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This Supporting Information includes two sections: A and B. In Section A,
titled “Derivation of the electromagnetic wave equation”, we amply derive the
frequency-domain electromagnetic wave equation for an individual pulse in an
18 fs-pulse train, say the i one, driven by the third-order nonlinear polarization
corresponding to librational excitation via SRS. In Section B, titled “Simulation
of the OKE signals”, we simulate the signals of the optical heterodyned-

detected OKE (OHD-OKE) corresponding to our experimental conditions.

A. Derivation of the electromagnetic wave equation

In the derivation of the electromagnetic wave equation, we consider the
following four conditions of the pulse or the sample. Firstly, the electric field
strength E'”(z,r,w) is a quasi-plane wave disturbance with V-E'“(z,r, )
nearly equal to 0. Secondly, the slowly varying amplitude of E'“(z,r,@) (i.e.,
E"®(z,r,w)) varies with z much more slowly than e . Thirdly, the sample
satisfies the thin sample condition with its thickness 0.1 cm less than the
diffraction length of the . component of the pulse in it (nxzo(@c)=0.12 cm with
n=1.63 being CSz's refractive index and zo(wc)=7.5x102 cm being the
diffraction length in free space). Finally, the sample is in full thermodynamic

equilibrium before immediately interaction with the pulse.

When the sample position z ranges between zfs and zs+L with zf denoting its
front surface position relative to the beam waist, the frequency-domain third-

order nonlinear polarization induced by the i" pulse can be written as

ﬁr(s,i)(z,r’w):gof _‘“Z“)(a;;af,wa,wb)f'“)(Z,f,w')
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with @'=w—wa—av. This polarization conversely drives the electromagnetic
wave
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V[V- E'® (z,r,m)]—vzﬁ’(i) (z,r,0)- =

EV(zr,0)=puoP® (z,r,0) (S2)

where u represents the magnetic permeability of the sample (CS.), nearly equal

to that of the vacuum (o) since the sample is nonmagnetic.

Since E'” is a quasi-plane wave disturbance, divergence of it nearly
equals zero. As a result, we can neglect the first term on the left hand side of
ed.(S2). In addition, because the sample satisfies the thin sample condition with
its thickness 0.1 cm less than the diffraction length of the @ component of the
pulse in it nxzo(wc)=0.12 cm (n=1.63 being CS>'s refractive index and zo(ac)=
7.5x1072 cm being the diffraction length in free space), beam broadening or

narrowing due to diffraction is negligible in the sample. Accordingly, we can
neglect (réE'® /or)/ (ror) but retain 6°E'® /622 in the expansion of VZE'®

in eq.(S2). This leads to

21(i) 2 ) .
TELN0) 0 60 2,1,0) = 0P (2..0). (53

Using the relations (see the description between eqs.(5) and (6) in the Main

Text)

EV(z,r,0)=E" (z,r,0)xe ) (S4)
and

p/(S,i) (Z, r a)) _ IS”(3’i) (Z, r a)) Xe—i(kzmTi) (85)



with E"”(z,r,®) and P"®(z,r,®) being the slowly varying amplitudes of
E'D(z,r,w) and P"®(z,r,) respectively, we can simplify eq.(S3) as

oE"™ (z.,r,0)
0z

2ik :,ua)ZF—’"(g’i) (Z, r,a)). (S6)

Since E"%(z,r,w) changes with z much more slowly than e=*, we have

ignored the term —0°E""(z,r,w)/6z> on the left hand side.

When two monochromatic electric field strengths at angular frequencies w:
and @z (Ey,)(2,1,1) = Eju (2, 1) x (€@ +€7")/ 2) are used to excite a
molecular motion via a specific SLS process in the sample (CS2), two
monochromatic third-order nonlinear polarizations at the same frequencies (one
at o1 and the other at @2), B (z,1,t) =Py, (z,r)x (€ +e ")/ 2, are induced.

Their amplitudes are related to that of the electric field strengths as (ref.[24] of

the Main Text)

R (2.1) =1 (@i @, @, ~@,) B (2.7)-|Ex (2.7)) (S7)
and

_ = _ 2

= (z,r)= ey (@, 05,0, —,) By (2, r)-‘E10 (z, r)‘ : (S8)

Here y®(wi;o1,02,~a2) depends on (@ -, 7€) in the same way that
2(@2; w2, 0n,—c1) depends on (@, —a, +Q ) (ref.[29] of the Main Text). The

“—or “+“ sign is adopted in the term (@, —@, ¥Q,) when (o1—@») is larger or

[13 (13

smaller than 0. In connection with this condition, the “+* or sign is used in
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the term (w,-o,+Q.) . Accordingly, y®(w1,01,02~a2) equals

2 (wz; @2, 1,— 1) since they are both Hermitian. Moreover, they are nonzero

only when |eo1—a»| falls within the range [Qm—AQm/2, Om+AQmn/2]. Note that
E,(z,r) and E,(zr) are of the same dimension as E{(z,r,t) and E%(zr,0)

divided by time.

