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Infrared and Raman spectroscopy of the organic crystal DAST: Polarization dependence
and contribution of molecular vibrations to the linear electro-optic effect

Ch. Bosshard,1,* R. Spreiter,1 L. Degiorgi,2 and P. Gu¨nter1
1Nonlinear Optics Laboratory, Institute of Quantum Electronics, ETH Ho¨nggerberg, CH-8093 Zu¨rich, Switzerland
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We use infrared spectroscopy and Raman scattering to show that molecular vibrations considerably contrib-
ute to the linear electro-optic effect in the highly nonlinear optical organic crystal 4-N,N-dimethylamino-
48-N8-methyl stilbazolium tosylate~DAST!. In addition to the almost negligible acoustic contribution~smaller
than 2%!, the vibrational contributions are estimated to reach 25% in DAST. Using infrared and Raman
spectroscopy, as well as force-field calculations, the strongest vibrational modes contributing to the electro-
optic effect are identified as in plane aromatic ring deformations and carbon-carbon stretching modes. In
addition, we present experimental results on absorption coefficients and refractive indices in the infrared which
have also an important impact on THz generation and detection using DAST crystals.

DOI: 10.1103/PhysRevB.66.205107 PACS number~s!: 78.20.Jq, 42.70.Mp, 42.65.Ky, 78.30.Jw
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I. INTRODUCTION

The linear electro-optic effect allows us to control a lig
beam by an electric field and is therefore of prime interest
the design of the interfaces between optical and electr
communication networks. Because the electro-optic effec
organic single crystals is of mainly electronic origin, they a
very attractive electro-optic materials. These materials o
almost unlimited design possibilities to fine-tune their opti
properties and lead to large electro-optic effects with sh
response times. Among these materials, the organic
4-N,N-dimethylamino-48-N8-methyl stilbazolium tosylate
~DAST! is one of the most promising for electro-opt
modulation1–3 and THz generation4,5 ~Fig. 1!.

Often, the linear electro-optic effect is assumed to be c
stant with the frequency of the applied electric field for o
ganic materials. In this work we show the linear electro-op
effect to be frequency dependent for the case of DAST.
demonstrate significant contributions due to molecular vib
tions and discuss the linear optical properties of this mate
in the infrared. This work is organized as follows. Section
is devoted to the theoretical description of the frequency
pendence of the linear electro-optic effect. In Sec. III
discuss the lattice vibrational contributions to the line
electro-optic effect in more detail. Section IV introduces
frared and Raman spectroscopy~Sec. IV A! and describes the
results obtained from infrared~Sec. IV B! and Raman~Sec.
IV C! measurements of DAST. In Sec. IV D the experimen
results are compared to theoretical calculations in orde
identify the vibrational modes. Section IV E is devoted to
short discussion on the influence of the environment on
molecular vibrations. Finally, the conclusions of the wo
presented here are summarized in Sec. V.

II. FREQUENCY DEPENDENCE OF THE LINEAR
ELECTRO-OPTIC EFFECT

The linear electro-optic effect is defined as the chan
~deformation and/or rotation! of the optical indicatrix
(1/n2) i j xixj51 by an applied external electric fieldE:
0163-1829/2002/66~20!/205107~9!/$20.00 66 2051
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5r i jkEk , ~1!

wherer i jk is the linear electro-optic tensor~Pockels tensor!.
Higher order effects are much weaker and can be negle
for practical fields ~'kV/cm!. Symmetry considerations
show that in the dipole approximation the quadratic eff
occurs in any material, but the linear effect is present only
noncentrosymmetric materials. In the case of nonlinear o
cal effects, such as, e.g., optical frequency doubling, all
plied and generated electric fields are oscillating with h
frequencies and only the electrons are able to follow
oscillations of these fields. In this case one speaks of a pu
electronic nonlinearity. In electro-optics, the situation is qu
different, because the applied electric field has a much lo
frequency than the optical field and, in addition to the ele
trons, also the atomic nuclei and even whole molecules h
time to adopt a new position. This leads to two addition
contributions from molecular and acoustic lattice vibratio
@Eq. ~2!#.

