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Abstract

We propose a non-linear experiment using the non-linear interaction with THz pulses, the generation of which has
recently become well established. In the lowest non-linear process, we have two controllable delay times. This is another

Ž .optical analogue of two-dimensional 2D NMR as the recently developed 2D Raman spectroscopy. Our model calculation
for liquid water demonstrates the striking capability of the proposed technique, clearly distinguishing two types of
anharmonicity in the low-frequency modes. q 1998 Elsevier Science B.V. All rights reserved.

Many important phenomena such as chemical reactions and protein folding usually occur only in solution. In
such cases, liquid dynamics certainly plays an indispensable role. Understanding of these phenomena should be
based upon a proper knowledge of liquid.

Recent progress in the ultrafast pulse laser technique has contributed greatly to this understanding. It allows
w xus to probe liquid dynamics in the timescale of chemical reactions 1–4 . For example, third-order off-resonant

spectroscopy, such as the femtosecond optical Kerr effect, has revealed valuable information on vibrational
motion of liquids. It has also been found that some properties such as inhomogeneity and anharmonicity cannot
be investigated intrinsically in third-order experiments. This recognition has led currently to the explosive

Ž .development in the field of highly non-linear spectroscopy, such as two-dimensional 2D Raman spectroscopy
w x5–14 , which uses the fifth-order off-resonant process.

w xThe 2D Raman spectroscopy was initially proposed 5 to distinguish inhomogeneity from homogeneity in
liquids. Recent study revealed that this spectroscopy is also capable of detecting anharmonicity in the coordinate

w xdependence of vibrational potential and non-linearity in that of polarizability, even though they are weak 10 .
Currently, it is also understood that it can be a valuable tool in studying the coupling mechanism between or

w xwithin the vibrational modes 11,12,14 .
The femtosecond laser technique has also made it possible to generate THz laser pulses that opened new

fields from THz time-resolved spectroscopy to so-called T-ray imaging. The excitation of charge carriers in a
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w xsemiconductor material with the femtosecond pulses generates the THz pulses 15 which are nearly a single
Ž .cycle and covers the THz frequency range see Fig. 1 .

ŽA variety of techniques can be used to measure the vibrational spectrum in this low-frequency range 1–100
y1 .cm . Among these are FT-FIR spectroscopy, Raman scattering, and the above-mentioned off-resonant

techniques. The relatively new THz laser pulse is also promising as a probe for low-frequency vibrational
Ždynamics. The THz pulse can excite and probe the low-frequency modes of liquids directly not through the

. Ž .Raman process , and the detection technique allows us to obtain the signal complex amplitude instead of
intensity.

Accordingly, the new source has been actively used to investigate the low-frequency modes of liquids
w x16–21 , providing us with a new insight. These cases include the non-linear experiment using a visible pump
followed by a THz probe; the observed process involves the interaction of the THz pulse with the sample only
once.

We shall discuss possible experiments using more than two THz pulses; we investigate the possibility of a
THz analogue of 2D Raman spectroscopy. In 2D Raman spectroscopy, availability of the two controllable delay
times is essential. Thus, we use more than two THz pulses to excite the sample more than twice and observe the

Žgenerated signal. There are several essential differences between this resonant spectroscopy and the off-reso-
.nant 2D Raman spectroscopy.

Firstly, we observe the correlation of dipole moment instead of polarizability; the selection rules are different
and both are thus complementary to each other.

Ž . Ž .Secondly, we observe the n-time correlation function as the ny1 th order signal instead of the 2ny1 th
Ž3. ²ww Ž . Ž X.x Ž .x:order. For example, a three-time correlation function of the dipole moment R s m t ,m t ,m 0 ism
Ž3. ²ww Ž . Ž X.x Ž .x:observed in second-order THz spectroscopy while that of the polarizability R s a t ,a t ,a 0 isa

measured in fifth-order off-resonant spectroscopy. This implies that the 2nth-order THz signal is zero in
isotropic liquids or a system with inversion symmetry, since it is a x Ž2 n. process. The lowest non-linear process
is the third order in the THz field and corresponds to the four-time correlation function.

Thirdly, the pulse duration is comparable to the nuclear dynamics while, in the femtosecond off-resonant
case, it can be treated as the delta function for nuclear dynamics. This makes analysis of the THz case difficult;
we have to perform one time integral per each THz pulse interaction. However, the difficulty is a tractable one;
we shall demonstrate that the calculated non-linear THz signal shows a significant capability in distinguishing
various microscopic origins.

Finally, it is more appropriate to regard the THz pulse as a superposition of many plane waves with a wide
frequency range rather than a multiple of an envelope function and a single plane wave.

