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We present frequency-dependent absorption coefficients and refractive indices of sulfur-containing biomol-
ecules in the far-infrared region measured by terahertz (THz) time-domain spectroscopy (TDS). The THz ra-
diation was generated by a surface photocurrent method with a (100)InAs wafer as a THz emitter, and its
intensity was enhanced by applying a magnetic field of 1.6 T. The THz radiation was detected by the electro-
optic sampling method with a ZnTe crystal. The characterization of the apparatus of THz TDS is discussed in
detail. The spectral features in the THz region are different among sulfur-containing biomolecules of L,L-
cystine, L-cysteine, L-methionine, and oxidized glutathione in powder. These results demonstrate that THz
TDS is a promising method for studies on the low-frequency spectra of complex molecules and identification of
materials. We present a calculation method to analyze the THz spectra based on a model function for dynamics
of the dipoles, which allows us to obtain spectral information characterizing the low-frequency responses of the
molecules. The experimental results are compared with ab initio calculations to discuss assignment of the vi-
brational modes. © 2005 Optical Society of America

OCIS codes: 300.6270, 020.3690, 320.7120.
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. INTRODUCTION
here has been dramatic progress in the generation and
etection techniques of freely propagating terahertz
THz) radiation in the past two decades. The examples of
he generation technique include photoconductive
witching,1,2 optical rectification,3–5 and the surface pho-
ocurrent of semiconductors.6,7 Because the pulse dura-
ion of the THz radiation is in a subpicosecond time re-
ion, it is possible to measure the electric field of the
adiation by coherent detection methods, which conse-
uently allows us to conduct THz time-domain spectros-
opy (TDS). By THz TDS we can obtain the refractive in-
ex and extinction coefficient of a medium by measuring
he phase and amplitude of the radiation. THz TDS is an
ttractive method for studying dynamics in condensed
hases with time scales of subpicoseconds and picosec-
nds. THz TDS has been widely applied to investigate
arious kinds of condensed materials, including neat liq-
ids and mixtures of liquids,8–18 electrolyte solutions,19,20

iological polymers,21–23 biological molecules,24–28 super-
ritical fluid,29 and micelles.30–32

THz spectra obtained by THz TDS have the following
elation with a power spectrum of a time correlation func-
ion (TCF) of a total dipole moment M�t� of the
ystem33–35:
0740-3224/05/112417-10/$15.00 © 2
n��̃����̃� � �̃�1 − exp�− �hc�̃���
−�

�

dt exp�− i2�c�̃t�

��M�0�M�t��, �1�

here n is the refractive index, � is the absorption coeffi-
ient, �̃ is the wavenumber, and � is 1/kBT. kB , h , c, and

have the usual meanings. The TCF of M�t� carries in-
ormation on dynamics such as low-frequency intermo-
ecular and intramolecular vibrations, orientational re-
axation of the dipoles, fluctuation of induced-dipole

oments, and so on. These low-frequency modes are often
ffected by weak interactions of noncovalent bonds such
s hydrogen bonding, charge-transfer interaction, and
an der Waals forces. These interactions play crucial roles
n chemical reactions, protein functions, and biological ac-
ivities; therefore investigations of molecular dynamics
nd interactions in the low-frequency region provide fun-
amental information for the mechanisms of these pro-
esses.

In this paper we have constructed a THz TDS appara-
us to measure frequency-dependent extinction coeffi-
ients and refractive indices of sulfur-containing biomol-
cules including amino acids (L,L-cystine, L-cysteine,
-methionine, and oxidized glutathione). We have devel-
005 Optical Society of America



o
m
T
m
t
u
a
l
i
c
f
i
s
a
m

s
a
o
l
p
m
s
a
p
e

A
T
t
1

1
p
p
t
i
t
r
b
(
s
c
m
s
d
I
s
r
t
a
w
i
I
�
m
t
l
t
p
f
i
a

F
e
a
c
d
d
f
t
d
w
t
8
m
m
n
a
p

F
p
l
(
d

2418 J. Opt. Soc. Am. B/Vol. 22, No. 11 /November 2005 Yamamoto et al.
ped a procedure to analyze the spectra on the basis of a
odel function for the TCF of the total dipole moment.
he low-frequency spectra of amino acids provide infor-
ation on intermolecular interactions and conforma-

