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Measuring absorptive two-dimensional
infrared spectra using chirped-pulse
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Chirped-pulse upconversion (CPU) enables the detection of mid-infrared spectra using a silicon CCD camera
by sum-frequency mixing a mid-IR field with a highly chirped near-IR (800 nm) field. Although the substantial
chirp limits the spectral broadening and phase distortions caused by the inherent cross-phase modulation, the
exquisite phase fidelity needed to measure a fully absorptive two-dimensional IR spectrum demands the cor-
rection of the phase distortions. We demonstrate how to correct all of the phase distortions involved in record-
ing an absorptive 2DIR spectrum including delay stage calibrations as well as the requisite nonlinear signals.
Besides the extra experimental step of the upconversion process itself, the phase correction procedure requires
only the knowledge of the spectral or temporal phase of the chirped pulse. The method is demonstrated in a
metal carbonyl complex, Mn2�CO�10, in n-hexane and methanol solvents showing that the method operates well
in cases of both homogeneous and inhomogeneous broadening. © 2010 Optical Society of America
OCIS codes: 320.7100, 300.6340.
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. INTRODUCTION
ultidimensional optical spectroscopy is now an estab-

ished method for characterizing molecular systems in the
ondensed phase [1–11]. In particular two-dimensional in-
rared (2DIR) spectroscopy provides a bond-by-bond view
f ultrafast chemical dynamics not only of equilibrium
hemical systems, but also of those that are undergoing
on-equilibrium processes such as a chemical reaction
8,12–16]. In an attempt to circumvent a limitation of IR
pectroscopy—namely that of detecting the emitted IR
ignal field—we have used a sum-frequency generation
SFG) method to shift the IR to the visible which is de-
ected using a silicon CCD camera mated to a conven-
ional spectrometer [17–19]. Specifically, we mix a highly
hirped near-IR pulse centered at 800 nm with an emitted
R signal near 5 �m. The resulting �700 nm light is eas-
ly detected on a 100�1340-pixel CCD array providing an
rder-of-magnitude multiplex advantage over a 128 pixel
R detector array. The use of a chirped pulse is primarily
matter of convenience: the uncompressed output of a re-

enerative amplifier is perfectly synchronized to the IR
ulse, while the high degree of chirp leads to a narrow
andwidth that is temporally coincident with the few-
icosecond IR field adding minimal spectral broadening in
he upconverted output. For many applications, especially
hose where the phase of the signal is not particularly im-
ortant or where the IR spectral features are sufficiently
road, there is no need to correct for the spectral phase
istortion—due to cross-phase modulation (CPM) during
he SFG process—imparted by the chirped pulse [20]. In
rder to optimize the spectral resolution or to measure
0740-3224/10/030382-12/$15.00 © 2
he absorptive 2DIR signals, however, the distortion
aused by the chirped-pulse upconversion (CPU) is delete-
ious and must be corrected. Here we describe the proce-
ures that are required to obtain absorptive background-
ree Fourier transform 2DIR spectra using the CPU. It is
mportant to highlight that the correction procedure re-
uires only a single one-time measurement of the chirped
ulse’s spectral phase; the remainder of the procedure is
umerical and can be easily embedded within any 2DIR
rocessing routine.
Nonlinear frequency conversion is an established
ethod of shifting spectra into more easily detectable

ands, as well as a common strategy for the temporal gat-
ng of emission such as incoherent fluorescence or photo-
mission. Some of the first picosecond transient IR ab-
orption experiments were accomplished using the
pconversion of a mid-IR probe pulse generated by a dye-

aser-pumped optical parametric amplifier (OPA) [21–23].
ince the dye laser technology was based on picosecond
ump pulses, the laser pump provided a convenient
ource of synchronized narrow-band light with which to
ix the IR field. In other works taking the second ap-

roach of time-gating, a narrow-band tunable continuous
ave (cw) IR laser was used to probe photochemical reac-

ions. A part of the visible pump was used to upconvert
he cw laser providing a time-gated trace of the transient
robe absorption [24,25].
Most ultrafast IR spectroscopies are currently done us-

ng various 1D HgCdTe (MCT) arrays of 32, 64, or 128
ixels, sometimes in pairs to provide a reference. These
etectors are costly and are only useful in the IR while
010 Optical Society of America
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uffering from complicated electronics and low intrinsic
ensitivity as parameterized by the so-called specific de-
ectivity D�. We have shown that the upconversion is ca-
able of measuring even transient 2DIR signals with good
ensitivity and our aim here is to describe the complete
et of steps needed to reproduce the method [15,16,26]. It
hould be noted that Tokmakoff et al. [27,28] have imple-
ented an alternative approach to using the upconver-

ion for IR signal detection without a chirped pulse that
elies on upconverting the dispersed mid-IR light in a
pectrometer. Finally, the conversion of mid-IR light to
he visible has a long history in many areas of optics, with
xamples ranging from astronomy [29] to modern foren-
ics applications [30].

Besides the background-free method presented here,
here are alternate strategies to measure the 2D spectra
n a modified pump-probe geometry where either an inter-
erometer or a pulse shaper generates the first two pulses
f the three-pulse sequence [10,31,32]. As has recently
een demonstrated in the visible [33], the pump-probe
ethod enables the use of a continuum probe [34]. In the
id-IR it is more difficult to produce an ultra-broadband

ontinuum, but recent progress has been made [35–38].
n order for the full bandwidth of the IR probe to be useful
n a multichannel spectrometer, one requires a detector
ith a very large multiplex detection capability. For ex-
mple, with a 4 cm−1 spectral resolution, a current state-
f-the-art 128 pixel MCT detector array is only able to
over 512 cm−1 of the IR spectrum effectively negating the
enefit of the broadband continuum (which can span more
han 2000 cm−1). Using the full spectral coverage of a
ypical CCD camera, at 4 cm−1 resolution it is possible to
over the entire IR spectral range. The limitation of the
PU is the phase-matched sum-frequency process, but

his can be addressed using a thin upconversion crystal
ombined with an increased near-IR intensity. Using the
nown material dispersion, we calculate the mixing band-
idth for a mid-IR field centered at 2105 cm−1 upcon-
erted with a field centered at 800 nm to be 3000 cm−1

hen a 0.1 mm thick LiNbO3 crystal is used at a single
ngle [39]. The sum-frequency bandwidth can be further
xtended by dithering the crystal or by using achromatic
maging approaches [40,41]. Further, the amplitude filter-
ng of the upconverted light due to the finite phase-

atching bandwidth can be calculated enabling the spec-
ra to be corrected. Since any phase shifts due to
mperfect phase matching will be common to the signal
nd the LO (i.e., the probe), only the spectral amplitude
equires correction. The CPU offers an attractive ultra-
roadband technique to record single-shot mid-IR con-
inuum probes that may become a popular option for ul-
rafast transient IR and 2DIR spectroscopies.