Ž . Ž .Fig. 1. The THz pulse shape, E zs0,t , employed in the calculation. The Fourier transform of the profile, E v , has a finite amplitude0 0

in the frequency range from y60 to 60 cmy1.
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Fig. 2. The pulse configuration of the proposed experiment. The lines stand for the envelopes of the THz signals. The first pulse,
Ž . Ž . Ž .E zs0,tqT , is followed by the second one, E zs0,t , after time T . The generated signal E l,t is then observed after time T from1 1 s 2

Ž .the second input pulse: E ' E l,T .s s 2

To clarify our points, we consider two THz pulses moving in the z-direction, where the sample occupies the
space 0-z- l. The polarization of both fields is assumed to be perpendicular to the moving direction z, say in
the x direction. The time delay of the two pulses is denoted T . We then observe the signal which is polarized in1

Žthe x direction after time T from the second input. Thus, we have the two controllable times T and T see2 1 2
.Fig. 2 .

A THz pulse which peaks at time ts0 at position zs0 can generally be expressed as

`
i k zyi v tE z ,t s dv E v e , 1Ž . Ž . Ž .H0 0

y`

Ž . Ž . yi v t Ž .where the wave number is given by ksvrc and E v is determined by E zs0,t sH dve E v .0 0 0

We define the time zero as the time when the second pulse arrives at zs0. The field in the medium
Ž .0-z- l can be expressed as

E z ,t sE z ,tqT qE z ,t , 2Ž . Ž . Ž . Ž .T 1

where

`
i k Žv . zyi v trE z ,t s dv E v e . 3Ž . Ž . Ž .H r

y`

Ž . i k rŽv . zyi v t Ž . i k zyi v tHere, E v e is continued from the plane wave in the atmosphere, E v e , at the vacuum-r
Ž . Ž . Ž .medium boundary zs0 . By the Fresnel law, the transmission amplitude E v is given by E v sr r

Ž . Ž . Ž . Ž .( (2 E v r 1q e v . By Snell’s law, the complex wave number k v is given by v e v rc, where e vŽ . Ž .0 r

is the complex dielectric constant, or

X < <k v sk v q i a v r2 . 4Ž . Ž . Ž . Ž .r r

X Ž . Ž .The real wave number k v and the absorption coefficient a v are, respectively, given as the real andr
Ž . Ž < < .imaginary parts of the complex dielectric constant e v PPP stands for the absolute value .

The macroscopic polarization induced in the medium can be expressed as

P z ,t sP Ž0.qP Ž1. z ,t qP Ž2. z ,t q PPP , 5Ž . Ž . Ž . Ž .
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Ž0. Ž i.Ž .where P is the permanent polarization and P z,t is the ith-order induced polarization. For example, the
w xthird-order induced polarization is given by 22

` ` `
Ž3.P z ,t s d t d t d t R t ,t ,t E ty t E ty t y t E ty t y t y t , 6Ž . Ž . Ž . Ž . Ž . Ž .H H H1 2 3 1 2 3 T 3 T 3 2 T 3 2 1

y` y` y`

where

3² :R t ,t ,t su t u t u t r ir" m t q t q t ,m t q t ,m t ,m 0 , 7Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .1 2 3 1 2 3 1 2 3 1 2 1

Ž1.Ž . Ž . Ž2.Ž .and r is the density of dipole moment. Since P z,t can be included in e v below and P z,t vanishes
Ž .for an isotropic medium, the generated field E z,t may be determined by the equation,s

E2E z ,v v 2 v 2Ž .s Ž3.q e v E z ,v sy P z ,v , 8Ž . Ž . Ž . Ž .s2 2 2Ez c c e0

Ž . Ž3.Ž .where E z,v and P z,v are the Fourier components. The signal is then given a function of the delay times
Ž .T : E 'E l,T .2 s s 2

Ž .A general solution of Eq. 8 can be expressed as

E z ,v sc ei k rŽv . z qc eyi k rŽv . zŽ .s 1 2

2 zv X XlX X X XŽ . Ž . Ž . Ž . Ž . Ž .i k v zyz 3 yi k v zyz 3r ry d z e P z ,v q d z e P z ,v . 9Ž . Ž . Ž .H H2 ½ 52ik v c eŽ . 0 zr 0

Ž . Ž3.Ž .where c and c are constants. Since E z,v should be zero when P z,v is zero for 0-z- l, we obtain1 2 s
Ž .c sc s0. Thus, at zs l, E z,v formally coincides with the one obtained by the slowly-varying envelope1 2 s

approximation. When one compares the calculated signal with the experiment, one should note that the signals
presented in this Letter are the signal generated at the inside of the medium boundary, zs l.