ional fluctuations, which are fundamental quantities to
nderstand the formation of three-dimensional structures
nd biological functions of proteins and polypeptides. The
ow-frequency spectra of several amino acids have been
nvestigated by THz TDS26,27 and ab initio
alculations.36–40 We chose sulfur-containing amino acids
or investigation, because the thiol group is highly polar-
zable and contributes to the stabilization of protein
tructure. The thiol group is also important because of its
bility to form disulfide linkages that play a role in deter-
ining protein tertiary structure.
This paper is organized as follows. First, we briefly de-

cribe our THz TDS system that uses a (100)InAs wafer
s a THz emitter and a (110)ZnTe crystal as an electro-
ptic (EO) detector. We next present a procedure to ana-
yze THz spectra using a frequency-dependent complex
ermittivity based on the damping harmonic-oscillator
odel. The experimental results of the THz spectra are

hown for sulfur biomolecules in powder, and the spectra
re analyzed in terms of the theoretical model. Finally, we
resent results of ab initio calculations of the biomol-
cules to discuss assignment of the vibrational modes.

. Experiment
he THz TDS apparatus of generation and detection of
he pulsed THz radiation is schematically depicted in Fig.
. Femtosecond pulses at 800 nm with a pulse width of

ig. 1. Schematic diagram of our THz time-domain spectrom-
ter. Pulsed THz radiation is generated from a (100)InAs surface
nd is detected by the EO-sampling technique using a (110)ZnTe
rystal. A pair of permanent magnets provides a magnetic-flux
ensity of 1.6 T in its center where the InAs plate is placed. A
irection of the magnetic-flux density is parallel to the InAs sur-
ace. The plus sign of the magnetic-flux densities B is defined as
he direction from top to bottom and the minus sign of B as the
irection from bottom to top. InAs, 0.5 mm thick bulk (100)InAs
ith a single-sided polished surface; BS, beam splitter (transmit-

ance is 10%, reflectance is 90%) for an optical pulse centered at
00 nm; OC, optical chopper; OM, off-axis parabolic mirror (112.6
m in effective focal length and 25.4 mm in diameter); ZnTe, 1
m thick (110)ZnTe; QP, 	 /4 wave plate for optical pulses at 800

m; WS, Wollaston prism; ND, neutral-density filter; BD, bal-
nced silicon detector; PTFE, 3 mm thick polytetrafluoroethylene
late.
00 fs are delivered from a mode-locked titanium:sap-
hire laser at a repetition rate of 82 MHz. The output
ower used for THz TDS is 500 mW on average. The fem-
osecond pulses are split into two parts with a ratio of 9:1
n power. Nine tenths of the pulse are used to generate
he THz radiation, and the one tenth is used to detect the
adiation. The pump pulses are focused onto a nondoped
ulk (100)InAs surface with an incident angle of 45°. The
100)InAs plate with a thickness of 500 �m and a single-
ided polished surface is an n-type semiconductor with a
arrier density of �3�1016 cm−3. A pair of permanent
agnets (Sumitsu & Co.) provides a magnetic-flux den-

ity of 1.6 T in its center where the InAs plate is placed. A
irection of the magnetic-flux density is parallel to the
nAs surface. The THz radiation generated from the InAs
urface is collected by an off-axis parabolic mirror. After
eflection by the other three off-axis parabolic mirrors,
he THz radiation is focused onto a (110)ZnTe crystal with

thickness of 1 mm. All the off-axis parabolic mirrors
ith gold coating are 25.4 mm in diameter and 101.6 mm

n effective focal length. The pump pulse reflected at the
nAs surface is blocked by a polytetrafluoroethylene
−�CF2CF2�n−� plate that is 3 mm thick. In the THz TDS
easurements, samples are placed at the focused point of

he radiation and oriented with its surface normal paral-
el to the radiation direction. The probe pulse passes
hrough a ZnTe crystal, a 	 /4 wave plate, and a Wollaston
rism. The prism separates the two components with dif-
erent polarizations of the probe pulse, and the difference
n intensity of the two components is detected by a bal-
nced photodiode detector (Model 2007, New Focus) as a