A question arises concerning the relative benefit of us-
ng a chirped mixing pulse versus a narrow-band
ransform-limited pulse to upconvert the mid-IR signal.
ssuming that the CPM of the SFG signal is due solely to

he second-order upconversion process, there is no limita-
ion of the present phase correction scheme to a particular
agnitude or functional form of the chirped pulse’s spec-

ral phase provided it is accurately measured. Since a
ransform-limited pulse is simply one with a zero qua-
ratic or higher-order spectral phase, there is no reason
hat such a pulse could not be used. The only practical re-
uirement for the mixing pulse is that it temporally over-
aps the mid-IR signal. Since the SFG process is a time-
omain product, the upconverted field will be the spectral
onvolution of the mid-IR and mixing pulses. Achieving
aximal spectral resolution requires deconvolving the
ixing pulse’s spectral amplitude. Indeed, the numerical
anipulations of the recorded spectra would be identical

o those described here except that the emphasis of the
orrection would be on the temporal amplitude of the
ransform-limited mixing pulse since its phase is trivial
i.e., first order or lower). Given that the upconversion us-
ng either a chirped or a transform-limited pulse requires
he same correction, our approach eliminates the need to
mplement a spectral filter to produce a narrow-band mix-
ng pulse from our 130 cm−1 bandwidth amplifier output.
inally, it should be possible to increase the upconversion
fficiency by tailoring the chirped-pulse duration to match
he temporal extent of the mid-IR signal to be measured
articularly for the case of transient absorption. When us-
ng a shorter pulse, however, both the amplitude and the
hase of the SFG signal will require correction and care
ust be taken to avoid third-order CPM. Such an optimi-

ation has yet to be shown experimentally, but work is
urrently underway in our laboratory.

In this paper, we first review the basic principles of 2D
pectroscopy and introduce an intuitive picture of the ef-
ect of the spectral phase imparted by the chirped pulse
sing a simulated optical response function. Second, we
escribe our time delay calibration, data acquisition, and
hirped-pulse phase correction. Third, we detail our 2D
pectrum phasing procedure.

. FOURIER TRANSFORM 2D
PECTROSCOPY

n its most popularly implemented form, the 2D spectros-
opy in centrosymmetric media is a background-free, four-
ave mixing technique where three incident fields, E1,
2, and E3, having wave vectors, k1, k2, and k3, induce a

hird-order polarization which radiates a signal field Es
ith wave vector ks [1,42]. The time delays between the
ulses are t1 and t2 as shown in Fig. 1. The signal field
hat emits during t3 is measured using Fourier transform
pectral interferometry (FTSI) by combining the emitted

ig. 1. (Color online) 2DIR pulse sequence. (Bottom) Box beam
eometry showing the k =−k +k +k rephasing signal.
− 1 2 3
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ignal with a fully characterized reference field that acts
s a LO for heterodyne detection [43–47]. The frequency-
omain spectral interferogram is Fourier transformed to
he time domain and the complex signal peaking at the
ignal-local-oscillator delay �t is filtered. Inverse Fourier
ransformation returns to the frequency domain, where
he linear spectral phase due to the delay �t is subtracted
ielding the spectral amplitude and phase to within a con-
tant phase offset. With the signal field thus determined
or each value of t1—the delay between the first two
ulses—Fourier transformation with respect to t1 yields
he excitation frequency axis �1.

Two phase-matching conditions are relevant for the
esonant 2D spectroscopy: k±= ±k1�k2+k3, denoted
nonrephasing” �k+� and “rephasing” �k−�. The terminol-
gy has its origin in the relative signs of the wave vectors
1 and k3: during the two evolution periods t1 and t3, the
ystem evolves as a coherence (i.e., off-diagonal density
atrix element); for the rephasing signal, the two coher-

nces are phase reversed, whereas for the nonrephasing
ignal they are not phase reversed. Thus, the rephasing
ignal is capable of producing an echo by rephasing an in-
omogeneously broadened set of oscillators. It was recog-
ized in the context of nuclear magnetic resonance that to
easure a 2D line shape with purely absorptive informa-

ion (i.e., free of dispersive distortions), both the rephas-
ng and nonrephasing signals must be recorded and their
eal parts added [46,48–50]. The technicalities associated
ith obtaining the absorptive 2D spectra have been de-

ailed in the literature [32,51–53].
We consider a model 2D response function to illustrate

he above FTSI procedure while demonstrating the effect
f the CPU. Early work in 2DIR by Tokmakoff on a
hodium dicarbonyl (RDC) complex, dicarbonylacetylac-
tonato rhodium(I), provided a complete picture of the
olecule’s CO vibrational eigenstates, along with the ex-

ited states that reveal the vibrational anharmonicity
42,54–57]. With knowledge of the transition energies and
heir associated transition dipole moments, it is possible
o simulate nearly perfectly the measured 2DIR spectrum
n a weakly interacting non-polar solvent such as hexane.
sing the previously reported analytical 2D response

unction [54], we illustrate the added complications that
rise due to the CPU detection. The key finding is that
oth the absolute-value rephasing signal and the recov-
red signal phase are affected by the CPU process. The
istortions typically arise as a series of small peaks to
igher frequencies of the peaks in the spectrum. We will
iscuss the distortions imparted by the chirped pulse in
etail in the subsequent sections. Because the line shapes
f the peaks in the spectra are affected by the distortions,
orrecting for the CPM is mandatory for measuring mean-
ngful absorptive 2D line shapes. It is these line shapes
hat contain much of the dynamical information that 2D
pectroscopy seeks to extract [42,50,58–61].

Figure 2 shows a schematic representation of both the
TSI and CPU processes. The chirped field, ECP, has a
ositive linear chirp due to a purely second-order phase.
he experimental value was measured by frequency-
esolved SFG with the compressed 100 fs 800 nm pulse
nd is the only auxiliary experimental measurement that
ust be performed to correct the distortion caused by the
PU for absorption and echo spectra. Since the chirped
ulse has a time-bandwidth product of roughly 1200, it
ould be classified as being highly complex and a chal-

enge to measure with self-referencing methods such as
requency-resolved optical gating or spectral phase inter-
erometry for direct electric field reconstruction. More-
ver, it is very easy to map out the instantaneous fre-
uency by the SFG with the mid-IR pulse directly within
he 2D spectrometer and such measurements yield the
ame chirp value as is obtained by the SFG with an
00 nm pulse. Fitting the center of the resulting SFG
pectrum gives the instantaneous frequency of the
hirped pulse as a function of time since the short gate
ulse is known to be centered at 800 nm. Fitting the
ariation in frequency gives a chirp rate of 0.5 cm−1/ps,
hich is equivalent to a 8.33 ps2 second-order temporal
hase. The local oscillator (LO), ELO, is simulated to be
dvanced 10 ps relative to E3 and the signal is emitted
ollowing the arrival of E3. Since the dephasing times for
he transitions considered here are long, no accounting
or finite pulse durations is made except that the LO is
imulated to have a bandwidth that matches our experi-
ental conditions ��150 cm−1�. The dotted box in the cen-

er of the chirped-pulse field shows the temporal extent of
he IR field—signal and LO—to be upconverted. Ignoring
he effects of the phase matching for the SFG process, the
esulting upconverted field, ECPU, is given by [20]

ECPU�t� = �Es�t� + ELO�t��ECP�t�. �1�

y representing the chirped field and the IR field as a
onogram (Fig. 3), it is clear that the chirp imposes a qua-
ratic spectral phase on the upconverted field resulting in

ig. 2. (Color online) (Top) Chirped-pulse amplitude (under-
ampled) and phase. The dashed rectangle shows the temporal
xtent of the IR fields. (Bottom) Real part of the amplitude of the
O and the emitted echo signal for the case of t1= t2=0.
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linear chirp of the echo signal. Figure 3(b) shows that
he upconverted echo signal has a linear chirp; in the ex-
eriment, the frequency of the echo signal increases as a
unction of time with a rate corresponding to 0.5 cm−1/ps.