We have calculated the signals, E , for a Brownian oscillator model, which has been used to analyze the 2Ds
w xRaman experiments 5,6,8–12 , and the salient features of our results will be shown below. We consider the

case where the low-frequency responses are described by s representative modes, Q , . . . ,Q . The potential of1 s

the system is expressed as

s M gi i , j ,k2 2V Q s V Q q Q Q Q q PPP . 10Ž . Ž .Ý Ýi i i j k2 3!is1 i , j ,k

The dipole moment is also expanded by the coordinates:
s mi , j

m Q sm q m Q q Q Q q PPP . 11Ž . Ž .Ý Ý0 i i i j2!is1 i , j

w xFrom a simple argument 23 , we can show that the signal E vanishes if both the anharmonicity and thes

non-linearity are zero. Thus, this signal is sensitive to the weak anharmonicity and weak non-linearity.
As an example, we study liquid water with the sample thickness ls100 mm. We employed the Brownian

oscillator model characterized by the spectral distribution,

vh gi i
J v s . 12Ž . Ž .Ý 22 2 2 2v yv qv gi Ž .i i

w xWe found that the recent dielectric measurements 16 can be fit by the two damped oscillators with
y1Ž . Ž . Ž . Ž . Ž .v ,g , h s 10,100,70.7 and v ,g , h s 200,250,387 in the unit cm .( (L L L H H H
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For simplicity, we assume that the dipole moment is linear, i.e. m s PPP s0, and there are no couplingsi, j

between the modes, i.e. g s0, unless i s i s PPP s i , where g is the coefficient of the nthi , i , . . . , i 1 2 n i , i , . . . , i1 2 n 1 2 n

order anharmonicity. Then, the signal is composed of the terms proportional to the normalized anharmonicity
g , which is proportional to the coefficient of the fourth-order anharmonicity, g . Apart from the prefactori i, j,k , l

g , all the parameters can be determined by the dielectric data as shown above. This spectroscopy has thei
Ž .potential to determine the relative importance of the normalized anharmonicity.

Note here that only the relative strength of the signals can be compared in our calculation. This is because the
signal is proportional to the prefactor g , which can be expressed by unknown parameters and a little change ini

them can cause a large difference in g .i
Ž . Ž . Ž .We depict the 2D signals for 1 an anharmonic low-frequency mode g /0, g s0 and 2 an anharmonicL H

Ž .high-frequency mode g s0, g /0 in Figs. 3 and 4, respectively.L H

At T s0 the two equivalent THz pulses are superposed. This can be considered as a single THz pulse with a1
Ž Ž ..double amplitude see Eq. 2 . The T -time development monitors merely the relaxation of the system after the2

single excitation. However, the observed process is non-linear in which the single pulse interacts with the
Ž Ž ..sample three times see Eq. 6 . As seen in Figs. 3 and 4 the profiles in the two cases are quite different. We

Ž .also checked that the decay time in case 1 is much longer than the other.
If T is large, the second pulse arrives after the excitation created by the first THz pulse is relaxed1

completely. Then, the overall decay processes are divided into two components separated by T , each of which2

has the same profile with that at T s0. Note that the amplitude of each component should be one-eighth of the1

amplitude at T s0, since the pulse amplitude is doubled in the case of T s0 and the signal is proportional to1 1
3 Ž . Ž .E . In case 2 , at T s2 ps , we see that the whole profile is well separated into two components. Each profile0 1

Ž .has nearly the same profile of the signal at T s0 with the one-eighth amplitude. On the contrary, in case 1 ,1

Ž . Ž .Fig. 3. Case 1 : The calculated signal in the case where the low-frequency mode v has the anharmonicity. The signals are plotted in theL

same arbitrary unit except for the top one. The amplitude of the plot at T s0 is one-eighth of the actual one as indicated in the figure. See1

the text for details.
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Ž . Ž .Fig. 4. Case 2 : The calculated signal in the case where the high-frequency mode v has the anharmonicity.H

Ž .the two components do not look independent even at T s3 ps . We checked that each of them becomes1
Ž .exactly one-eighth of the profile at T s0 only after T s15 ps . This difference reflects the above-mentioned1 1

large difference in the decay times.
In the region where T lies between the above two limiting regimes, the two components look as if they are1

interacting with each other.
Ž . Ž .As a whole, there is a marked difference between cases 1 and 2 . This suggests a possibility that one can

investigate the interplay of the two anharmonic contributions from experiment.
In this Letter, we assumed that the sample has any non-linearity in the dipole moments as a demonstration.

However, it is easy to take into account the non-linearity of the dipole moments. We also assumed the collinear
geometry for the input THz pulses in the above. This implies that a weak third-order signal is superposed on the
original input pulses. This can be difficult to detect although the THz detection technique currently allows a
relatively high signal-to-noise ratio. In such case, it would be better to detect the generated signal in a direction
different from those of the original inputs. The study for this situation will be published elsewhere.

This technique should not be limited to liquids and it can also be applied to solids. In the case where the
Ž . Ž2. Ž3.sample lacks the inversion symmetry, the source term in Eq. 8 becomes P instead of P . This case is also

under study.
In conclusion, we have demonstrated that the proposed non-linear THz pulse spectroscopy has a great

potential just like 2D Raman spectroscopy. However, the information obtained in the two spectroscopic
techniques complements each other. As an example, we showed that the proposed experiment could clearly
distinguish the microscopic information on the low-frequency modes of liquids. As in 2D Raman spectroscopy,
this non-linear technique also allows distinction between inhomogeneity and homogeneity, which is intrinsically
impossible in the lower-order experiment. In addition, 2D Fourier transformation may give another insight into
the low-frequency modes as well. These are also important issues which require separate study.
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