ig. 2. EO-sampling efficiency of a 1 mm thick (110)ZnTe
umped by an optical pulse centered at 800 nm: (a) coherence
ength function, (b) frequency response function. Dotted curve in
b) depicts the real Fresnel coefficient, representing surface loss
ue to reflection.
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unction of the delay time between the pump and the
robe pulses. The signal is processed by a lock-in ampli-
er with a modulation frequency of 3.9 kHz.
Samples L,L-cystine, L-cysteine, L-methionine, and

xidized glutathione were purchased from Wako Pure
hemicals and were used without further purification.
ellets of these samples are prepared by an oil press with-
ut adding any substances, and the pressure was approxi-

ately 200 MPa. A sample thickness ranges from 100 �m a
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o 1 mm, and a typical thickness is 300 �m. All the mea-
urements were conducted at room temperature (20°C).

. Data Analysis of Terahertz Time-Domain
pectroscopy
n the normal incidence of the THz radiation to a sample
n the plate, the ratio of complex electric fields of THz
aves with and without transmission through the sample

41
re expressed by
ES��̃�

ER��̃�
=

4ñ1��̃�ñ2��̃�

�ñ1��̃� + ñ2��̃��2
exp	i2��̃�n2��̃� − n1��̃��d
exp	− 2��̃��
2��̃� − 
1��̃��d�


1 − � ñ1��̃� − ñ2��̃�

ñ1��̃� + ñ2��̃�
�2

exp�i4��̃n2��̃�d�exp�− 4��̃
2��̃�d�

, �2�
here ER��̃� and ES��̃� are the reference and sample elec-
ric fields, respectively, and d is the thickness of the
ample. Subscripts 1 and 2 indicate parameters of air and
he sample, respectively. ñl��̃� is the complex refractive in-
ex represented by ñl��̃�=nl��̃�+ i
l��̃� �l=1,2�, where nl��̃�
nd 
l��̃� are the refractive index and the extinction coef-
cient, respectively. The denominator in Eq. (2) results
rom the multiple reflection within the sample, the so-
alled the etalon effect. The THz TDS analysis is con-
ucted using Eq. (2) to extract n2��̃� and k2��̃� where
1��̃�=1 and k1��̃�=0 for the parameters of air. The ab-
orption coefficient is obtained by ���̃�=4��̃
��̃� / ln 10,
epresented by the logarithm with a base of 10 in this pa-
er instead of a base of e (Napier number). The dielectric
ermittivity ��=��+ i��� is calculated from the relations
�=n2−
2 and ��=2n
.

. Method of Spectral Analysis
ere we present a method of spectral analysis in the THz

egion by assuming a model function for the TCF of the
otal dipole moment M�t�. According to the fluctuation-
issipation theorem, an imaginary part of permittivity is
elated to the TCF of M�t� in the following way33–35:

����̃� =
1

3

�

�0hcV
�1 − exp�− �hc�̃��IMM��̃�, �3a�

here

IMM��̃� = c�
−�

�

dtCMM�t�exp�− i2�c�̃t�, �3b�

CMM�t� = �M�t�M�0��. �3c�

ere �0 is the vacuum permittivity and V is the volume of
he system. CMM�t� is the TCF of M�t�, and IMM��̃� is the
ine-shape function. A prefactor of one third in Eq. (3a) re-
ults from the fact that the samples are randomly ori-
nted, and this factor should be modified in the case of po-
arized samples. Both the real and the imaginary
omponents of the permittivity are connected by the
ramers–Kronig (K-K) relations.42 According to the K-K
elation, the real component of the permittivity is calcu-
ated from its imaginary one:

����̃� = �� +
2

�
�

0

�

d�̃�����̃��
�̃�

�̃�2 − �̃2
. �4�

e here assume that M�t� is expressed as a sum of indi-
idual dipole moments �k�t�, M�t�=
k�k�t�. We further
ssume that the dipole moments do not correlate with
ach other and the TCF of M�t� can be expressed as a sum
f the TCF of individual dipole moments ��k�t��k�0��,
M�t�M�0��=
��k�t��k�0��.