Although we only consider the second-order optical
onlinearity in the upconversion process [Eq. (1)], it is
ossible that for very high chirped-pulse intensities the
hase of the mid-IR or the SFG signal itself could be
odulated via the third-order CPM. Under the conditions

sed in our implementation, we have not observed this ef-
ect. In principle, the CPM can be caused by the intensity-
ependent index of refraction of the LiNbO3 crystal. In or-
er to assess the consequence and significance of the
hird-order CPM effect it is important to distinguish be-
ween a constant and transient index modulation. A con-
tant modulation would introduce a constant phase shift
f the incoming mid-IR field or of the generated SFG sig-
al. In either case, such a constant phase is not measured

n the experiment. A nontrivial (i.e., measurable) phase
odulation would be caused by a transient index modu-

ation and is typically characterized by the time-
erivative of the intensity of the intense pulse [62]. How-
ver, in our implementation, where we have a very long
hirped pulse, the derivative of the intensity is actually
ery small. A 300 ps FWHM Gaussian intensity pulse cen-
ered at t=0 ps only changes in intensity by 1.2% between
and 20 ps. Thus, our conditions are more appropriately

iewed as quasi-constant and any CPM beyond what we

ig. 3. (Color online) (Top) Sonogram of the LO and signal
elds, separated in time by �t, superposed on a cartoon sono-
ram of the positively chirped near-IR pulse. (Bottom) Simulated
onogram of the upconverted field; the dotted line indicates the
inear chirp of the signal imparted by the chirped pulse.
xpect from the SFG process does not modify the spectral
mplitude or phase of the signal.
The analysis of a simulated spectral interferogram of

he upconverted field ECPU and an exact IR interferogram
i.e., Es+ELO) demonstrates the effect of the chirp on the
ignal. Transforming the data to the time domain, apply-
ng a filter to remove ELO, inverse Fourier transforming
he filtered complex data, and the removal of the linear
hase due to the time delay �t yield an absolute-
agnitude spectrum shown in Fig. 4(a) with the real and

maginary parts of the signal shown in Figs. 4(b) and 4(c).
omparing the exact and upconverted results we see the

ig. 4. (Color online) Simulated RDC absolute value (a), real
b), and imaginary (c) parts of the echo signal as would be mea-
ured directly (blue) and using CPU (green).
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ain distortions imparted by the chirped pulse as small
odulations to the higher frequency side of the peaks in

he spectra. The modulations appear at higher frequen-
ies because the chirped pulse is positively chirped. As de-
icted in Fig. 3 when the signal is mixed with the chirped
ulse different parts of the signal will be upconverted
ith slightly different frequencies leading to spectral
odulations. A positive chirp will lead to distortions at

lightly higher frequencies; while a negative chirp will
ead to distortions at slightly lower frequencies of the
eaks. For an extremely chirped pulse, the frequency of
he mixing pulse will be practically constant over the sig-
al range minimizing the distortions. Although this simu-

ation only considers the rephasing signal, similar distor-
ions will appear in the nonrephasing signal.

To obtain a background-free absorptive 2DIR spectrum
equires several inputs: the rephasing and nonrephasing
ignals, calibration of both t1 time delays, and the pump-
robe spectrum needed for phasing an absorptive spec-
rum [42,53]. The CPU detection introduces distortions in
ll of these experimental measurements, but each distor-
ion can be corrected. The general procedure to remove
he CPM has recently been reported by Lee et al. [20] with
n experimental application to absorption spectroscopy.
he key concept of the procedure is based on the fact that
he phase distortion is caused by mixing with a field of
nown chirp [Eq. (1)], so that transforming the measured
pectrum into the time domain permits the subtraction of
he known phase distortion. We show here that the
ethod applies very well to transient absorption (pump-

robe), two-pulse spectral interferometry, and FTSI detec-
ion of a photon echo signal.

. DATA ACQUISITION, DELAY
ALIBRATION, AND PHASE CORRECTION
he following experimental setup has been described pre-
iously [19,26,63–65]; briefly, two independently tuned
PAs are pumped with 100 fs 800 nm pulses generated by
Ti:sapphire regenerative amplifier (Spectra-Physics

pitfire Pro). The signal and idler output of each OPA are
ifference frequency mixed in separate GaSe crystals to
enerate mid-IR pulses centered at �2000 cm−1 �FWHM
100 cm−1�. The two mid-IR pulses are split to obtain five
ulses, E1, E2, E3, E4, and ELO, having wave vectors k1,
2, k3, k4, and kLO. Pulses E1, E2, E3, and E4 are ar-
anged in a box geometry so that the signal, ES, is emitted
n the background-free direction k±= ±k1�k2+k3. E4 is a
racer beam that is blocked during the collection of the 2D
pectrum and serves as the probe for the pump-probe
easurement that provides the phase reference for com-

uting the absorptive spectrum. The signal is then over-
apped with the LO and both pulses are sum-frequency

ixed with the chirped pulse in a slightly wedged 5%
gO doped LiNbO3 crystal. The LiNbO3 crystal (1 cm on
side) thickness varies from 0.3 to 0.8 mm providing a

egree of analog gain and minimizing backreflections
hich can interfere with the incoming beams leading to

emporal and spectral modulations. The IR and chirped

elds are upconverted non-collinearly using a folded i
pherical mirror of 30 cm focal length. The interference
etween the LO and the signal is collected using a 1340
100 pixel thermoelectrically cooled CCD camera (Roper

cientific PIXIS).
The chirped pulse is taken from the output of the re-

enerative amplifier before the entrance to the compres-
or; using a half-wave plate and a cube polarizer a frac-
ion of the uncompressed beam is selected with typical
nergies ranging from 100–300 �J. The wave plate/
olarizer combination enables another opportunity for
nalog gain when detecting weaker signals. A several-
eter time delay is needed to temporally overlap the IR

ignal with the chirped pulse. To ensure that the signal is
oincident with the same spectral component of the
hirped pulse, in the long time delay, the chirped pulse re-
ects off of a hollow corner cube mounted on the transla-
ion stage that controls the E3 pulse. As the third pulse in
he 2DIR sequence is scanned, the chirped pulse remains
ocked in time eliminating the frequency shift (i.e., linear
emporal phase) and amplitude modulation that would
ccompany the time delay.
A 2D spectrum is obtained by scanning the t1 axis con-

