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Electric fields of coherent Raman signals are resolved with sensitivity for high-frequency vibrational resonances
utilizing a four-pulse, trapezoidal beam geometry in a diffractive optic-based interferometer. Our experiments
show that the heterodyne detected signal phase is stabilized for particular terms in the third-order response
function by the cancellation of inter-pulse phases. TheHGstretching modes of cyclohexane and benzene

are studied under two polarization conditions. The temporal profiles of signal fields for cyclohexane exhibit

a low-frequency recurrence due to the interference between the signals associated with the symmetric and
asymmetric C-H stretching modes. In contrast, the electronically nonresonant polarizability response of benzene
gives rise to a significant broadband signal component in addition to that associated wittHtgikational
resonance. Timefrequency shapes of the Raman signal fields are strongly dependent on the properties of
the liquid and the polarizations of the laser pulses.

Passively phase-stabilized heterodyned signal detection incyclohexane and benzene in the-B stretching region of the
transient grating and photon echo spectroscopies has recentlyibrational spectrum with a passively phase-stabilized, diffrac-
been realized at optical frequencies by the incorporation of tive optic-based interferometér® The relative polarizations of
diffractive optics in four-wave mixing interferometers, thereby the Raman pump and Stokes pulses are varied to control the
enhancing the sensitivity and information content of these amplitudes of the vibrational bands in cyclohexane and the
techniques compared to that obtained with conventional homo- amount of broadband signal emission in benzZ€riEhe data
dyne detectior:® This is more easily realized at infrared show that the nonresonant and vibrational resonance enhanced
wavelengths due to significantly reduced mechanical stability components of the polarization response are clearly separated
requirements. Optical nonlinear spectroscopies are most usefulwith real and imaginary projections of the signals. In addition,
for studying energy transfer dynamics in multilevel electronic signal fields are viewed in the spectrogram representation to
systems,whereas infrared spectroscopies provide more detailed analyze the signatures of various terms in the material response
information on molecular structure and dynamics through function on the signal pulse bandwidths, emission times and
vibrational mode coupling:13 By contrast, broadband stimu-  time-frequency shapes.
lated Raman gain spectroscopy has the unique ability to resolve  \we emphasize that this is the first report of coherent Raman
vibrational dynamics within a window of more than 1000¢m signal field resolution for resonances abovel000 cntl
with less than 100 fs time resolution in a single experimérif obtained with passive phase stabilization. The signal field is
Broadband optical measurements have long been undettaken not completely resolved by heterodyne detection methods that
but pulse durations of less than 50 fs are more difficult to attain provide only a particular projection of the signal field such as
at infrared wavelengths, so the corresponding spectral range isyroadband Raman gdfi® and single pulse coherent anti-
reduced. o . Stokes Raman spectroscopy (CARS¥ Field-resolved CARS

Nonlinear spectroscopies intrinsically possess more informa- microscopies have beenusedto probe high-frequency resoiaffces

tion at higher order&>161822 However, the interpretation of  pyt without the superb passive stabilization achieved with
these experiments is complicated by interference between termsjjtractive opticsl—8

in the material response function. Dephasing-induced resonances
in coherent anti-Stokes Raman spectroscopy are a good examplg
at third orde?3-25 Therefore, electric field-resolved signal detec-
tion is essential to the development of new higher-order methods
as it allows the absolute sign of the signal to be extracted and
unambiguously reveals the relative magnitudes of various
competing terms in the nonlinear polarization respoit§e2®

In this Letter, we report the new method of electric field-
resolved coherent Stokes Raman spectroscopy (EFFRS).
The information content is demonstrated via measurements of

Our experiments are performed with a home-built 1 kHz Ti:
apphire laser systérand the interferometer presented in Figure
la. Briefly, the Raman pump (50 cthbandwidth) is obtained
by spectrally filtering the laser system fundamental (805 nm)
in an all-reflective pulse stretcher aligned for zero dispersion.
Stokes pulses (1048 nm, 40 fs) are obtained from the idler of a
home-built noncollinear parametric amplifier. The Raman pump
and Stokes/local oscillator (LO) pulses are crossed at an angle
of 3° in a diffractive optic (DO) to generate a trapezoidal beam
geometry (see Figure 1b) through tid diffraction orders of

* To whom correspondence should be addressed. E-mail: nfschere@ €aCh beam. The angle between thé diffraction orders for
uchicago.edu. the Raman pump and StokelsO beams are 50and 6.6,
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Figure 2. Double-sided Feynman diagrams for terms that contribute
to the EFR-CSRS signals. The RPRP2 and StokesLO pulse pairs
are represented with blue and red colors, respectively.