In general,r i jk can be written as the change of the diele
tric constant with respect to the applied electric field and
given as a sum of electronic (r e), infrared vibrational (r o),
and acoustic mode (r a) contributions

~2!
©2002 The American Physical Society07-1
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BOSSHARDet al. PHYSICAL REVIEW B 66, 205107 ~2002!
whereQ’s are optic mode~molecular vibrational mode! dis-
placements andu represents the elastic deformations of t
crystal. The sum has to be extended over all vibratio
modes of the crystal~molecular modes and lattice modes!.
However, only modes which are both Ram
@(d« i j )/(dQn)Þ0# as well as infrared@(dQn)/(dEk)Þ0#
active are contributing to the linear electro-optic effect.

The electronic contribution in Eq.~2! is given by

r i jk
e 5

21

ni
2nj

2

d« i j

dEk
U

Q5u50

~3!

and is the electro-optic effect in absence of any optic mod
molecular vibrations, and acoustic modes. It correspond
the electro-optic effect for frequencies of the applied fie
above the highest molecular modes which is above abou
THz for organic materials. This contribution was usually d
cussed in terms of the quantum-mechanical two le
model.6 It can be determined from second-harmonic gene
tion experiments through

r i jk
e 5

24

ni
2nj

2

f i
v f j

v f k
o

f k
2v8 f i

v8 f j
v8

3
~3veg

2 2v2!~veg
2 2v82!~veg

2 24v82!

3~veg
2 2v2!veg

2

3dki j~22v8,v8,v8!, ~4!

wheredki j (22v8,v8,v8) is the nonlinear optical coefficien
and f i

v5@(ni
v)212#/3 is the local field correction at fre

FIG. 1. Structure of the organic salt 4-N,N-dimethylamino-
48-N8-methyl stilbazolium tosylate~DAST!. ~a! Molecular units:
The negatively charged tosylate and the positively charged, non
ear optical chromophore stibazolium. The direction of the char
transfer axis of the stilbazolium is defined by the two nitrogen
oms ~b!. The molecules are displayed as they are embedded in
crystal lattice.
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quencyv and for light polarization alongi in the Lorentz
approximation. Results for DAST based on Eq.~4! are given
in Table I. The contribution from molecular vibrationa
modes is given by

r i jk
o 5

21

ni
2nj

2 (
n

S d« i j

dQn

dQn

dEk
D . ~5!

Below the lowest molecular vibrational mode~,about 10
THz for organic materials! there exists a contribution from
all the vibrational modesn being at the same time infrare
active (udQn/dEku.0) and Raman active (ud« i j /dQnu
.0). This contribution will be discussed in more detail b
low.

The elasto-optic contribution is given by

r i jk
a 5

21

ni
2nj

2

d« i j

duLM

duLM

dEk
. ~6!

The applied electric field may excite an elastic modeu via
the converse piezoelectric effect (duLM /dEk). The elastic
mode itself can produce a refractive index change via

n-
-
-
he

FIG. 2. Dependence of the electro-optic effect in organic~top!
and inorganic~bottom! materials on the frequency of the applie
field ~schematically!. Note thatr a can be positive or negative. In th
case ofr 111 of DAST we haver a,0.
al

n

TABLE I. The electronic electro-optic coefficientr 111
e , calculated from the measured nonlinear optic

coefficient d111 (5290615 pm/V at l51500 nm) ~Ref. 10! and the resonance frequencyv053.52
31015 Hz, measured clamped and free electro-optic coefficientsr 111

s andr 111 and acoustic and optic phono
contributionsr 111

a and r 111
o ~Ref. 2!.

r 111 @pm/V#
l51535 nm

r 111
s @pm/V#

l51535 nm
r 111

e @pm/V#
l51535 nm

r 111
o @pm/V#

l51535 nm
r 111

a @pm/V#
l51535 nm

4768 4864 3662 1265 21.2
7-2
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INFRARED AND RAMAN SPECTROSCOPY OF THE . . . PHYSICAL REVIEW B 66, 205107 ~2002!
elasto-optic effect (d« i j /duLM). This contribution has been
discussed in more detail for DAST in Ref. 2. These resu
are summarized in Table I.