inuously for a given value of t2. Two pairs of ZnSe wedges
7.3° apex angle, 25.4 mm length, and anti-reflective
oated 3.5–7.5 �m) are used to scan the t1 axis [66]. For
ach pair of wedges, one is held stationary and the other
s mounted to a translation stage actuated by a direct cur-
ent (dc) motor. The DC motor (Newport LTA-HS) is
riven using a home-built digital signal processor control-
er; a data acquisition (DAQ) board (NI M-series) records
he motor’s optical encoder output (resolution of 7.4 nm).
he DAQ board and CCD camera are synchronized to the

aser amplifier so for each laser pulse the motor positions
nd spectra are saved. In order to map the encoder posi-
ions to time delays, the wedges are calibrated using in-
erferograms between the upconverted scatter of E1 and
2 recorded as each ZnSe wedge is scanned. A moving
indow Fourier transform method is used to correct for

hifts in the frequency of the pixel, which is assigned us-
ng a known absorption feature. Since the chirped pulse’s
pectrum is roughly 130 cm−1 (FWHM) broad, there is an
ncertainty in the upconverted signal wavelength. The
racer is used to set the absolute frequency of the detec-
ion axis by using spectral interference, via scatter, with
ither E1 or E2 with a molecular sample present, and then
etting the delay to zero by nulling the fringes. With mul-
iple bands present in the IR absorption spectrum, a poly-
omial can be used to map the pixel to IR wavenumber.
canning the wedges gives a maximum t1 delay of 12 ps
hich corresponds to 2.78 cm−1 resolution. For typical

cans (10 000 interferograms) the spacing between the
ime points is �1 fs; however, a minimum spacing of 0.4
s—limited by the slowest practical motor movement—
an be obtained by scanning the motors at a slower rate.
or each t2 time delay a pump-probe spectrum is collected
sing the same experimental setup by blocking E2 and E3,
ynchronously chopping E1 at 500 Hz and detecting the
hange in absorption of the upconverted tracer pulse.

Since the vibrational echo signal, the tracer absorption
nd the interference between E1 and E2 are detected us-

ng the CPU; each signal will have predictable distortions
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esulting from the spectral phase of the chirped pulse.
he next three sections demonstrate the removal of the
istortions from the 2DIR signal, the calibration of the
edges, and the pump-probe spectrum.

. Correction of the 2DIR Vibrational Echo Signal
o correct the 2DIR vibrational echo signal we apply the
orrection to each interferogram collected for a given
alue of t1. The steps for the correction procedure are de-
icted in Fig. 5. Each step was performed using the RDC
odel to simulate a signal that is upconverted with an

00 nm pulse with the same chirp characteristics as our
xperimental pulse. The figure shows the resulting real,
maginary, and absolute values of the amplitudes for the
orrected upconverted data (black) and the exact simu-
ated data (i.e., the simulated data without upconversion)
blue). A more detailed description of each step in the cor-
ection process follows. Since the detected interferograms
re collected as a function of wavelength, the first step in
he correction process is to interpolate the interferograms
o be evenly spaced in the frequency domain, �det. The fre-
uencies are then shifted to the mid-IR region, �=�det
�o, where �o is the center frequency of the chirped
ulse; this accounts for the removal of the linear temporal
hase (i.e., frequency shift) contribution of the chirped
ulse, exp�−i�ot�. The center frequency of the chirped
ulse is determined by comparing the frequencies of the
eaks along the �3 axis to the frequencies of the peaks ob-
ained from a linear FT-IR spectrum. The center fre-

uency �� is the difference between the detected frequen- m

ignal for the corrected data (black) versus the exact simulation (blue).
ies along the �3 axis and the frequencies determined
rom the FT-IR. The second step is to Fourier transform
ith respect to � to the time domain (denoted by T)
here a filter is applied to remove the LO, leaving the sig-
al field plus the added linear phase due to the signal-LO
elay, �t. After removing the LO, the quadratic phase of
he chirped pulse, �CP, is removed from the signal by
ultiplying the complex signal in the time domain by

xp�iT2 /2	�2��, where 	�2� is the measured quadratic
hase of the chirped pulse [20]. It is important to note
hat the phase function, exp�iT2 /2	�2��, is shifted so that
ts origin corresponds to the temporal origin of the signal
this is depicted in step 3 of Fig. 5) which is determined
rom an interferogram between the LO and scatter from

3. Shifting the function ensures that the added linear
hase from the signal-LO delay is not being taken into ac-
ount during the chirp correction. The final step is to ap-
ly an inverse Fourier transform along T resulting in the
orrected signal field.

We have applied this correction method to a rephasing
pectrum of a 3 mM solution of dimanganese decacarbo-
yl, Mn2�CO�10, in n-hexane [63]. In Fig. 6(a) the absolute
alue of the amplitude of a slice taken from the 2D
ephasing spectrum along �3 for �1=2015 cm−1 is shown
or the corrected data (red) and the uncorrected data
black) and Figs. 6(b) and 6(c) show the real and imagi-
ary amplitudes of the slice for the corrected and uncor-
ected data. Comparing the slices isolates the distortions
f the signal due to the CPU. The uncorrected data have

odulations on the blue side of the peaks, which is a pre-
ig. 5. (Color online) Steps required for removal of the distortions caused by CPU using simulated data for the RDC system (see text for
etails). Blue (orange) boxes correspond to data in the frequency (time) domain. Final panel shows real and imaginary amplitudes of the
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icted distortion from the chirped pulse whereas the
odulations are not present in the corrected data.

. Calibration of the Scanned t1 Time Delay
efore calibrating the wedges we first remove the distor-

ions from the interferograms using a procedure very
imilar to the correction of the 2DIR vibrational echo,
ith the only difference occurring in step 3 of Fig. 5, the

hifting of the phase function. The phase function,
xp�iT2 /2	�2��, is shifted so that the origin of the function
orresponds to the origin of the signal, so that the linear
hase contribution from the time delay between E1 and
2, �tc, is not being compensated in the correction. For

he calibrations, the value of �tc will necessarily change
or each interferogram, so at each time step �tc is deter-

ined by fitting the peak in the time domain to a Gauss-
an function.

In Fig. 7(a), the absolute value of the Fourier transform

ig. 6. (Color online) Normalized absolute value (a), real (b),
nd imaginary (c) amplitudes of a slice along �3 at �1
2015 cm−1 for the rephasing spectrum of Mn2�CO�10 at t2=5 ps

or corrected (red) and uncorrected (black) data.
f the uncalibrated pixel corresponding to 2015 cm−1 is
hown for the uncorrected (black) and corrected (red)
ata. This comparison isolates the distortions caused by
he CPU alone. Comparing the two, we see a narrowing of
he peak due to correcting the distortions. Figure 7(b)
hows the absolute value of the Fourier transform of the
alibrated pixel for the corrected (red) and uncorrected
black) data. Comparing the two peaks we see a slight dif-
erence; however, the spectral width seems comparable
or the peaks indicating that the calibration itself corrects
or some of the spectral phase contributions of the chirped
ulse. In both figures, the data points for the corrected
nd uncorrected peaks are not at the exact same fre-
uency; this is inherent to the calibration as the mapping
f the encoder positions to time delays is slightly different
or the corrected and uncorrected peaks resulting in a
lightly different frequency spacing.