and c is the speed of lightP®(kst) and PP(kst) represent
resonant and nonresonant polarization responses, respeétively.
The complex frequency domain signal field obtained by Fourier
Wavslsngth (nm) transformation of eq 2 with respect tas characterized by its

Figure 1. (a) Laser system fundamental (805 nm, 12422 %rand power spectrum|Ew)[? and spectral phasgis(wy): Eqw)

Stokes pulses (1048 nm, 9542 chare focused to the same spot on  — |Es(@)| €xpligs(wy)]. . . o

a diffractive optic (DO) to generate a trapezoidal beam pattern thatis ~ Equation 2 states that the EFRSRS signal field originates
directed to the sample with a 15 cm focal length spherical mirror (SM) from distinct resonant and nonresonant polarization responses.
and a flat mirror (FM). The polarizations of the Raman pump pulses The three double-sided Feynman diagrams shown in Figure 2
are varied with the half-waveplates, WP1 and WP2. The local oscillator contribute to the EFRCSRS signal in the rotating wave

(LO), which is attenuated with a neutral density filter (ND), arrives to S 18 ) : -
the sample 800 fs before the Stokes pulse, which is delayed with respectapprommatlonl. Pr(ks) arises from the R1 term, which has

to the LO with a Cagwindow (W). The spatial filters, SF1 and SF2, & coherence abrp1 — wsiokesduring thet; interval between the

isolate thet1 diffraction orders and the collinear sigrdlO after the second and third field-matter interactions. It is therefore

sample, respectively. (b) View of beam geometry on the SM. The-RP1 enhanced when this frequency matches a material resonance.

RP2 (blue) and Stoked O (red) pulse pairs are phase-locked. Pulses This vibrational coherence decaystiras the inverse line width

represented with different colors are not phase-locked with respect to of the respective vibrational band. In contraEf)(ks t) is

each other. (c) Interference spectrum for cyclohexane measured with . - P s

parallel Raman pump and StokesO polarizations. associated with the ‘nonresonant broadband polarizability re-

sponse of the material that originates from the NR1 and NR2

respectively. Pulse energies at the sample are 120 nJ/pulse foterms. The bandwidth oIPEﬁ)(ks,t) is essentially the same as

each of the Raman pump beams and 2 nJ/pulse for the Stokeshat of the Stokes pulse for transparent materials.

beam. The pulses are focused to full width half-maximum spot  The stimulated Stokes signal frequency is given by the

sizes of 80um in a 1 mmpath length flow cell. The EFR sum of the frequencies for each term in Figure2:= wrp2—

CSRS signal and LO are collinear after the sample and interferewgpi + wsiokes The signal is phase-matched in the directign

in a spectrometer. The LO intensity is removed from the inter- = —kgrp1+ Krp2+ Ksiokesand therefore the heterodyne detected

ference spectra by taking the difference between signals acquirecsignal phase may be writtenlas

at zero pulse delay (between the Raman pump and Stokes

pulses) and signals obtained when the Stokes pulse arrives 5 Cret= [Prp2 — Pred T [@Psiokes— Plol T @s  (3)

ps before the Raman pump; the difference is taken 300 times

and averaged. As shown in Figure 1c, we obtain well-resolved Bracketed terms represent “phase-locked” pulse pairs generated

interference fringes over the total data acquisition time of 15 with the diffractive optic. These two terms possess canceling

min. Data are processed by Fourier transform metA®&s?*  phases, and therefore the heterodyne detected signal phase,
The third-order nonlinear polarization is generally expressed is passively stabilized. This cancellation means that the Stokes

Signal (a.u.)

1000 1025 1050 1075

as and Raman pump pulses do not need to be phase-locked. This
. . . is important because these pulses traverse different paths prior
POkt) = [ dty [7dt, [7 dty ROt t,t,) Eglkgt—tg) x to arriving at the DO; the phase of the holographic grating

