal from
MG at the probed wavelengths mostly contains the imaginary
part of Xg )_This is in line with the fact that 610 nm is resonant
with the S| « Sy transition, while 400 nm is resonant with the
S, < Sy transition. Removing all MG leaves only the water/air
interface, and the probe wavelengths are far from any water
resonances. In such a case, the signal should be dominated by
X;?})z which is mostly real and we would expect to see a 7t/2
phase difference. This is indeed what is observed in Figure 3
for the water/air interface relative to the MG solution. Note that
the signal from water is also much weaker than that from MG.
Errors can be obtained experimentally from the statistics of
multiple shots at the same stage position. However, the main
source of error is due to slow drifts in the optical alignment
either due to sample evaporation or imperfect alignment of the
optical delay line. This is most apparent for very low signal
levels as is the case for pure water (see Figure 3).

Figure 3 demonstrates that the experiment is phase-stable
to relative displacements between the SHG and LO on the order
of centimeters. Because all beams are in fact collinear at all
times, any phase instability arises from changes in the refrac-
tive index of air. Hence, the experiment is essentially phase-
stable. The decrease of interference arising from the group-
velocity mismatch becomes greater for shorter wavelengths. At
present, the minimum distance between sample and reference
surfaces is 0.20 m, which means that we are in practice limited
to probe wavelengths 4 > 600 nm for 40 fs pulses. Shorter
useable probe wavelengths can be attained by either using
longer pulses or by miniaturization of the set-up.

It is worth briefly considering how the signal to noise
(S/N) can be maximized in the experiment. If the main source
of noise is due to the Poisson distributed shot-noise, then the
signal is linearly proportional to |Ej o|, while the noise becomes
linear with the electric field at the local oscillator around the
point that |Ejo| > |Esug|. Therefore, to maximize S/N, the
contribution from the local oscillator should be significantly
greater than that from the sample. Once this limit is reached,
however, there is no benefit from further increasing the LO
strength (an increase in signal gives an equivalent increase in
noise).”® Of course, a major benefit is that the reference surface
can be chosen such that E;  is large and therefore the detection
limit is not limited by the detector as is the case in conventional
SHG spectroscopy. There is a small S/N advantage in con-
ducting the experiment in destructive rather than constructive
inference, since the difference signal remains the same, but
one of the two individual signals is smaller and thus has less
noise. Under these conditions, there is actually an optimal point
above which increasing the LO strength (slightly) decreases
S/N. Other sources of noise can directly affect the lock-in
measurement and care should be taken to avoid them: we
perform our experiment at 333 Hz to avoid picking up mains
noise at overtones of 50 Hz; reflected ambient light from the
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FIG. 4. Left: Interference signal obtained with the varied pump power, taken at the distance between the surfaces L = 0.29 m, with the red line indicating linear
fit. Right: The interference signal, with varying distance L, in absence of pump beam (red circles) and with a pump beam at maximum power (black squares),

with a magnification of the destructive interference peak in the inset.

chopper windows can appear in the lock-in signal; and white
light generated by focusing the probe beam into the sample can
also be detected with an intensity that depends on the chopper
position.

The linearity of the technique with interfacial concen-
tration can be determined using a pump-probe experiment.
Specifically, a pump pulse at 400 nm drives the S, « Sy tran-
sition while a probe at 1220 nm is proportional to the number
of MG molecules in Sy. Thus, a well-timed 400 nm pump
pulse will remove some of the population from Sy so that the
measured signal from the probe will be depleted. By linearly
varying the pump power, the interfacial concentration of MG
in Sy will also be varied linearly. The delay between pump and
probe was set to 300 fs, and the subsequent interference signal
was measured by varying the pump power by rotating a A/2
plate placed before the BBO crystal that produces the 400 nm.
The maximum pump energy (~1 uJ pulse™) was kept suffi-
ciently low to ensure that no saturation effects were introduced
as this would lead to a non-linearity of the concentration as a
function of pump pulse energy. The results are shown in Figure
4. This shows a linear dependence of the interference signal as a
function of interfacial concentration. The right panel of Figure
4 shows the difference in signal as a function of phase when
the pump is present and absent.

Figure 4 demonstrates that the interference-based signal
is linear with concentration. Hence, a time-resolved pump-
probe measurement can now be considered linear. To probe the
dynamics of the recovery of the Sy state following excitation
to Sy, MG was excited with a 400 nm pump (23 uJ pulse™)
and probed at variable delays using 1220 nm (50 pJ pulse™).
Figure 5 shows the recovery of photo-excited MG to its Sy
ground state.*® The distance L between sample and reference
surface was set so that the SHG and LO were in destructive
interference.