. Correction of the Pump-Probe Spectrum
he IR-pump/IR-probe spectrum is obtained by subtract-

ng the pumped tracer absorption from the unpumped ab-
orption; but before subtraction, the individual absorption
pectra are independently corrected according to the pro-
edure described by Lee et al. [20]. The correction proce-
ure is similar to Fig. 5 with the difference lying in step 3.
n step 3, a filter is no longer applied and �CP is sub-

ig. 7. (Color online) (a) Absolute value of the Fourier transform
f the uncalibrated corrected (red) and uncorrected (black) data
or the pixel corresponding to 2015 cm−1. (b) Absolute value of the
ourier transform of the calibrated uncorrected (black) and cor-
ected (red) data.
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racted by multiplying the signal by
xp�sign�T��iT2 /2	�2��, that is, by the anti-symmetrized
hase, which reflects the causality of the absorption sig-
al. We illustrate this method using a 3 mM solution of
n2�CO�10 in n-hexane. The corrected (red) and uncor-

ected (black) pump-probe spectra are shown in Fig. 8.
omparing the two spectra we see the distortions present
s small peak-like features to the blue of the ground-state
bsorptions for the uncorrected spectrum. These features
re absent in the corrected spectrum.

. PHASING THE ABSORPTIVE SPECTRUM
fter correcting for the phase distortions induced by the
hirped pulse, the 2D absorptive spectrum can be ob-
ained by adding the real parts of the rephasing and non-
ephasing spectra [Eq. (2)] [46,50]:

S��1,t2,�3� = Re��
0




dt1�
0




dt3SR�t1,t2,t3�ei�3t3e−i�1t1

+�
0




dt1�
0




dt3SNR�t1,t2,t3�ei�3t3ei�1t1� .

�2�

efore the signals are added they must first be “phased.”
ypical phasing procedures call for the multiplication of
he signal by a phase exp�i�� where ���1 ,�3�=�1�t1
�3�t3+� [47,53]. The two linear phase terms �1�t1 and
3�t3 account for the distortions of the spectral phase of

he signals arising from the inability to determine pre-
isely the origins of t1 and t3 in Eq. (2). The constant
hase, �, accounts for the constant relative phase differ-
nce between the rephasing and nonrephasing signals.

. Phasing the Corrected Rephasing and Nonrephasing
ignals
sing a set of interferograms between the scatter of E1
nd E2 and an interferogram between E3 and ELO, the ori-
ins of the t1 and the t3 axes are determined to within suf-
cient precision that the linear phase contributions in ei�,

ig. 8. (Color online) Corrected (red) and uncorrected (black)
ump-probe spectra of Mn �CO� at a delay time of 5 ps.
2 10
1�t1, and �3�t3 can be neglected. Experimentally we de-
ermine the origin of the t1 axis �t1=0� from the same data
sed to calibrate the wedges. Each interferogram is trans-
ormed to the time domain, where the peak due to the in-
erference is fit to a Gaussian enabling the time difference
o be determined to within 1 fs. The time differences are
hen fit to a line �R2=0.995� and extrapolated to t1=0. An
nterferogram between the ELO and scatter from E3 is
sed to determine the difference in timing between E3
nd the ELO to within 1 fs eliminating the need for the
inear phase term along �3. Using these measurements
e are able to neglect the linear phase contributions due

o the timing errors; however, the constant phase, which
ccounts for the relative phase difference between the
ephasing and nonrephasing spectra, still needs to be de-
ermined. To determine �R and �NR we use a genetic algo-
ithm searching method with a fitness function consisting
f two parts, f�3 along �3 and f�1 along �1. Making use of
he projection slice theorem [48,58] we define f�3 to be
inimized when the projection of the absorptive spec-

rum onto the �3 axis equals the pump-probe spectrum.
he f�1 contribution is minimized when the normalized
rojections of the absolute value of the rephasing and
onrephasing spectra onto �1 match the normalized pro-

ection of the absolute value of the absorptive spectrum
nto �1 [53]. The values of �R and �NR are obtained when
he total fitness function, f= f�1+ f�3, is minimized.

Figure 9(a) displays an absorptive spectrum of a 3 mM
olution of Mn2�CO�10 in n-hexane at t2=5 ps. The color
cheme is such that the blue peaks are negative corre-
ponding to ground-state bleach and stimulated emission
nd the red peaks are positive corresponding to induced
xcited-state absorption. As expected, the 2DIR spectrum
f Mn2�CO�10 consists of a set of nine negative peaks due
o the coupling between the three bands observed in the
inear FT-IR spectrum. Below each negative peak is a
ositive peak at a lower detection frequency correspond-
ng to the red-shifted excited-state absorption. It is typi-
ally the case for molecular vibrations that the potential
ives rise to positive anharmonicity, where the transition
etween the first and second excited states is lower in en-
rgy than the transition from the ground state to the first
xcited state [42,57]. Zooming in on the peaks at �3
1980 cm−1 clearly shows the presence of the induced ab-
orption peaks. The induced absorption peaks along the
iagonal seem to be elongated; this minor effect could be
ue to faster dephasing or to the contribution of fifth or-
er processes to the signal. The spectrum was obtained
sing the phasing procedure described above. Figure 9(b)
isplays the normalized projection of the absolute value of
he correctly phased absorptive spectra onto the �1
black) and the normalized projection of the absolute
alue of the rephasing (red) and nonrephasing (blue) onto
he �1 axis. Figure 9(c) shows the projection of the absorp-
ive spectrum onto the �3 axis (red) along with the cor-
ected pump-probe spectrum (black).

We have also applied the phasing procedure to rephas-
ng and nonrephasing spectra that have not been cor-
ected for the CPU. Figure 10 shows the absorptive spec-
ra of Mn2�CO�10 in n-hexane at t2=5 ps obtained from
he corrected (a) and the uncorrected (b) data. For the un-
orrected data we see distortions of the line shapes along
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ith small peaks (indicated with arrows) along the �3
xis lying at a higher frequency relative to the peaks from
n2�CO�10. A slice along �3 at �1=2015 cm−1 (c) is plotted

or the corrected (red) and uncorrected (black) data with
he distortions indicated with arrows. Since each absorp-
ive spectrum requires only roughly 20 s of experimental
cquisition time (10 s for each rephasing and nonrephas-
ng scan), spectra for many waiting times can be recorded
n relatively rapid succession. Here we test the robust-
ess of our phasing parameters for the spectra measured
ith different waiting times. The origin of t1 determined

rom the set of interferograms between E1 and E2 is ap-
roximately equivalent for each t1 as t2 is stepped. The
eason for this reproducibility lies in our ability to return