To optimize a material for a large electro-optic effect w
wide bandwidth, it is essential to know how the differe
effects contribute to the electro-optic effect at various f
quencies of the applied electric field. Figure 2 shows sc
matically the dependence on the frequency of the app
field of the electro-optic effect in single crystals.

r 5r T5r e1r o1r a is the so-called free electro-optic coe
ficient. This is the electro-optic coefficient for frequenci
lower than lowest acoustic mode of the crystal. For frequ
cies above the acoustic modes~MHz range!, where no acous-
tic contributions are present, the clamped electro-optic co
ficient r s5r e1r o is active. If the frequency is even highe
than the highest optic mode frequency~100 THz range!, only
the electronic electro-optic contributionr e can follow and we
are in the field of nonlinear optics. In the following we wi
describe the infrared and Raman contributions in more de

III. LATTICE VIBRATIONAL CONTRIBUTIONS TO THE
LINEAR ELECTRO-OPTIC EFFECT

The first-order hyperpolarizability of organic molecules
usually assumed to be of pure electronic origin~in addition
to the weak contribution from acoustic phonons as discus
in the previous chapter!. Only recently was it realized in this
work and by ab initio calculations of static first-orde
hyperpolarizabilities7 that nuclear relaxation may also co
tribute to the hyperpolarizabilities of molecules.

When an electric field is applied to a molecule, first t
electron cloud is deformed. At this stage the positions of
nuclei remain the same, they are frozen in. This respons
what we call a pure electronic response. In a second step
to the changed charge distribution, the nuclei are displa
and then the nuclei and the electrons relax until equilibri
is reached. Several authors have described this second
of contribution using different names.7–9 Wempleet al.8 and
Fouseket al.9 called it the ‘‘optical phonon contribution’
wheras Del Zoppoet al.7 used the ‘‘~nuclear! relaxation con-
tribution’’ or the ‘‘ ~infrared! vibrational contribution.’’

Here we use an indirect method to determine the vib
tional contribution to the linear electro-optic effect in DAS
which is phenomenologically described by Eq.~2!. In this
analysis we neglect possible space-group allowed excit
contributions. We previously investigated the high-frequen
electro-optic response of DAST which allowed a determi
tion of the acoustic and phonon contributionr 111

a and of
r 111

s .2 In addition, we calculated the electronic contributio
r 111

e using the measured nonlinear optical coefficientd111
10

and Eq. ~4!. The two-level equation~4! is based on was
shown to be adequate for nonlinear optical coefficients
DAST.11 By comparing the measured clamped electro-op
coefficient r 111

s 5r 111
o 1r 111

e with the electronic contribution
r 111

e we obtain r 111
o 5r 111

s 2r 111
e 51265 pm/V. This differ-

ence of 25% can be explained by an electro-optic contri
tion r 111

o resulting from molecular vibrational modes~Table
I!. This conclusion relies on the accuracy of the experime
results. The nonlinear optical coefficient is determined wit
20510
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precision of 5%.10 This translates into the same precision f
r 111

e using Eq. ~4! since the refractive indices are know
much more accurately. Combining this with the experimen
8% error of r 111

s 2 finally leads to the value ofr 111
o 512

65 pm/V.
These results show that the clamped electro-optic

sponse of DAST, and most probably also of other orga
electro-optic materials, is not of pure electronic origin as it
usually assumed. There exists a considerable contribution
sulting from molecular vibrational modes. Assuming t
two-level model Eq.~4! to be valid, they contribute abou
25% for DAST to the linear electro-optic coefficientr 111.

The presence of such vibrational contributions is also e
dent when comparing infrared spectra with Raman spec
For contributing to the electro-optic effect, a certain vibr
tional mode has to be Raman and infrared active as well@see
Eq. ~7!#. Infrared and Raman spectra show that this is
case for the strongest modes in DAST~see Fig. 3!. In the
following the infrared and Raman spectra will be discuss
in more detail.

It is important to note that the vibrational contributions d
not affect the high frequency performance of an electro-op
material since their resonance frequencies~about 10–60
THz! are two to three orders of magnitude higher than now
day used modulating frequencies.