When an 18 fs-laser pulse with a spectrum width A® larger or comparable
with Qm (m=I, d or p) is used to excite the inter-molecular motions via SLS, the

corresponding third-order nonlinear polarizations cover the entire or part of the
continuous spectrum of E"(z,r,®). However, with A smaller than Q,, an 18

fs-laser pulse can hardly induce the intra-molecular vibration via SRS, the
resultant third-order nonlinear polarization is then zero. In the following, we
only deal with librational excitation by SRS, but the approach we take is
suitable for excitations of the other two inter-molecular motions (diffusive
reorientation and polarizability distortion) by SLS and intra-molecular vibration by
SRS. In analogy to the requirements of wa=—wpr=w1 With o=@, and wa=—wv=w»

with o= for & (w;w,wa,an) employed in egs.(S7) and (S8), we substitute
7Nw,0,0,,~0,)x5(0, +®,) into eq.(S1) for y®(w;w,ws,ap) to derive the i 18

fs pulse-induced third-order nonlinear polarization

I‘jrl(?:,i) Z,r,w =2 % ooi,(3) a);a),a)a’—a)a EE”(i) Z,Io
(z.r.@) =26, %[ 77 JET(zr0) (59)

.‘E"(i) (z, r,a)a)2 do,

In the derivation of eq.(S9) we have replaced E'(z,r,w) and P'®(z,r,w) by

E'O(z,r,0)xe ™ and P"®)(z,r,w)xe" " according to eqgs.(S4) and (S5).



In addition, we have reduced the integration range [—,o0] to [0,o0] on the basis

of the relation 79 (w,0,0,,-0,)=7%(w,0,~0, 0,) (the intrinsic permutation
symmetry property of 7®). Similar to the conditions for y®(w1;w1,w2,—w2)

and & (a2; w2,an,—an) in egs. (S7) and (S8) to be nonzero, 7° (w0, 0,,~®,) in

eg.(S9) is nonzero only when wa falls within the range [@—Q—AQ/2, o+
AQI2] or [w+Q—AQ/2, o+Q+AQ/2]. In the following, we consider the
situation that o is positive and let an and @on denote wa in the ranges [0,w] and

[w,0] respectively. Accordingly, we can rewrite eq.(S9) as

_'[Ow)?@)(w;a),a)“—a)l)SE"(i)(z,r,a))- |
"0 (2,1, doy

+ j(z)(w;a),a)h,—a)h)fE"(i)(z,r,a))-

pri) (z,r,@)=2¢,x (S10)

E"0) (Z, r,, )‘2 da,

In order for P"®)(z,r,w) to be nonzero, @ within the range [w—Cu—AQu/2,

o—Q+AQ/2] needs to be covered in the spectrum of E"®(z,r,) with @, or en
within the range [wt+Qi—A/2, o+Q+AQ/2] needs to be covered in the

spectrum of E"(zr,w) with . Note that 7°(wo@,-0) equals

7V (w,0,0,,~®,) if (o-w) equals —(o—awn), similar to the relation

2 o1; 01, 02,—2)= 1> (w2; 2, 01,—w1) (see the paragraph below egs.(S7) and
(S8)). Given Aw (5.5x10*2 s1) considerably smaller than Qy (1.2x10%* s, see
Fig. 5 of the Main Text), we can hardly find e within the range [ o—Qv—AQ\/2,

- +AQ/2] or wn within the range [o+Qv—AQ/2, o+Qv+AQN/2] falling in

the spectrum of E""(z,r,w) with w. This signifies that P"®"(z,r,w) pertaining
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to vibrational excitation via SRS tends to be zero. In other words, an 18 fs-laser

pulse can barely excite the vibration.