ig. 9. (Color online) (a) Absorptive 2DIR spectrum of
n2�CO�10 at t2=5 ps. (b) Normalized projections of the absolute

alue of the absorptive (black), rephasing (red), and nonrephas-
ng (blue) spectra onto �1. (c) Projection of the absorptive spec-
rum (black) onto �3 and the corrected pump-probe spectrum
red).
he motors to within the 20 encoder positions of the
tarting position corresponding to 0.1 fs. The origin of t3
oes not change as t2 is stepped because the ELO is locked
n time with E3. The E3 /LO beam splitter is placed after
he delay stage, so as t2 is scanned the relative timing be-
ween ELO and E3 remains constant. The values of �R and
NR, however, need to be determined for each t2 step. The
hasing procedure described above is applied to each
ephasing and nonrephasing spectrum for each value of t2
o obtain the corresponding absorptive spectrum (approxi-
ately 3 h of processing time for a typical data set con-

isting of �100 t2 time steps).
We have found that the time delay of the pump-probe

pectrum used in the phasing procedure does not neces-

ig. 10. (Color online) Absorptive 2DIR spectrum with the dis-
ortions from the chirped pulse removed (a) and not removed (b).
c) Slice along �3 at �1=2015 cm−1 for the corrected (red) and un-
orrected (black) data. Distortions along the �3 axis are indicated
ith arrows.
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arily need to correspond to the t2 waiting time for the
ephasing and nonrephasing spectra being phased. We
ave tested this by obtaining the absorptive spectra at

2=2 ps phased with the pump-probe spectra having a de-
ay time of t2=2 and 5 ps. Taking the difference between a
lice along �3 of the absorptive spectra phased with the
ifferent pump-probes gives a difference that varies by
ess than 1%. This insensitivity to the specific time delay
ecessarily depends on the vibrational lifetime and will
ot be universal.

. Absorptive Spectrum in a Polar Solvent
ince n-hexane is a weakly interacting non-polar solvent,
he spectral features of the Mn2�CO�10 spectrum are par-
icularly narrow and provide a stringent test of the spec-
ral resolution obtained using an absorptive 2D spectrum
ombined with CPU detection. Much of the chemical in-
erest in 2DIR spectroscopy, however, concerns the pres-
nce of transient inhomogeneity which manifests itself as
pectral diffusion. Due to a distribution of slightly differ-
nt microscopic environments, transition frequencies are
nhomogeneously distributed leading to a correlation be-
ween excited and detected frequencies evident in a 2D
pectrum as a diagonal elongation of the line shape for a
iven peak. In the solution the individual sub-ensembles
enerally do not retain a memory of their initial excita-
ion frequencies indefinitely, so that increasing the
aiting-time delay t2 leads to the loss of the frequency

orrelation. The time scale of this frequency memory loss
s characterized by the frequency-frequency time correla-
ion function [58,59,67]. Dissolving metal carbonyl com-
lexes in polar solvents such as alcohols leads to slightly
nhomogeneously broadened bands that exhibit spectral
iffusion due to the polar solvent and the formation of hy-
rogen bonds [42]. Figure 11 shows the absorptive 2DIR
pectra of Mn2�CO�10 in methanol at two waiting-time de-
ays, t2=200 fs and 10 ps. The slight diagonal elongation
een at 200 fs is relaxed by 10 ps, a time scale for memory
oss which is consistent with solvation dynamics. A full
nalysis of the spectral diffusion dynamics will appear in
subsequent manuscript. Although errors in phasing the

bsorptive spectrum seem more obvious and pronounced
hen the spectral features are narrow, the bulk of chemi-

al interest concerns the analysis of 2D line shapes in the
resence of spectral diffusion. These data illustrate that
hirped-corrected CPU-detected 2DIR spectroscopy func-
ions equally well for a system with some degree of inho-
ogeneity.

ig. 11. (Color online) Absorptive 2DIR spectra of Mn2�CO�10 in
ethanol at (right) t =200 fs and (left) t =10 ps.
2 2
. CONCLUSION
e have demonstrated and described in detail how to ap-

ly the general procedure for the removal of the cross-
hase modulation acquired during the sum-frequency
eneration [20] to the CPU 2DIR spectroscopy. We have
hown that the phase distortions induced by the chirped
ulse alter the line shapes of the peaks in a 2DIR spec-
rum. Previously we have applied the CPU 2DIR spectros-
opy to systems to obtain properties that can be extracted
rom the absolute value of the rephasing or nonrephasing
pectra for which the removal of the phase distortions
rom the CPU was not necessary [15,16,64,65]. However,
o access the complete ultrafast dynamical information
ontained in the waiting-time evolution of the line shapes,
t is necessary to remove the distortions induced by the
hirped pulse. In this paper we have demonstrated how to
emove these phase distortions giving a detailed step-by-
tep procedure. We have also described our method for ob-
aining absorptive spectra from the corrected data, while
emonstrating that the method can be used to obtain
pectra in both the homogenous and inhomogeneous
roadened cases. Though we have focused on the correc-
ion of spectra obtained using the background-free beam
eometry, the approach can be applied to other implemen-
ations of the 2DIR spectroscopy detected using the CPU
uch as the pump-probe geometry or the hybrid
requency-time hole burning technique. We anticipate the
PU to be an attractive method for detecting ultra-
roadband mid-IR continuum probes in transient IR ab-
orption and 2DIR spectroscopy.

CKNOWLEDGMENTS
his work was supported by the National Science Foun-
ation (NSF) (CHE-0748501). We are grateful to Manuel
offre for stimulating discussions.

EFERENCES
1. D. M. Jonas, “Two-dimensional femtosecond spectroscopy,”

Annu. Rev. Phys. Chem. 54, 425–463 (2003).
2. N. S. Ginsberg, Y. C. Cheng, and G. R. Fleming, “Two-

dimensional electronic spectroscopy of molecular
aggregates,” Acc. Chem. Res. 42, 1352–1363 (2009).

3. W. Zhuang, T. Hayashi, and S. Mukamel, “Coherent
multidimensional vibrational spectroscopy of biomolecules:
concepts, simulations, and challenges,” Angew. Chem. Int.
Ed. 48, 3750–3781 (2009).

4. M. Cho, “Coherent two-dimensional optical spectroscopy,”
Chem. Rev. 108, 1331–1418 (2008).

5. M. D. Fayer, “Dynamics of liquids, molecules, and proteins
measured with ultrafast 2D IR vibrational echo chemical
exchange spectroscopy,” Annu. Rev. Phys. Chem. 60, 21–38
(2009).

6. Y. S. Kim and R. M. Hochstrasser, “Applications of 2D IR
spectroscopy to peptides, proteins, and hydrogen-bond
dynamics,” J. Phys. Chem. B 113, 8231–8251 (2009).

7. S. T. Roberts, K. Ramasesha, and A. Tokmakoff, “Structural
rearrangements in water viewed through two-dimensional
infrared spectroscopy,” Acc. Chem. Res. 42, 1239–1249
(2009).