To proceed further, we adopt a model function for the
CF of M�t�. In the simulation we try to reproduce the ex-
erimentally obtained real and imaginary components of
he permittivity. We assume that the pure vibrational
ephasing and lifetime of the excited state contribute to
he broadening of the spectrum. One may also think that,
n addition to these mechanisms of the line broadening,
he reorientational relaxation of the dipole is important.
owever, since the sample is in a solid state in the
resent case, the contribution of the reorientational relax-
tion can be negligible. All these broadening mechanisms
re represented into a single time constant �j, where j de-
otes the jth vibrational mode, which we call a damping
ime constant. Within this damping harmonic-oscillator
odel, the TCF of the single dipole moment can be ex-

ressed as

C���t� = ��j�t��j�0�� = ��j
2�exp�− t/�j�cos�2�c�̃jt�. �5�

n this model we assume that the mode is homogeneously
roadened. The line-shape function derived from Eq. (5) is
xpressed as
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IMM,j��̃� =
��j

2�

4�2c�
1

�j

��̃j − �̃�2 + � 1

2�c�j
�2

+

1

�j

��̃j + �̃�2 + � 1

2�c�j
�2� . �6�

ere ��j
2� is the initial value of ��j�t��j�0��, representing a

agnitude of the dipole moment. It should be noted that
he line-shape function of Eq. (6) is represented as a sum
f the two terms. For mid-IR vibrational spectroscopy, the
rst term in Eq. (6) is generally included in the line-shape
unction, and the second term is eliminated under the as-
umption of the rotating wave approximation (RWA). In
he THz region, however, the RWA cannot always be ap-
lied because a bandwidth of a mode is not necessarily
uch less than the oscillating frequency.

. Method of ab initio Calculation
elf-consistent reaction field (SCRF) ab initio molecular
rbital calculations on zwitterionic L,L-cystine,
-cysteine, and L-methionine were performed at the
artree–Fock HF/6-31g�d�, and HF/6-311+ +g�d,p� lev-

ls, respectively, using the Gaussian 03 version of the
rogram.43 The Onsager dipole-sphere model44 was used
n the SCRF calculations because it permits full struc-
ural optimizations and vibrational frequency calcula-
ions at a relatively low computational cost. X-ray
rystallography45–47 revealed that amino acids in the
rystalline state exist as one or more independent forms
f the conformers as the zwitterion and the amino and
hiol group hydrogen atoms participate in a three-
imensional network of hydrogen bonds. The effect of the
ocal environment has been taken into account for the cal-
ulations of zwitterions. Therefore in the present study
he geometry optimizations were carried out by fixing the
avity radii in the presence of the reaction field in a non-
olar medium. We chose a dielectric constant � of 4.88,
hich is equal to a dielectric constant of solid KBr, by a

omewhat arbitrary manner. The cavity radii of the
-cysteine and L,L-cystine were estimated by a self-
onsistent field energy optimization.44 The cavity radii
sed for the SCRF calculations were chosen to be 5.20,
.20, and 3.26 Å for L,L-cystine, L-cysteine, and
-methionine,36 respectively. The harmonic vibrational

requencies were calculated for the optimized geometries
y analytic second differentiation of the energy with re-
pect to nuclear displacements. To verify whether the low-
requency spectra correspond to the neutral molecule, we
ave further optimized the geometry of selected conform-
rs starting from the structure of the zwitterions in the
bsence of the dielectric medium with HF/6-311+
g�d,p�.
. RESULTS AND DISCUSSION
. Characterization of the Apparatus
he frequency-dependent response efficiency of the EO
ampling can be characterized by the coherence length
unction lc��̃�48 and the frequency response function
��̃�.49 The coherence length function, based on the phase
atching between the phase velocity of the THz wave and

