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Heterodyne-detected electronic sum frequency generation �HD-ESFG� spectroscopy is newly
developed to obtain complex electronic ��2� spectra of interfaces for a simultaneous detection
bandwidth broader than 100 nm. HD-ESFG provides linear ��2� spectra that have unambiguous
information on the “up” versus “down” alignment of interfacial molecules. It is demonstrated for
p-nitroaniline, a prototypical molecule of nonlinear optical materials, that the up versus down
alignment at an air/fused silica interface is critically influenced by a fine modification of the
molecule. © 2008 American Institute of Physics. �DOI: 10.1063/1.2981179�

Even-order nonlinear optical spectroscopy is a very
powerful and unique tool in investigating the structure and
dynamics of molecules at interfaces that play key roles in
materials and life sciences. The interface selectivity of the
even-order nonlinear spectroscopy is based on the principle
that ��2n� �2n th-order nonlinear optical susceptibility tensor�
is zero in the achiral isotropic bulk but can be nonzero at
interfaces within the electric dipole approximation.1

Interface-selective electronic spectra had been obtained by
second harmonic generation �SHG�,2 but recently, electronic
sum frequency generation �ESFG� was reported by us, which
provides a much higher signal to noise ratio with much
shorter measurement time by virtue of the multiplex
advantage.3–6

ESFG and SHG measurements provide data representing
���2��2, not ��2� itself, because of the homodyne nature of
signal detection. This feature sometimes makes interpretation
of data difficult, and even worse, it hides essential informa-
tion inherent in ��2�. The most crucial information lost in the
homodyne detection is the sign of ��2� that is directly related
to the “up” versus “down” alignment of interfacial
molecules.1

The interfacial molecular alignment primarily influences
and/or reflects interfacial properties such as hydrophobicity
and hydrophilicity, surface potential, and surface tension.
Therefore, numbers of heterodyne-detection experiments
have been performed to determine the sign of interfacial ��2�.
The phase-sensitive SHG method developed by Chang et al.7

was first applied to a liquid interface by Kemnitz et al.,8 and
later it was followed by many groups.9 Interferometric SHG
in the frequency domain was demonstrated by Wilson et al.10

who determined complex ��2� phases of solid interfaces for
the bandwidth of 20 nm. The same technique was reported
also by Veenstra et al.11 independently. Phase-sensitive mea-
surements of IR-visible vibrational sum frequency genera-
tion �VSFG� have been performed first by Shen and
co-workers,12,13 and recently, multiplex heterodyne-detected
VSFG was demonstrated by Stiopkin et al.14 In the present

Communication, we report on the development of
heterodyne-detected ESFG �HD-ESFG� that provides com-
plex electronic ��2� spectra for a bandwidth of more than 100
nm, and its application to unambiguous determination of the
up versus down alignments of p-nitroaniline �PNA� and its
derivative N ,N�-diethyl-p-nitroaniline �DEPNA� adsorbed at
a glass surface.

Figure 1�a� shows the schematic of the experimental
setup for HD-ESFG. Narrow-band �1 �795 nm� and broad-
band �2 �540 nm–1.2 �m� pulses are noncollinearly fo-
cused onto the same spot at the interface of a sample. The
linear polarization of the �1 and �2 pulses is in the plane of
reflection �i.e., p polarization�. When the �1 and �2 pulses
are temporally overlapped, the sum frequency ��1+�2� is
generated at the interface. In original homodyne-detected
ESFG, the spectrum of this sum frequency light was directly
detected.3–6 In HD-ESFG, however, the �1, �2, and �1+�2

pulses are again focused by a spherical concave mirror onto
a GaAs�110� surface to generate the sum frequency of �1

and �2 once more. A fused silica glass plate with a 1 mm
thickness is placed between the sample and the concave mir-
ror. The glass substrate delays the �1+�2 pulse relative to
the reflected �1 pulse by 170 fs due to frequency dependent
differences in the group velocity. This delay results in the
time difference between the �1+�2 pulse generated from the
sample and that from GaAs. �Note that the difference in the
group velocities at �2 and �1 is so small that their temporal
overlap at the GaAs surface is held.� The �1+�2 pulse from
the sample and that from GaAs propagate collinearly and
sequentially through an analyzer, selecting the p polarization,
and enter into a polychromator. After spectrally dispersed,
the �1+�2 sum frequency light is detected by a multichannel
detector.