8. P. Hamm, J. Helbing, and J. Bredenbeck, “Two-dimensional
infrared spectroscopy of photoswitchable peptides,” Annu.
Rev. Phys. Chem. 59, 291–317 (2008).

9. R. J. D. Miller, A. Paarmann, and V. I. Prokhorenko,
“Diffractive optics based four-wave, six-wave, V-wave



1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

392 J. Opt. Soc. Am. B/Vol. 27, No. 3 /March 2010 Anna et al.
nonlinear spectroscopy,” Acc. Chem. Res. 42, 1442–1451
(2009).

0. D. B. Strasfeld, S. H. Shim, and M. T. Zanni, “New
advances in mid-IR pulse shaping and its application to 2D
IR spectroscopy and ground-state coherent control,” Adv.
Chem. Phys. 141, 1–28 (2009).

1. J. P. Ogilvie and K. J. Kubarych, “Multidimensional
electronic and vibrational spectroscopy: an ultrafast probe
of molecular relaxation and reaction dynamics,” Adv. At.,
Mol., Opt. Phys. 57, 249–321 (2009).

2. E. R. Andresen and P. Hamm, “Site-specific difference
2D-IR spectroscopy of bacteriorhodopsin,” J. Phys. Chem. B
113, 6520–6527 (2009).

3. V. Cervetto, P. Hamm, and J. Helbing, “Transient 2D-IR
spectroscopy of thiopeptide isomerization,” J. Phys. Chem.
B 112, 8398–8405 (2008).

4. J. Bredenbeck, J. Helbing, K. Nienhaus, G. U. Nienhaus,
and P. Hamm, “Protein ligand migration mapped by
nonequilibrium 2D-IR exchange spectroscopy,” Proc. Natl.
Acad. Sci. U.S.A. 104, 14243–14248 (2007).

5. C. R. Baiz, R. McCanne, M. J. Nee, and K. J. Kubarych,
“Orientational dynamics of transient molecules measured
by nonequilibrium two-dimensional infrared spectroscopy,”
J. Phys. Chem. A 113, 8907–8916 (2009).

6. C. R. Baiz, R. McCanne, and K. J. Kubarych, “Structurally-
selective geminate rebinding dynamics of solvent-caged
radicals studied with non-equilibrium infrared echo
spectroscopy,” J. Am. Chem. Soc. 131, 13590–13591 (2009).

7. K. J. Kubarych, M. Joffre, A. Moore, N. Belabas, and D. M.
Jonas, “Mid-infrared electric field characterization using a
visible charge-coupled-device-based spectrometer,” Opt.
Lett. 30, 1228–1230 (2005).

8. K. F. Lee, K. J. Kubarych, A. Bonvalet, and M. Joffre,
“Characterization of mid-infrared femtosecond pulses
[invited],” J. Opt. Soc. Am. B 25, A54–A62 (2008).

9. M. J. Nee, R. McCanne, K. J. Kubarych, and M. Joffre,
“Two-dimensional infrared spectroscopy detected by
chirped-pulse upconversion,” Opt. Lett. 32, 713–715 (2007).

0. K. F. Lee, P. Nuernberger, A. Bonvalet, and M. Joffre,
“Removing cross-phase modulation from midinfrared
chirped-pulse upconversion spectra,” Opt. Express 17,
18738–18744 (2009).

1. E. J. Heilweil, “Ultrashort-pulse multichannel infrared-
spectroscopy using broad-band frequency-conversion in
LiIO3,” Opt. Lett. 14, 551–553 (1989).

2. T. P. Dougherty and E. J. Heilweil, “Dual-beam
subpicosecond broad-band infrared spectrometer,” Opt.
Lett. 19, 129–131 (1994).

3. T. P. Dougherty and E. J. Heilweil, “Transient infrared-
spectroscopy of ��5−C5H5�Co�CO�2 photoproduct reactions
in hydrocarbon solutions,” J. Chem. Phys. 100, 4006–4009
(1994).

4. J. N. Moore, P. A. Hansen, and R. M. Hochstrasser, “A
new method for picosecond time-resolved infrared-
spectroscopy—applications to CO photodissociation from
iron porphyrins,” Chem. Phys. Lett. 138, 110–114 (1987).

5. J. N. Moore, P. A. Hansen, and R. M. Hochstrasser, “Iron
carbonyl bond geometries of carboxymyoglobin and
carboxyhemoglobin in solution determined by picosecond
time-resolved infrared-spectroscopy,” Proc. Natl. Acad. Sci.
U.S.A. 85, 5062–5066 (1988).

6. C. R. Baiz, M. J. Nee, R. McCanne, and K. J. Kubarych,
“Ultrafast nonequilibrium Fourier-transform two-
dimensional infrared spectroscopy,” Opt. Lett. 33,
2533–2535 (2008).

7. M. E. DeCamp and A. Tokmakoff, “Upconversion
multichannel infrared spectrometer,” Opt. Lett. 30,
1818–1820 (2005).

8. M. F. DeCamp, L. P. DeFlores, K. C. Jones, and A.
Tokmakoff, “Single-shot two-dimensional infrared
spectroscopy,” Opt. Express 15, 233–241 (2007).

9. M. M. Abbas, T. Kostiuk, and K. W. Ogilvie, “Infrared
upconversion for astronomical applications,” Appl. Opt. 15,
961–970 (1976).

0. L. J. Ma, O. Slattery, and X. Tang, “Experimental study of
high sensitivity infrared spectrometer with waveguide-
based up-conversion detector,” Opt. Express 17,
14395–14404 (2009).

1. S. H. Shim, D. B. Strasfeld, Y. L. Ling, and M. T. Zanni,
“Automated 2D IR spectroscopy using a mid-IR pulse
shaper and application of this technology to the human
islet amyloid polypeptide,” Proc. Natl. Acad. Sci. U.S.A.
104, 14197–14202 (2007).

2. L. P. DeFlores, R. A. Nicodemus, and A. Tokmakoff, “Two
dimensional Fourier transform spectroscopy in the pump-
probe geometry,” Opt. Lett. 32, 2966–2968 (2007).

3. J. A. Myers, K. L. M. Lewis, P. F. Tekavec, and J. P. Ogilvie,
“Two-color two-dimensional Fourier transform electronic
spectroscopy with a pulse-shaper,” Opt. Express 16,
17420–17428 (2008).

4. P. E. Tekavec, J. A. Myers, K. L. M. Lewis, and J. P. Ogilvie,
“Two-dimensional electronic spectroscopy with a continuum
probe,” Opt. Lett. 34, 1390–1392 (2009).

5. D. J. Cook and R. M. Hochstrasser, “Intense terahertz
pulses by four-wave rectification in air,” Opt. Lett. 25,
1210–1212 (2000).

6. P. B. Petersen and A. Tokmakoff, “A source for ultrafast
continuum infrared and terahertz radiation,” submitted to
Opt. Lett. (2010).

7. M. R. Armstrong, E. J. Reed, K. Y. Kim, J. H. Glownia, W.
M. Howard, E. L. Piner, and J. C. Roberts, “Observation of
terahertz radiation coherently generated by acoustic
waves,” Nat. Phys. 5, 285–288 (2009).