he group velocity of the optical pulse in the EO crystal, is
xpressed by48

lc��̃� =
1

2�̃�ng�	opt� − nTHz��̃��

=
1

2�̃�nopt�	opt� − 	opt�dnopt

d	
�

	=	opt

− nTHz��̃�� ,

�7a�

ng�	opt� = nopt�	opt� − 	opt�dnopt

d	
�

	=	opt

. �7b�

g�	opt� is the effective refractive index for optical group
elocity centered at 	=	opt. The subscripts THz and opt
ndicate parameters in the THz and optical regions, re-
pectively. n is the refractive index of ZnTe, and 	 is the
avelength. The coherence length function shown in Fig.
(a) is calculated for the case of the EO sampling using a
110)ZnTe crystal probed by a femtosecond pulse centered
t 800 nm. Refractive indices nTHz��̃� and nopt�	opt� are
alculated by using the parameters listed in Ref. 48. At
0 cm−1, lc��̃� provides 1 mm in coherence length, which is
qual to the thickness of the (110)ZnTe crystal in our THz
DS system. The coherence length diverges around
5 cm−1 where the phase mismatch is zero. It decreases
apidly to zero in coherence length over 80 cm−1 because
f the steep increase of nTHz��̃�, resulting from the trans-
erse optical phonon resonance of ZnTe at �180 cm−1.
he frequency response function is represented by49

G��̃� = � t12��̃�


��̃�
�

0


��̃�

exp�i2�c�̃t�dt�
= t12��̃�� exp�i2�c�̃
��̃�� − 1

i2�c�̃
��̃�
� , �8a�


��̃� =
ng�	opt� − nTHz��̃�

c
dZnTe. �8b�

12��̃� is the real Fresnel transmission coefficient at the
urface traveling from 1 (air) to 2 (ZnTe) with an inci-
ence angle of 0°. 
��̃� is the accumulated group-velocity
ismatch time, and dZnTe is the thickness of the ZnTe

rystal. The frequency response function is the time aver-
ge of the THz electric field across the time interval of
��̃�, representing the EO efficiency as G��̃� multiplied by
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ZnTe. The frequency response function is represented by
he solid curve in Fig. 2(b). Figure 2(b) shows G��̃� under
he condition that the (110)ZnTe is 1 mm thick and the
robe pulses are centered at 800 nm. The dotted curve de-
icts the real Fresnel transmission, representing the up-
er bound of the EO efficiency. The frequency response be-
ow 65 cm−1 is nearly constant, and most of the EO
fficiency is determined by the Fresnel transmission. On
he other hand, it decreases steeply in the vicinity at
0 cm−1, reducing to zero at 90 cm−1. Figures 2(a) and
(b) therefore indicate that the THz detection of our THz
DS system has constant efficiency up to 80 cm−1, and the
pper limit of the detectable range is 90 cm−1 in the sys-
em.

Figure 3 shows the electric fields of the pulsed THz ra-
iation in the time domain, which are generated from the
100)InAs surface under the external magnetic-flux den-
ity B. The plus sign of B is defined as the direction from
op to bottom. Figures 3(a)–3(c) show the THz radiation
nder B=0 T, B= +1.6 T, and B=−1.6 T, respectively,
epresenting enhancement of the THz radiation induced
y the external magnetic field. Figures 3(b) and 3(c), how-
ver, represent the polarity inversion with each other,
uggesting that the ultrafast charge transports due to the
hoto-Dember effect at the InAs surface are modified by
he Lorentz forces whose directions are dependent on the
irection of B.50 Figure 4 represents the power spectra of
he THz waves shown in Fig. 3. The total THz power in-
reases by 5.8 times under B= +1.6 T and by 10.1 times
nder B=−1.6 T compared with the power under B=0 T.
he enhancement obtained in our system is smaller than
hose reported in the earlier studies.51–53 The difference
ay come from the fact that the pump pulses are focused

n the (100)InAs surface in 45° incidence in our spectrom-
ter, and therefore the THz wave under B=0 includes the
ontribution of the THz radiation generating through the
�2� process. In this case smaller enhancement is expected

ig. 3. THz waves generated from the (100)InAs and their de-
endence on magnetic fields: (a) B=0 T, (b) B= +1.6 T, (c)
=−1.6 T.
ecause a magnetic field has less influence on the ��2� pro-
ess than that on the surface photocurrent. The larger en-
ancement in total power is obtained under B=−1.6 T
ather than under B= +1.6 T.