Immediately after excitation, the ground state is bleached
as shown by a decrease in signal at zero delay between pump
and probe pulses. After ~20 ps, the signal recovers and then
decays further on a much longer time-scale. The data points
in Figure 5 represent a single measurement where each point

is an average of 3300 pulses (10 s). Hence, the entire trace
could be measured in <10 min. The solid line in Figure 5 is the
average of 10 successive measurements (~1 h), demonstrating
the ability in acquiring high quality data in relatively quick
time. Comparing our data with that measured by Sen et al.*”
using the conventional SHG (proportional to | y®|?) reveals
very similar dynamics and timescales when the square-root of
their raw data is considered. In terms of signal to noise, our
single run data-set (which contains about twice as many data-
points over the first 30 ps) is of comparable quality as that
presented by Sen et al.*

The method presented here does take a shortcut to acquir-
ing data quickly: the lock-in measurement is based on two
points (with and without interference) and thus does not distin-
guish between a decreasing amplitude of the interference
pattern (change in surface concentration) and a phase shift with
a constant amplitude (change in absorption spectrum). Figure
6 illustrates this graphically. To clarify the ambiguity, either the
interference pattern (as in Figures 3 and 4) can be recorded at a
few select pump-probe delays, or the dynamics at a number of
different phase differences between 0 and 7 can be measured.
For the data presented here on MG, there was only a change in
amplitude and no significant phase shift (inset of Figure 5).

Finally, we compare the technique developed here to
the two most commonly used methods of measuring phase-
sensitive SHG. The standard (non-spectroscopic) technique of
measuring an interference curve,*’ similar to those here given
in Figure 3, is challenging to do in a time-resolved manner,
since it either requires the curve to be repeated at each time-
point (which is time consuming) or it becomes very sensitive
to small long-term drifts in laser power or alignment, due to the
large offset from the quadratic terms in Eq. (5). In contrast, our
lock-in measurement makes the time-resolved measurement
very quick and comparatively insensitive to drifts in laser
power or alignment since we eliminate the vast majority of
the offset.

The heterodyne detected technique has the major advan-
tage of recording a spectral profile, which our technique cannot
readily do. The bandwidth we integrate over would need to be
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FIG. 5. Time resolved spectra of the
recovery of the ground state MG. The
red solid line shows an average of 10
measurements, while the dots show a
single measurement. The inset presents
an interference signal obtained in the

presence (empty circles and dotted line)
and absence (filled squares and dashed
line) of the pump beam with varying
distance L, with arrow showing the po-
sition at which the time resolved mea-
surement was taken.
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large compared to 1/A¢, where At is the delay between the
sample and local oscillator pulses in the “B” measurement.
Although, in principle, a spectroscopic measurement could be
achieved (replacing our PMT with a CCD) by using much
thicker windows, in practice this is unlikely to be feasible. The
group velocity dispersion of the pulses as they pass through
the window will be significant, which will significantly alter
the LO measurement with and without the chopper (for thin
windows as used here, this effect can mostly be neglected). A
downside of the heterodyne technique is that it is experimen-
tally demanding, requiring micrometer accuracy in the path
length of the beams between sample and reference surfaces
to ensure long-term phase stability. In contrast, our technique
requires only mm to cm stability in the distance between sam-
ple and reference surfaces distance (depending on the probe
wavelength), which is trivially achieved. The other significant
advantage of the technique we present here is the short times
required to achieve good S/N in time-resolved measurements.
In the present case, this was of the order of 10 s to minutes

signal

stage position

FIG. 6. An illustration of the ambiguity inherent in taking a measurement at
a single stage position (marked as the vertical black dotted line). It is unclear
if the change in signal of a measurement (blue solid line) is due to a change
in intensity (red dots and dashes) or a change in phase (green dashes).

compared to ~50 min/delay for a heterodyne measurement.>

This advantage is a trade-off achieved mainly by not recording
the full spectral information, although we note that, to gain
useful spectral information for electronic transitions would
require a substantial bandwidth (>100 nm).

V. CONCLUSIONS

A time-resolved technique for studying the dynamics of
adsorbates residing at the interface between two centrosym-
metric media has been developed. The method is in essence an
improvement to phase-sensitive SHG measurements that use
interference between the SHG electric field from the sample
and a local oscillator SHG field (LO) from a reference. By
means of a lock-in measurement between an interfering SHG
and LO pair and a non-interfering pair, the large constant offset
can be removed leaving only the interference terms. The final
signal is shown to be phase-sensitive and linear with concentra-
tion. The absolute phase has been calibrated to that of quartz
enabling the measurement of the real and imaginary parts of
the second order hyperpolarizability. The linearity of the signal
means that the signal is more sensitive at low concentrations
compared to conventional time-resolved SHG spectroscopy.
The applicability is demonstrated on the dynamics of mala-
chite green at the water/air interface, for which we show that
excellent time-resolved dynamics can be obtained in short
acquisition times. We compare our methodology to similar
methods, in particular the popular heterodyne detected SFG
method.
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