Figure 1�b� shows a raw spectrum obtained in the HD-
ESFG measurement for a submonolayer film of PNA spin
coated on a fused silica glass substrate. In sharp contrast to
homodyne-detected ESFG spectra,3,4,6 fine fringes are super-
imposed in the present spectrum. These fringes are due to the
interference between the sum frequency light from the
sample and that from GaAs. Information on the complexa�Electronic mail: tahei@riken.jp.
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phase of ��2� of PNA is contained in the interference fringes.
In Fig. 1�b�, a raw spectrum of the y-cut surface of a left-
handed quartz crystal is also shown. The quartz is set at the
same position as the PNA sample. The spectrum of the

quartz exhibits larger fringes than that of PNA, reflecting the
larger ���2�� of the quartz surface. This spectrum of the quartz
is used as a reference.

The total electric field of the sum frequency light Etotal�t�
is expressed in the time domain as follows:

Etotal�t� = Esample�t − T� + EGaAs�t� , �1�

where Esample�t� and EGaAs�t� are the electric field of the sum
frequency light from the sample and that from GaAs, respec-
tively, and T is the time delay between them. In the present
experiment, T is equal to 170 fs. Equation �1� is Fourier
transformed into the frequency domain in the following way:

Ẽtotal��� = �
−�

�

dtEtotal�t�exp�i�t�

= Ẽsample���exp�i�T� + ẼGaAs��� , �2�

where the tilde indicates the electric field in the frequency
domain. The raw spectrum shown in Fig. 1�b� corresponds to
the absolute square of the total electric field of Eq. �2�, which
can be expressed as follows:

�Ẽtotal�2 = �Ẽsample�2 + �ẼGaAs�2 + ẼsampleẼGaAs
� exp�i�T�

+ Ẽsample
� ẼGaAs exp�− i�T� . �3�

The third and fourth terms of the right-hand side �rhs� of Eq.

�3� are the origin of the interference fringes in the raw �Ẽtotal�2
spectrum in Fig. 1�b�. The inverse Fourier transformation of

the �Ẽtotal�2 spectrum gives the time-domain interferogram
shown in Fig. 1�c�, where the third and fourth terms of the
rhs of Eq. �3� give the peaks at t= +T�=+170 fs� and
−T�=−170 fs�, respectively. The peak at t=0 fs is ascribed
to the first and second terms of the rhs of Eq. �3�. Because
the peaks in the time-domain interferogram are well sepa-
rated, the peak at t= +T can be readily extracted by multi-
plying the interferogram by a filter function depicted in Fig.
1�c�. This filtering of the time-domain interferogram fol-
lowed by the Fourier transformation back into the frequency
domain gives the complex spectrum of the third term,

ẼsampleẼGaAs
� exp�i�T�, which is shown in Fig. 1�d�.

The sum frequency electric fields Ẽsample and ẼGaAs are
expressed by using the second-order nonlinear susceptibili-
ties of the sample and GaAs ��sample

�2� , �GaAs
�2� � as well as the

electric fields of the �1 and �2 pulses �Ẽ1, Ẽ2�:

Ẽsample = iasample�sample
�2� Ẽ1Ẽ2, �4�

ẼGaAs = aGaAs�GaAs
�2� r1

sampleẼ1r2
sampleẼ2, �5�

where asample and aGaAs are real and positive constants1,2,15

and r1
sample and r2

sample are the reflectivities of the sample for

Ẽ1 and Ẽ2, respectively. �Because the bulk of the sample is
not ��2� active, the rhs of Eq. �4� contains i.1 In Eq. �5�, the
rhs does not contain i because the bulk of GaAs is ��2�

active.2,15,16� As understood by Eqs. �4� and �5�,
ẼsampleẼGaAs

� exp�i�T� is proportional to �sample
�2� .