. Measurement and Analysis of Terahertz Spectra
igures 5(a)–5(d) show THz spectra of L,L-cystine,
-cysteine, L-methionine, and oxidized glutathione, re-
pectively. The THz spectra of L,L-cystine show three
harp bands at 23.7, 49.7, and 68.9 cm−1 and those of
-cysteine show two broad bands at 45.1 and 54.7 cm−1.
hese spectra represent different features from each
ther, although the constituents of these biomolecules are
imilar where L,L-cystine is a dimer of L-cysteine with di-
ulfide bonding. This result illustrates that THz spectra
re sensitive to molecular structures even in the case of
imilar constituents. L-methionine represents much
roader bands at 31.4 and 61.8 cm−1 in the THz spectra
han L,L-cystine and L-cysteine, and oxidized glutathione
hows featureless spectra. The peak frequencies as well
s the bandwidths are different among the sulfur biomol-
cules investigated here. The molar absorption coefficient
f each peak is summarized in Table 1. The spectral dif-
erence shown in Fig. 5 indicates that THz TDS can pro-
ide fingerprint THz spectra to identify the molecules.

These spectral features of the broadness are reflected
n the parameter and �j in the damping harmonic-
scillator model. In Fig. 6 the experimental data of L,L-
ystine, L-cysteine, and L-methionine are recast into the
omplex permittivity spectra. The experimental results
re shown by open circles. The simulated imaginary parts
f the permittivity spectra by the damping oscillator
odel are expressed as the solid curves in the upper pan-

ls of Fig. 6. This model well reproduces the experimental
pectra of the imaginary parts. Optimized parameters
, ��2� /V, and � are summarized in Table 1. In the simu-

ig. 4. Power spectra of THz radiation from the (100)InAs and
heir dependence on magnetic fields: (A) B=0 T, (B) B= +1.6 T,
C) B=−1.6 T.
j j j
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ation one more band is needed to reproduce the high-
requency responses observed in Fig. 6. Parameters of
hese high-frequency bands are determined somehow ar-
itrarily. The real parts of the permittivity are calculated
y the K-K transformation using the parameters listed in
able 1. They are shown by the solid curves in the lower
anels of Fig. 6. The real parts of the permittivity are also
eproduced well. Their baselines in the THz region cannot
e determined only by THz TDS, and the calculated real
arts are base shifted to obtain the best overlaps with the
xperimental spectra. It can be seen that the damping

Table 1. Absorption Coefficients and Optimized
by the Damping Ha

�̃j ��j
2� /V

iomolecule �cm−1� �10−33 C2 m−1�

23.74±0.04 2.94±0.27
,L-cystine 49.74±0.04 7.24±0.28

68.87±0.02 12.90±0.29
-cysteine 45.05±0.13 7.04±0.41

54.67±0.12 10.28±0.44
-methionine 31.41±0.27 11.26±1.19

61.77±0.12 11.60±0.76

ig. 5. THz spectra of sulfur biomolecules: (A) L,L-cystine, (B)
-cysteine, (C) L-methionine, (D) oxidized glutathione. Each
pectral set shows refractive index, extinction coefficient, and ab-
orption coefficient from top to bottom.
armonic-oscillator model well represents the permittiv-
ty spectra in the THz region in both the real and the
maginary parts.

The fifth column in Table 1 represents a square root of
he initial value of the TCF of the jth vibrational mode
er one molecule, ���j

2�. Let us discuss the physical
eaning of this quantity. As we described before, there

re generally a couple of mechanisms for the source of the
amping time constant such as the reorientational relax-
tion of the dipole, pure dephasing, and lifetime of the ex-
ited vibrational state. If the reorientational relaxation is
he main source for the damping, the quantity of ���j

2�
epresents the magnitude of the dipole. In the case where
echanisms of the pure dephasing or the lifetime broad-

ning are dominant, the square root of the initial value
orresponds to the amplitude of the oscillation of the di-
ole. In this work we rule out the possibility of the contri-
ution of the reorientational relaxation because of the
olid sample. Therefore we now assign the quantity of
��j