IV. INFRARED AND RAMAN SPECTROSCOPY OF DAST

A. General remarks

Infrared and Raman spectroscopy are tools for the de
mination of the vibrational modes of molecules and crysta

FIG. 3. Infrared~top! and Raman~bottom! spectra of crystalline
DAST, both for light polarized along the polara axis. Indicated are
the four strongest modes which are infrared as well as Raman
tive.
7-3
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BOSSHARDet al. PHYSICAL REVIEW B 66, 205107 ~2002!
There exists only little data and knowledge about the infra
properties of organic nonlinear optical crystals, despite
fact that such measurements can provide valuable infor
tion.

~i! The refractive index and absorption coefficient in t
infrared can be determined, which is important for optic
parametric generators and amplifiers using organic crys
Also for the optimization of organic materials as THz ge
erators and detectors the far infrared dielectric proper
have to be known.

~ii ! Infrared and Raman spectroscopy can be used to
tect the vibrational modes which, as we showed above, c
siderably contribute to the linear electro-optic effect in o
ganic materials.

~iii ! The vibrational frequencies depend on the crys
structure and on the force field experienced by the atoms
therefore important information on intermolecular intera
tions can be gained.

In a molecular crystal withN atoms per molecule andZ
molecules per unit cell, each atom possesses three degre
freedom and therefore a total of 3NZ vibrational modes are
possible. The resulting number of modes for DAST (N
555, Z54) are 3~acoustic modes!, 21 ~‘‘external’’ modes!,
and 636~‘‘internal’’ modes!.12 A complete theoretical treat
ment using the materials symmetries and group theor
only possible for relatively simple systems.12 Therefore other
tools for analyzing the vibrational spectra have to be appl
We will use numerical force-field calculations of the infrar
modes of molecules and crystals and the comparison
tabulated literature values of characteristic group frequ
cies.

Both methods, Raman and infrared spectroscopy, are
to detect the vibrational modes of molecules and cryst
Since different physical effects are used in Raman and in
red spectroscopy the two methods are substantially differ

Infrared spectroscopy uses the effect of absorption o
photon having the same frequency as a vibrational mo
One photon is absorbed and generates a phonon of the
energy. To measure a spectrum the whole frequency ra
has to be covered by the incident radiation. All the opt
~lenses, sample cell, polarizers, etc.! have to be transparent i
a wide infrared wavelength range.

In Raman spectroscopy, on the other hand, the chang
photon frequency due to inelastic scattering at a phono
measured. A monochromatic incident light beam, of usua
much higher frequency than any vibrational mode, is in
dent on the sample. A vibrational ground~Stokes! or excited
~Antistokes! state of the molecule is excited to a virtual sta
and immediately decays into an excited~Stokes! or ground
~Antistokes! vibrational state of the molecule. The frequen
of the scattered photon is shifted by the frequency of
vibrational mode.

Experimentally, Raman spectroscopy is much easier t
infrared spectroscopy since only one exciting wavelengt
needed and the scattered light lies in a relatively narr
wavelength range in the visible or near infrared, where st
dard optics can be used. Also for Raman spectroscop
solutions, infrared transparency of the solvent and sam
cell is not a problem.
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Not every vibrational mode is both infrared and Ram
active. To be infrared active, the dipole momentm of the
molecule has to couple to the electric field of the incide
radiation, whereas for Raman activity, the polarizabilitya
has to couple to the vibrational mode. The vibrational co
tribution to electro-optics can be understood quite easily: T
applied electric field excites the corresponding vibratio
modes, i.e., results in a displacements of the nuclei. If t
mode is also Raman active, the displacement modifies
polarizability of the molecule and therefore also the mac
scopic refractive index.

B. Optical properties of DAST in the infrared

In order to determine the infrared modes and the dielec
properties of DAST in the infrared we used reflectomet
spectroscopy. Due to the large absorption in the freque
range of vibrational modes, infrared transmission measu
ments are not possible for organic solid state materials.

We have measured the reflectivity spectrum@R(v)# over
a very broad frequency spectral range, extending from
far-infrared ~FIR! up to the visible. We made use of fou
different spectrometers. The FIR spectral range was cove
with a Bruker IFS 113v Fourier interferometer with a Hg a
light source and a He-cooled silicon bolometer detector
fast scanning Bruker interferometer IFS48PC and a ho
made spectrometer based on a Zeiss monochromator s
trometer were employed in the midinfrared~mid-IR! and vis-
ible spectral range, respectively. Below 5000 cm21, a gold
mirror was used as reference.