N associated with the RP1 and Stokes pulses is not stable (i.e.,
Ex(kaot—t—t) Ey(Kyt—t;—t,—ty) (1) the grating associated with the R1 diagram in Figure 2).
o ) ) However, its fluctuations are canceled by identical fluctuations
wheret; denote the time intervals between field-matter interac- jn the phases of the LO and RP2 pulses. This is a unique aspect
tions and the third-order impulse response functi®fi(ta ),  of the present experiments. Previous heterodyne-detected,
is a fourth rank tensol? All six permutations of the electric giffractive optic-based four-wave mixing experiments involved
field indices should be considered for_EFBSRS because the polarization gratings prepared by phase-stabilized pulsepdirs.
peaks of the three laser pulses arrive at the sample at ap-t js worth noting that CARS signals are not passively phase-
proximately the same time. The EFRESRS signal is acquired  gtapilized with our interferometer because the signal frequency,

in the ks = —ki + k2 + ks phase-matched direction. Under , _ involves the sum of the frequencies of the two Raman pump
perfect phase-matching conditions, the signal fiélgkst), is pulses (i.e.mas = wrp2 + Wrp1— Wswoked; their phases do not
related to the nonlinear polarization By cancel (see eq 3).
27l Real and imaginary projections of the signal fields for
E (k_t :' ghia. POk 1) + PO(k_t 2 cyclohexane and benzene are presented in Figure 3. The real
J(kst) [Pr(kst) + Por(ks )] ) . o S
n(w,)c part of the signal for benzene exhibits a narrow vibrational

resonance enhanced component at 3065'cithe imaginary
wheren(wy) is the solution’s refractive indexjs the path length part of the signal consists of a relatively narrow dispersive
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Figure 3. Real (black) and imaginary (red) projections of frequency (solid black) and Stokes (dotted red) pulse envelopes. This figure
domain EFR-CSRS signal fields obtained for (a, b) benzene and (c, assumes tha‘?ﬁ)(ks,t) arises only from the nonresonant response of
d) cyclohexane. Signals acquired with parallel and perpendicular the liquid.
polarizations are given in panels<a) and (b-d), respectively. Each
panel_ possesses an independent scale, in arbitrary units, and their The top row of Figure 4 presents the time domain signal field
magpnitudes should not be compared. profiles corresponding to the spectra shown in Figure 3. The

signal fields for benzene consist of a shott4Q fs) pulse

——
= (a) ez (d) JLeYCH associated witlP®(kst) emitted att = 0 followed by weaker
T signal emission arising frorﬁﬁs)(ks,t) with a duration of more
— l_Bz Lo than 200 fs. In contrast, the signal fields of cyclohexane do not
~‘-'-"--(';j exhibit the bandwidth-limited pulse structuretat O observed
Ll 2 for benzene. The temporal profiles for cyclohexane show a
- 3200 recurrence arising from interference between signals associated
ot with the 2850 and 2930 cm resonances. The EFFCSRS
5 28004 signal spectrograms in Figure 4 are computed with
5 .
“"H 2400+ (e) : ] (::YCH: P(w,t) = ‘ t/:mEs(t) g(t—7) exp(—ioz) dr 4
8 32001 _ _ _ _
| where E«(7) is the signal field and we take the gate function,
o 2800+ g(t—1), to be a Gaussian function with a full width half-maxi-
8'1 mum of 100 and 150 fs for benzene and cyclohexane, respec-
2400—-(c (f) 1L CYCH tively. These widths are chosen to emphasize the spectral proper-
; : ; ' - ties of the signals. Equation 4 differs from the conventional
90 0 IS0 3000 0 2007 400 definition for the spectrogram, which is the squarebdgty,,t).36
t (fs) We do not square the right side of eq 4 to better resolve the

Figure 4. Absolute values of time domain signal fields (eq 2) for (a) features of the present data. The spectrograms for benzene reveal
benzene and (d) cyclohexane (right). Signal magnitudes for the two that the emission time of the resonant signal component at 3065
polarization conditions are normallzed to their respective maximum cm L is delayed with respect to that associated mGa(k&t);
values. Spectrograms of experimental ERERSRS signals are given - . .

for (b, ¢) benzene and (e, f) cyclohexane. Signals acquired with parallel the nonresqnaljt reSponse, is more dominant with parallel laser
and perpendicular polarizations are given in paneisepand (e-f), pulse polarizations. The signal spectrograms for cyclohexane
respectively. The spectrograms consist of 12 equally spaced contourexhibit a recurrence that is most prominent with the parallel
lines and are presented on independent scales. The polarization conditiopolarization condition. In addition, the signal bandwidth is much
is given in the respective panel. narrower for cyclohexane than it is for benzene.