The �sample
�2� spectrum can be obtained by canceling out

Ẽ1, Ẽ2, and �GaAs
�2� in ẼsampleẼGaAs

� exp�i�T�, which is realized

FIG. 1. �Color� �a� Schematic of the HD-ESFG experimental setup. �b� Raw

�Ẽtotal�2 spectra of PNA at the air/fused silica interface �red line� and the
left-handed y-cut quartz crystal �blue line�. �c� Time-domain interferograms

obtained by the inverse Fourier transformation of the �Ẽtotal�2 spectra of PNA
�red line� and the quartz �blue line�. The interferograms look painted red or
blue because of very fine fringes. Because the real and imaginary parts of
the interferograms have the same envelope, only the real parts are shown
here. The filter function �green line� is plotted to the right vertical axis. �d�
ẼsampleẼGaAs

� exp�i�T� spectrum of PNA �red lines� obtained by the Fourier
transformation of the time-domain interferogram after the filtration and

ẼquartzẼGaAs�� exp�i�T� spectrum of the quartz �blue lines� obtained in the
same way. The solid and dotted lines represent the real and imaginary parts,
respectively.
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by normalization with a reference spectrum. Figure 1�d�
shows the reference spectrum ẼquartzẼGaAs�� exp�i�T� acquired

from the raw �Ẽtotal�2 spectrum of the left-handed y-cut quartz
crystal �Fig. 1�b��. �The time-domain interferogram of the
quartz is also shown in Fig. 1�c�.� The sum frequency electric

fields Ẽquartz and ẼGaAs�� are expressed as follows:

Ẽquartz = aquartz�quartz
�2� Ẽ1Ẽ2, �6�

ẼGaAs� = aGaAs�GaAs
�2� r1

quartzẼ1r2
quartzẼ2, �7�

where �quartz
�2� is ��2� of the quartz, aquartz is a real and positive

constant,2,15 and r1
quartz and r2

quartz are the reflectivities of the

quartz for Ẽ1 and Ẽ2, respectively. �Because the bulk of the
quartz is ��2� active, the rhs of Eq. �6� does not contain i.2,15�
�quartz

�2� can be regarded as a real constant because of the ab-
sence of electronic resonances for the quartz in the �1, �2,
and �1+�2 energy regions. Using Eqs. �4�–�7�, we obtain the
following formula:

ẼsampleẼGaAs
� exp�i�T�

iẼquartzẼGaAs�� exp�i�T�
=

asampler1
sampler2

sample

aquartzr1
quartzr2

quartz�quartz
�2� �sample

�2� .

�8�

This formula means that the spectrum of �sample
�2� can be ob-

tained by normalizing the ẼsampleẼGaAs
� exp�i�T� spectrum

�Fig. 1�d�, red lines� by the ẼquartzẼGaAs�� exp�i�T� spectrum
�Fig. 1�d�, blue lines� with i because the product of all the
coefficients preceding �sample

�2� in the rhs of Eq. �8� is real and
positive. �Note that the positive x axis of the left-handed
y-cut quartz was directed to the propagation direction of the
light in the experiment to set �quartz

�2� positive.8,17�
Figure 2�a� shows the complex ��2� spectrum of PNA

��PNA
�2� � at the air/fused silica interface obtained by the nor-

malization. The real part of �PNA
�2� has a dispersive feature,

and the imaginary part exhibits a symmetric band shape. This
real-imaginary relation is consistent with the resonance con-
dition of the present experiment: PNA has an electronic
structure that is only two-photon ��1+�2� single resonant.
�“Two-photon single resonant” means that the �1+�2 pulse
is in resonance with an excited state, but the �1 and �2

pulses are not in resonance.� Actually, if the homogeneous
broadening and the Lorentz function is assumed for the elec-
tronic transition of PNA, the real and imaginary parts of
�PNA

�2� show the dispersive and symmetric features, respec-
tively. The electronic resonance in the �PNA

�2� spectrum is as-
signed to the transition from the ground state to the lowest
singlet state that is one- and two-photon allowed.