8. K. Y. Kim, A. J. Taylor, J. H. Glownia, and G. Rodriguez,
“Coherent control of terahertz supercontinuum generation
in ultrafast laser-gas interactions,” Nat. Photonics 2,
605–609 (2008).

9. A. V. Smith, “Snlo: free software for modeling nonlinear
frequency conversion processes in nonlinear crystals,”
http://www.as-photonics.com/snlo.html.

0. P. O’Shea, M. Kimmel, X. Gu, and R. Trebino, “Increased-
bandwidth in ultrashort-pulse measurement using an
angle-dithered nonlinear-optical crystal,” Opt. Express 7,
342–349 (2000).

1. P. Baum, S. Lochbrunner, and E. Riedle, “Tunable sub-10 fs
ultraviolet pulses generated by achromatic frequency
doubling,” Opt. Lett. 29, 1686–1688 (2004).

2. M. Khalil, N. Demirdoven, and A. Tokmakoff, “Coherent 2D
IR spectroscopy: molecular structure and dynamics in
solution,” J. Phys. Chem. A 107, 5258–5279 (2003).

3. L. Lepetit, G. Cheriaux, and M. Joffre, “Linear techniques
of phase measurement by femtosecond spectral
interferometry for applications in spectroscopy,” J. Opt.
Soc. Am. B 12, 2467–2474 (1995).

4. L. Lepetit and M. Joffre, “Two-dimensional nonlinear optics
using Fourier-transform spectral interferometry,” Opt.
Lett. 21, 564–566 (1996).

5. C. Dorrer, N. Belabas, J. P. Likforman, and L. Joffre,
“Experimental implementation of Fourier-transform
spectral interferometry and its application to the study of
spectrometers,” Appl. Phys. B: Lasers Opt. 70, S99–S107
(2000).

6. J. D. Hybl, A. W. Albrecht, S. M. G. Faeder, and D. M.
Jonas, “Two-dimensional electronic spectroscopy,” Chem.
Phys. Lett. 297, 307–313 (1998).

7. S. M. Gallagher, A. W. Albrecht, T. D. Hybl, B. L. Landin,
B. Rajaram, and D. M. Jonas, “Heterodyne detection of the
complete electric field of femtosecond four-wave mixing
signals,” J. Opt. Soc. Am. B 15, 2338–2345 (1998).

8. K. Nagayama, P. Bachmann, K. Wuetrich, and R. R. Ernst,
“Use of cross-sections and of projections in 2-dimensional
Nmr-spectroscopy,” J. Magn. Reson. 31, 133–148 (1978).

9. R. R. Ernst, G. Bodenhausen, and A. Wokaun, Principles of
Nuclear Magnetic Resonance in One and Two Dimensions
(Oxford U. Press, 1987).

0. M. Khalil, N. Demirdoven, and A. Tokmakoff, “Obtaining
absorptive line shapes in two-dimensional infrared
vibrational correlation spectra,” Phys. Rev. Lett. 90, 047401
(2003).

1. E. H. G. Backus, S. Garrett-Roe, and P. Hamm, “Phasing
problem of heterodyne-detected two-dimensional infrared

http://www.as-photonics.com/snlo.html


5

5

5

5

5

5

5

5

6

6

6
6

6

6

6

6

Anna et al. Vol. 27, No. 3 /March 2010/J. Opt. Soc. Am. B 393
spectroscopy,” Opt. Lett. 33, 2665–2667 (2008).
2. J. D. Hybl, A. A. Ferro, and D. M. Jonas, “Two-dimensional

Fourier transform electronic spectroscopy,” J. Chem. Phys.
115, 6606–6622 (2001).

3. S. Park, K. Kwak, and M. D. Fayer, “Ultrafast 2D-IR
vibrational echo spectroscopy: a probe of molecular
dynamics,” Laser Phys. Lett. 4, 704–718 (2007).

4. O. Golonzka, M. Khalil, N. Demirdoven, and A. Tokmakoff,
“Coupling and orientation between anharmonic vibrations
characterized with two-dimensional infrared vibrational
echo spectroscopy,” J. Chem. Phys. 115, 10814–10828
(2001).

5. N. Demirdöven, M. Khalil, O. Golonzka, and A. Tokmakoff,
“Correlation effects in the two-dimensional vibrational
spectroscopy of coupled vibrations,” J. Phys. Chem. A 105,
8025–8030 (2001).

6. M. Khalil and A. Tokmakoff, “Signatures of vibrational
interactions in coherent two-dimensional infrared
spectroscopy,” Chem. Phys. 266, 213–230 (2001).

7. O. Golonzka, M. Khalil, N. Demirdoven, and A. Tokmakoff,
“Vibrational anharmonicities revealed by coherent two-
dimensional infrared spectroscopy,” Phys. Rev. Lett. 86,
2154–2157 (2001).

8. S. M. Gallagher Faeder and D. M. Jonas, “Two-dimensional
electronic correlation and relaxation spectra: theory and
model calculations,” J. Phys. Chem. A 103, 10489–10505
(1999).

9. S. T. Roberts, J. J. Loparo, and A. Tokmakoff,
“Characterization of spectral diffusion from two-
dimensional line shapes,” J. Chem. Phys. 125, 084502
(2006).

0. A. Tokmakoff, “Two-dimensional line shapes derived from
coherent third-order nonlinear spectroscopy,” J. Phys.
Chem. A 104, 4247–4255 (2000).

1. K. Okumura, A. Tokmakoff, and Y. Tanimura, “Two-
dimensional line-shape analysis of photon-echo signal,”
Chem. Phys. Lett. 314, 488–495 (1999).

2. R. W. Boyd, Nonlinear Optics (Academic, 1992).
3. C. R. Baiz, P. L. McRobbie, J. M. Anna, E. Geva, and K. J.

Kubarych, “Two-dimensional infrared spectroscopy of metal
carbonyls,” Acc. Chem. Res. 42, 1395–1404 (2009).

4. M. J. Nee, C. R. Baiz, J. M. Anna, R. McCanne, and K. J.
Kubarych, “Multilevel vibrational coherence transfer and
wavepacket dynamics probed with multidimensional IR
spectroscopy,” J. Chem. Phys. 129, 084503 (2008).

5. J. M. Anna, M. R. Ross, and K. J. Kubarych, “Dissecting
enthalpic and entropic barriers to ultrafast equilibrium
isomerization of a flexible molecule using 2DIR chemical
exchange spectroscopy,” J. Phys. Chem. A 113, 6544–6547
(2009).

6. F. Ding, P. Mukherjee, and M. T. Zanni, “Passively
correcting phase drift in two-dimensional infrared
spectroscopy,” Opt. Lett. 31, 2918–2920 (2006).

7. K. Kwak, D. E. Rosenfeld, and M. D. Fayer, “Taking apart
the two-dimensional infrared vibrational echo spectra:
more information and elimination of distortions,” J. Chem.
Phys. 128, 204505 (2008).