) o _ o The data presented in Figures 3 and 4 indicate that the ratio
feature, which coincides with the vibrational resonance, super- PEB)(kS,t)/Pff,)(ks,t) is greater for cyclohexane than for benzene.
posed on top of a broader spectrum associated Rifkst). The Raman differential cross sections are similar for theHC
The relative strength of the broadband signal component is stretching resonances of benzene (448022 cn? molecule )3
slightly reduced by setting the polarizations of the Raman pump and cyclohexane (5.4% 1072° cn? molecule’), where the
pulses to be perpendicular to those of the Steke&3 pulses. differential cross section for cyclohexane is computed with the
The spectra for cyclohexane show the presence of two reso-depolarization rati#$ and total cross sectiol. This analysis
nances at 2850 and 2930 ch which correspond to the  implies that the observed nonresonant broadband polarizability
symmetric and asymmetric-GH stretching modes, respectively.  responses of the two liquids differ by approximately an order
In contrast to benzené’$3)(ks,t) is much strongerthaﬁﬁ)(ks,t) of magnitude at near-infrared (i.e., 800 nm or 12 500-§m
for cyclohexane. The band at 2850 cthhhas a smaller  frequencies. This difference cannot be rationalized with a
depolarization ratio than the band at 2930 énand its calculation of their electronic polarizabilities using the Lorentz
magnitude is reduced in the perpendicular polarization config- Lorentz model, which requires the refractive indices and
uration3® densities of the liquids as parameters. It is possible the that
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strong low-frequency intermolecular mode spectrum of liquid (2) Goodno, G. D.; Astinov, V.; Miller, R. J. DJ. Phys. Chem. A
benzené@8“40which possesses higher frequency content than that 1999 103 10360. S o
of cyclohexané! contributes to its prominent broadband signal c(ﬁgmgugﬁ)%gb;i‘]iélelonfé.Q J.; Lin, S.; Astinov, V.; Miller, R. J. D.
component through the finite pulse durations of the laser pulses. (4) Brixner, T.; Mancal, T.; Stiopkin, I. V.; Fleming, G. R. Chem.
This mechanism of signal emission may also be described with Phys.2004 121, 4221.
the NR1 and NR2 terms of Figure 2; it yields a frequency and (5) Brixner, T.; Stenger, J.; Vaswani, H. M.; Cho, M.; Blankenship,
bandwidth similar to that of the Stokes pulse. The origin of the R-E:; Fleming, G. RNature 2005 434, 625. o .
stronger broadband signal component observed with benzeneBazg‘ '\é?rg'_];’ I\A/I'ul\lfé'm'\{elidg(.);x's\(]:'hi'r’eEOR.g'J:.J.'gxérﬁ.lrgh‘]y's;ooo%ei& As
is still under investigation. 194904,

Figure 5 illustrates the temporal properties ﬁa)(ks,t), (7) Moran, A. M.; Nome, R. A.; Scherer, N. B. Chem. Phys2006

(3) 125 031101.
Prr (kst) and the envelopes of the Raman pump and Stokes (8) Moran, A. M.; Park, S.; Scherer, N. &.Phys. Chem. Bin press.

probe pulses. As shown by the NR1 and NR2 diagrams of Figure (9) Mukamel, SAnnu. Re. Phys. Chem200Q 51, 691.

2, P@(kst) involves two interactions with the Raman pump  (10) zanni, M. T.; Ge, N. H.; Kim, V. S.; Hochstrasser, R. Rkoc.
pulses to form a static polarization grating (i.e., no coherent Natl. Acad. Sci. U.S.A2001, 98, 11265.

evolution int,). The third field-matter interaction must occur 10%1513)25|<8ham' M.; Demirdoven, N.; Tokmakoff, Al. Phys. Chem. 2003
Wlthlr.l .the envelope of the Stokes pulse due to the f?‘SI .(I'e'.’ (’lZ) As.bury, J. B.; Steinel, T.; Kwak, K.; Corcelli, S. A.; Lawrence, C.
quasi-instantaneous) decay of the nonresonant polarization inp ; skinnter, J. L.; Fayer, M. DI. Chem. Phys2004 121, 12431.

to. In contrast, the diagram R1 shows that the system interacts (13) Bredenbeck, J.; Helbing, J.; Kurnita, J. R.; Wooley, G. A.; Hamm,
once with the Raman pump and once with the Stokes pulse toP-Proc. Natl. Acad. Sci. U.S.£2005 102, 2379.

form a polarization grating that propagates in kag1 — Kstokes (14) Yoshizawa, M.; Kurosawa, MPhys. Re. A 1999 61, 013808.

direction at a velocity oflw,, whered is the fringe spacingd ms(tﬁ% "gggzr;‘g”zg?iw* Kukura, P.; Yoon, S.; Mathies, R.Re. Sci.