We also performed HD-ESFG measurements for
DEPNA in which the amino group of PNA is replaced with
the diethylamino group. Figure 2�b� shows the complex ��2�

spectrum of submonolayer DEPNA at the air/fused silica in-
terface ��DEPNA

�2� � which was prepared in the same way as
PNA. Apart from the shift in the peak wavelength of the
electronic resonance, the most remarkable difference be-
tween the �PNA

�2� and �DEPNA
�2� spectra is the sign. Clearly, the

real and imaginary parts of �DEPNA
�2� exhibit the opposite signs

to those of �PNA
�2� , which is attributable to the change in the up

versus down alignment between PNA and DEPNA.
�PNA

�2� and �DEPNA
�2� obtained in the HD-ESFG measure-

ments correspond to the so-called �ppp
�2� that stands for ��2�

measured with all the input and output beams p-polarized.
�ppp

�2� can be expressed with the molecular hyperpolarizability
tensor ��2� and the molecular tilt angle � �between the
interface-normal Z axis and the molecular z axis, schemati-
cally shown in Fig. 2�c�� in the following way:1,18,19

�ppp
�2� = a� �cos3 �	

�cos �	
− b
�cos �	�zzz

�2�, �9�

where the parameters a and b are real and positive and the
brackets mean the ensemble average of the orientational dis-
tribution at the interface. Quantum chemical calculations
showed that �zzz

�2� in resonance with the lowest one- and two-
photon allowed singlet state has a positive imaginary part

FIG. 2. �Color� ��a� and �b�� Complex ��2� spectra of PNA �a� and DEPNA
�b� at the air/fused silica interface. The black and red lines represent the real
and imaginary parts, respectively. �c� Schematic of the up and down align-
ments of DEPNA and PNA at the air/fused silica interface.
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and a positively dispersive real part for PNA and DEPNA
when the z-axis direction is defined from the nitro group to
the amino or diethylamino group.20–22 Therefore, the positive
imaginary �PNA

�2� spectrum in Fig. 2�a� indicates that �ppp
�2� /�zzz

�2�

is positive for PNA, whereas the negative imaginary �DEPNA
�2�

spectrum in Fig. 2�b� implies that �ppp
�2� /�zzz

�2� is negative for
DEPNA. We performed polarization SHG measurements and
found that �cos3 �	 / �cos �	−b is negative for the PNA and
DEPNA samples.23 Therefore, it is straightforwardly con-
cluded that �cos �	 is negative �i.e., down alignment� for
PNA and positive �i.e., up alignment� for DEPNA.

The absolute orientations of the two molecules at the
air/fused silica interface are illustrated in Fig. 2�c�. DEPNA
takes the up alignment: The diethylamino group points up-
ward to the air and the nitro group points downward to the
fused silica. This alignment fits our intuition that the nonpo-
lar diethylamino group points to the “nonpolar” air side and
the polar nitro group points to the “polar” fused silica side.
In fact, the fused silica surface is known to provide a polar
environment, and consistently, the imaginary �DEPNA

�2� and
�PNA

�2� spectra in Fig. 2 are located at similar wavelengths to
the UV-visible absorption spectra of PNA and DEPNA in
polar solvents.24,25 The alignment of PNA is opposite to that
of DEPNA: the amino group points downward to the fused
silica and the nitro group points upward to the air. Although
both of the two end groups of PNA are polar, the hydrogen-
bonding interaction between the amino group and the surface
OH group of the fused silica is so strong that it makes the
alignment down, which is reasonable from the viewpoint of
interfacial chemistry.26 PNA and DEPNA are similar mol-
ecules, but the modification of the amino group brings about
the opposite alignments on the fused silica surface.
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