2� to represent the oscillation amplitude of the dipole.
ince the oscillating amplitude is normally smaller than
he magnitude of the dipole, this spectral analysis pro-
ides a rough estimation for the upper limit of the dipole
agnitude. The values ���j

2� of the three modes observed
or L,L-cystine are 0.27 D at 23.7 cm−1, 0.42 D at
9.7 cm−1, and 0.55 D at 68.9 cm−1. These values are com-
arable with static dipole moments of polar molecules
0.36 D for toluene, 1.01 D for chloroform, and 1.71 D for
ethanol). The low-frequency modes in L-cysteine and
-methionine also show similar values of ���j

2� to those in
,L-cystine.
Next let us discuss the relation between the oscillation
agnitude and the absorption coefficient. The molar ab-

orption coefficients of the bands are quite small com-
ared to the band intensities with the dipole-allowed
ransition in the mid-IR region, although the oscillation
agnitudes of the low-frequency bands obtained by the

imulation are large. From relation (1) one can see that
he product of the refractive index and absorption coeffi-
ient �n��̃����̃�� is related to the Fourier transform of the
CF of the dipole moment. The product is proportional to
factor of �̃�1−exp�−�hc�̃��, which is approximated to be
hc�̃2 for the case of �hc�̃�1, and �̃ for the case of �hc�̃
1. Therefore it is expected that the product of n��̃����̃� is

oughly proportional to �̃� where � varies from one to two,
nd consequently the absorption coefficient in the low-

meters for the Sulfur-Containing Biomolecules
ic-Oscillator Model

�j ���j
2�

Molar Absorption
Coefficient

(ps) �10−30 cm� �mol l−1 cm−1�

10.6±1.3 0.88±0.27 3.4
3.97±0.19 1.38±0.27 12.6
3.31±0.09 1.85±0.28 34.3
1.27±0.07 1.02±0.25 3.7
1.05±0.04 1.24±0.26 5.2
0.59±0.04 1.56±0.48 2.3
0.70±0.03 1.50±0.38 7.0
Para
rmon
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requency region is quite small compared with those in
he high-frequency region; even the magnitudes of the os-
illation of the bands are similar. The method of THz
nalysis presented here allows us to estimate the upper
imit of the magnitude of the dipoles in the low-frequency
egion from the data taken by THz TDS, which can serve
s a benchmark for theoretical calculation.

. Results of ab initio Calculation
ormal modes of low-frequency vibrations for the zwitte-

ionic L,L-cystine and L-cysteine in the gas phase and in
he nonpolar medium were calculated at the HF/6
31g�d� levels of theory. Frequency calculations for the

Table 2. Calculated Harmonic Vibrational Freque
L-Cysteine, a

Gas Phase Nonpolar Dielectric

Calculated
Frequency
�cm−1�

IIR
�km/mol�

Calculated
Frequency �cm−1�

,L-cystinea 28.12 20.72 18.79

34.78 10.69 36.40

66.78 17.59 63.23

72.05 36.97 64.32

-cysteinea 61.90 3.85 75.59
78.17 9.27 90.61

-methionineb 38.54 2.83 44.77
52.23 1.69 54.62
57.03 1.06 69.92

aThe calculations were performed at the HF/6-31g�d� level of theory for both g
bThe calculations were performed at the HF/6-311+ +g�d,p� level of theory for

ig. 6. Complex permittivity spectra of sulfur biomolecules: (a)
ary parts and lower panels show real parts. Open circles are ex
he imaginary parts and calculated spectra in the real parts are
witterionic and neutral L-methionine in the gas phase
nd in the nonpolar medium were calculated at the
F/6-311+ +g�d,p� levels of theory. The calculated fre-
uencies, scaled down by a factor 0.9061, together with
heir assignments are enumerated in Table 2. For L,L-
ystine we have found that one zwitterionic–zwitterionic
ype conformer gives results that qualitatively agree with
ur observation. However, the agreement is poor in a
uantitative level, and further improvement is necessary
o assign the vibrational modes. The optimized structures
f the L,L-cystine, L-cysteine, and L-methionine obtained
y SCRF calculation are presented in Fig. 7. In the case of
he L-cysteine molecule, we have chosen two zwitterionic