= 3.4um) and the vibrational resonance frequency is given _by (16) Kukura, P.; McCamant, D. W.; Yoon, S.; Wandschneider, D. B.:
Wy = WRrp1 — Wsiokes 1he grating’s phase front propagates in Mathies, R. A.Science2005 310, 1006.

the direction oppositdsiokes — Krp1 DECaUSEVSIOKes < WRPI: (17) Alafano, R., Ed.The Supercontinuum Laser Sourc®pringer-
The wavevectorskgps and krp1 — Kstokes differ by 10° and Verlag: New York, 1989. _ _

therefore diffraction of the RP2 pulse from this moving grating Un(i\}?si’;ﬂyué??szl:' iz”v\;“ﬂg'ris gx';'g’rg“”legag;)pt'ca' Spectroscopiyxford
yields a signal field with the Stokes-shifted frequenay = (19) Park, S.: Moran, A. M. Kim, J.. Scherer, N. &.Chem. Physio

wRrp2 — wy. The 300 fs Raman pump pulse limits the duration be submitted.

of the signal pulse (i.e., the spectral resolution) because it is (20) Underwood, D. F.; Blank, D. Al. Phys. Chem. 2005 109, 3295~
shorter than the picosecond time scale on whichkhe — 3306. _

Kstokespolarization grating decays. This picture of EFRSRS (22%)1 Bredenbeck, J.; Helbing, J.; Hamm,Fhys. Re. Lett. 2005 95,
signal generation resembles Brillouin scattering from an acoustic (55 Hamm. PJ. Chem. Phys2006 124, 124506.

wave in both the signal wavevector and frequeftcyhe red- (23) Bogdan, A. R.; Downer, M. W.; Bloembergen, Rhys. Re. A
shifted (i.e., Stokes) emission frequency may be intuitively 1981 24, 623.

viewed as a “Doppler shift”. (24) Andrews, J. R.; Hochstrasser, R. @hem. Phys. Lettl981, 82,

. . . . 381.

b Thgbtlmg-frleqtjgn?ylzhapeT OfdthRe signal fleldts for this nof:l'?)l't (25) Rothberg, L. J.; Bloembergen, Rhys. Re. A 1984 30, 820.

roadband electric ield-resolve aman spec_ ros_copy exnibi (26) Lepetit, L.; Chaux, G.; Joffre, M.J. Opt. Soc. Am. B995 12,
strong dependence on the laser pulse polarizations and theae7.
relative strengths oP®(kst) and PP(kst). The three terms (27) Tokunaga, E.; Terasaki, A.; Kobayashi JTOpt. Soc. Am. B995
that contribute to the nonlinear polarization (cf. Figure 2) possesslz' ZSS.Vbh' P Sch N. B. Phvs. Cheml995 99 2684
the same sign and therefore do not interfere destructively. E29; Gan!g%‘;’ . MC_ ‘Zﬁ;rr'ed']t N vis Hy;’l ] D5_ i B L
However, this is not generally the_case in third-order coherent rajaram, B.; Jonas, D. M. Opt. Soc. Am. B998 15, 2338. o
Raman spectroscopfés?® and this issue poses a challenge for  (30) Etchepare, J.; Grillon, G.; Chambaret, J. P.; Harmoniaux, G.;
higher-order iith-order) methods as the number of terms in the Orszag, A.Opt. Commun1987, 63, 329.
response function scales &5 Phe design of these experiments __(31) Dudovich, N.; Oron, D.; Silberberg, Y. Chem. Phys2003 118
requires careful analysis of the polarization response of interest (3é) Lim, S. H.: Caster, A. G.: Nicolet, O.: Leone, S.RPhys. Chem
to define the requirements for inte_r-pulse_phase-locking. The B 200§ 110 5196, T T T ' '
present work represents an essential step in the development of (33) Evans, C. L.; Potma, E. O.; S, Xpt. Lett.2004 29, 2923.
higher-order spectroscopies, which generally possess interfering (34) Marks, D. L.; Vinegoni, C.; Bredfeldt, J. S.; Boppart, S.A%ppl.
terms with opposite signs and therefore require signal field th’;é)'-‘;“-ﬁo?‘t 8,\5/] 5J7§8-| Spectioscl999 53 1087
resolution for interpretation. elieter, V. JAPPL. Spectros ' :

P (36) Trebino, RFrequency Resoéd Optical Gating: The Measurement

. of Ultrashort Laser PulsesKluwer Academic Publishers: Boston, Dor-
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