By further substituting eq.(S10) into eq.(S6) we can deduce the wave

equation
.[owf(s)(a’;a”a’w‘a’l)
GE"(i)(Z,I‘,a))z_iZﬂkX -I'(Z(Z,I’,a)l)-E"(i)(Z,I’,a))da)l . (S11)
o C4 +I Z(a)(wla’ﬂ)h'_a’h)
I’(i)(z,r,a)h)-E”(i)(z,r,a))da)h_

E”(i)(z’r’a)l(h))‘z by 2721'D(z,r,axm)/cen according to

Here we have replaced
eq.(5) in the Main Text. Subsequently, by expressing E""(z,r,@) as
Az, r,@)xe @9 and thus 19(zr,e) as CEO‘A(i)(Z,r,a))‘Z/Zﬂ, we can

separate eq.(S11) into two terms, one for NLA and the other for NLR,

a0 (zre) I ALz rwﬁ)xl’ (z'r,0)de 512
or’ _[ B2 r,0,)x 10 (2,1, 0)da,

and

og) (zr,0) _[ 1, (Zr,0)de (513)
oz’ +I N, 1,0 (2,1, @,)do,

Note that in the derivation of eqs.(S12) and (S13) from eq.(S11), we have used
z=z¢+7' with z' denoting the penetration depth of the i pulse into the sample

and zs representing the sample’s front surface position relative to the beam waist.



Here ., =277 (0@, 04y, —@ ) [ C&, AN Ny = 2770 (@0, 0, @y~ ) | CE
are the third-order NLA and NLR coefficients. Since the range of w for
nonzero G and Nz ([o—Q—AQ/2, o-Q+AC/2]) and that of an for nonzero S
and nan ([o+tQ—AQ/2, o+OQ+AQ/2]) are of the same width (AQy) and
symmetrical about o, we can fully derive £ and nzn from £ and nz based on
the relation 7°(w;0,0,~@) =7 (0,0,0,,~®,) for (o—wm)=—(w—awn). Given any
sample front surface position zf, we can integrate egs.(S12) and (S13) over the

sample thickness z' from 0 to L to yield 1I'°(Lir,w) and ¢"(L,r )
(equivalently E“(L,r,0) and E"(L,r,0)= E;"(L,r,@)xe @il at the

exit surface of the sample at zf+L.

B. Simulation of the OKE signals

In this section we simulate the OHD-OKE signals of CS,. In particular, we
consider the contributions by nuclear motions but ignore that by electronic
motion. As explained in ref.[18] of the Main Text the signal I(z)) is the
convolution of the autocorrelation function Ac(z’) of the 18-fs laser pulses

(e'7" with =18 fs) and the molecular nonlinear-response function R(z"),

I(r’)OCJ.:A(t)R(r’—t)dt=&(r’)*R(r’). (S14)
Here 7' is the delay time of the probe pulse relative to the pump pulse. R(t) can
be decomposed into ri(t) for diffusive relaxation, ro(t) for intermediate
relaxation and rs(t) for libration (respectively named diffusive reorientation,
polarizability distortion and libration in ref.[23] of the Main Text). They are

respectively modeled as (ref. [18] of the Main Text)



I’l(t):alexp[_Lj[l—exp[— t H, (S15)

T dift Thise1

nL(t)=a, exp[—L]{l—exp(— t ﬂ (S16)
Tint z-riseaZ

and

242

a2 jsin(a)ot). (S17)

r, (t):asexp(—

In eqgs.(S15)-(S17) the amplitudes are a;=0.17, a>=0.28 and a3=0.55 with their
sum normalized to 1. The relaxation time constants are zifr=1.68 ps and zin=0.4
ps. The rise time constants zise1 and zrise2 are both assumed to be 140 fs. The
reciprocal of the inhomogeneity is a=5.4 ps! and the principal frequency of
libration is wp=6.72 ps~L. By substituting these parameters into egs.(S15)-(S17),
we graphically show in frame (a) of Fig. S1 Ac(z)*ri(z), Ac(z)*r2(7),
Ac(7)*r3(7), Ac(7)*R(7") and Ac(7') itself as functions of 7’. Because NLA and
NLR induced in CS; by individual 18 fs-laser pulses via excitation of these
molecular motions are only allowed to evolve within the pulse duration in this
study, we pay special attention to the OHD-OKE signals at z~0 and expand
them in the range [-40 fs, 40 fs], as shown in frame (b). Accordingly, we see
that the librational signal is considerably stronger than the signals of diffusive

reorientation and polarizability distortion in the time extent [-40 fs, 40 fs].
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Fig. S1. (a) The convolutions of A¢(7z) and ri(z) (red
line), r2(7) (green line), r3(z) (black line), R(z) (dashed
line), and Ac(7)) itself (dash-dotted line) exhibited as a
function of 7’ ranging between —0.2 and 1.4 ps. (b)
Exhibition of the same convolution curves and a scaled
down Ac(7") (dash-dotted line) in a narrower delay time
range [-40 fs, 40 fs].
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