and IR Intensities of Zwitterionic L,L-Cysteine,
-Methionine

m ��=4.88�

R�km/mol� Approximate Assignments

50.45 Relative C�H�NH3� /C��H�NH3� deformation
(relative motion of the two cysteins)

13.41 Relative C�-C��NH3� /C��-C���NH3� torsion
20.62 Relative C�H2-C��NH3� /C��H2-C���NH3�

deformation (relative motion of the two cystines)
37.24 Relative C-C� /C-C�� torsion +NH3 torsion
5.74 COO torsion
34.20 C�-C� torsion
36.43 C�-C� torsion
9.79 COO torsion
5.27 S-CH3 deformation

and a nonpolar dielectric medium.

s phase and a nonpolar dielectric medium.

tine, (b) L-cysteine, (c) L-methionine. Upper panels show imagi-
ntal permittivities measured by THz TDS. Simulated spectra in
ented by solid curves.
ncies
nd L

Mediu

II

as phase

both ga
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-cysteine (A) and L-cysteine (B) conformers revealed by
-ray crystallography.47 The results of the L-cysteine (A)
onformer are shown in Table 2. Although we have veri-
ed that this geometry predicts the frequencies that rea-
onably agree well with other experimentally observed
igh-frequency modes,40 the calculated frequencies are
igher than the frequencies observed in this work (Table
). In the case of L-methionine zwitterions, the harmonic
ibrational frequencies for the optimized geometry of the
GG conformer gives closer results with our observation
n a qualitative level.36 In the crystalline state,
-methionine exists as methionine A and methionine
.46,47 There is a reasonable agreement between the tGG
nd methionine B structures. It can be concluded that the
greement between the calculated results and the experi-
ental observation is not satisfactory in a quantitative

evel. The presence of a three-dimensional network of hy-
rogen bonds may affect the molecular structures and the
ibrational frequencies of the normal modes, especially
or the low-frequency modes. Furthermore, the observed
ands may be due to the intermolecular hydrogen bonds.
ischer et al. observed THz spectra of thymine in the
rystalline state at 10 K, and they performed discrete
ensity functional theory calculation by taking into ac-
ount the spatial arrangement of the molecules in the
rystalline structure.54 They concluded that four of the
bserved bands arise from intermolecular motion of the
ydrogen bond system. For the present case, it will be in-
eresting to perform such a calculation by considering the
rystalline structure to investigate vibrational modes of
he hydrogen bond network.

ig. 7. Molecular structures optimized by SCRF ab initio mo-
ecular orbital calculation of (a) L,L-cystine, (b) L-cysteine, and
c) L-methionine at the HF/6-31g�d� ,HF/6-31g�d�, and HF/6
311+ +g�d,p�, levels, respectively. The symbols C� and C� are
sed in Table 2.
. SUMMARY
he magnetic field �=1.6 T� applied to the (100)InAs en-
ances the THz radiation from its surface as well as modi-
es the frequency components of the generated THz ra-
iation. The enhancement factor is dependent on the
irection of the magnetic field. The frequency region of
he EO sampling by use of the (110)ZnTe in 1 mm thick-
ess is discussed by the coherence length and the fre-
uency response function. The three sulfur biomolecules
nvestigated, L,L-cystine, L-cysteine, and L-methionine,
how characteristic spectral features, and THz TDS may
rovide direct fingerprints of the molecule, whereas oxi-
ized glutathione shows featureless spectra. The THz
pectra of L-cysteine and L,L-cystine significantly differ
n their peak frequencies and bandwidths in spite of their
imilar constituents. We present a method to analyze the
eal and imaginary parts of the THz permittivity and ob-
ain the magnitude of the oscillation of the dipole in the
ow-frequency modes. We conclude that our spectral
nalysis of THz TDS based on the theoretical model is a
ool to investigate the dipole dynamics in the low-
requency region in the condensed phases. We have also
erformed ab initio calculations for L,L-cystine,
-cysteine, and L-methionine. We obtained some reason-
ble agreements between the experiment and calcula-
ions, but overall the agreement is rather poor on a quan-
itative level, suggesting the importance of the
ntermolecular interactions such as hydrogen bond.
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