The measured polarized infrared reflectance spectra
analyzed with the Kramers-Kroenig relations to calculate
refractive index and absorption. Using this approach, the
~n! and imaginary part~k! of the refractive index defined
throughñ5n1 ik are determined by

n5
1

&
A«11A«1

21«2
2,

k5
1

&
A2«11A«1

21«2
2 ~7!

and the absorption coefficienta is connected to the imagi
nary part of the refractive index by

a5
4p

l
k. ~8!

The required complex dielectric constant«̂5«11 i«2 can
be obtained from the measured reflectance coefficientR(v)
by

«1~v!5
@12R~v!#224R~v!sin2 u~v!

@11R~v!22AR~v! cosu~v!#2
,

«2~v!5
4@12R~v!#AR~v! sinu~v!

@11R~v!22AR~v! cosu~v!#2
, ~9!
7-4
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INFRARED AND RAMAN SPECTROSCOPY OF THE . . . PHYSICAL REVIEW B 66, 205107 ~2002!
where the phaseu(v),

u~v!5
v

p E
0

`
lnS R~v8!

R~v! D
v22v82 dv8 ~10!

FIG. 4. Infrared absorption coefficienta and refractive index
n5Re(ñ) as calculated from the infrared reflection measurement
all three polarizationsa, b, and c. The wavelength range extend
from 20 down to 4mm.
20510
can be calculated from the reflectance by integration over
whole frequency range.

In DAST the infrared reflectometric spectra were me
sured for polarizations along thea, b, and c axes of the
crystal and for wave numbers from 33 000 cm21 down to 50
cm21 (l5300 nm– 200mm). Figure 4 show the absorptio
coefficient and the refractive index fora, b, andc polariza-
tion as calculated from the measured reflectance spe
based on the Kramers-Kroenig analysis using Eq.~9!. Shown
is only the frequency part where vibrational modes could
detected.

Above the resonance at about 1600 cm21 a constant re-
flectance up to the electronic resonance was measured fo
polarizations. It is important to note that the sensitivity f
the absorption is very low, i.e.,k5Im(ñ)51 already corre-
sponds toa512 000 cm21 at l510mm. This has the effect
that only the strongest resonances can be detected with
kind of measurement. The relatively weak C-H stretchi
modes which are expected around 3000 cm21, are com-
pletely invisible by infrared reflectometric measurements

Although no molecular vibrational modes but only lattic
modes can be expected below a wave number of about
cm21, the far infrared spectra in DAST down to 50 cm21 ~up
to 200 mm! were measured. Figure 5 shows the measu
reflectivity for a-polarized light, together with the lower en
of the infrared measurement in Fig. 4 for comparison.

As in the case ofa-polarized light ~Fig. 5!, a constant
reflection coefficient is also measured forb and c polariza-
tion in the range from 400 to 50 cm21 ~25–200mm, i.e.,
12–1.5 THz!. It follows that according to the Kramers
Kroenig relations, a small dispersion of the refractive indic
and absorption can be expected in this frequency range.
property of DAST~and probably most organic crystals! will
be of importance for the future use of DAST as a THz rad
tion generator and detector. The lattice modes or exte
modes, if present, are either too weak to be detected by
measurement or their frequency is below 50 cm21.

Such a resonance could be observed in THz transmis
experiments which are more sensitive to smaller absorp
coefficients. Such experiments performed in thin crystals
DAST revealed a resonance for light polarized along tha

r

FIG. 5. Measured far infrared spectra for DAST with a pola
ization along the polar axisa. The two partially overlapping curves
are two measurements that cover two different frequency regim
The features of the thin solid line indicate the detection limit of t
experiment and have no physical meaning.
7-5
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BOSSHARDet al. PHYSICAL REVIEW B 66, 205107 ~2002!
axis near 1.1 THz (>37 cm21>270mm).13 This resonance
is outside the frequency range of our reflection experime
~Fig. 5!. The maximum absorption coefficient obtained
that work was a1'250 cm21 which corresponds to an
imaginary part of the refractive index ofk'0.6. Why the
refractive index determined between 0.2 and 3 THzn1
'2.3 at 3 THz! differs from our values (n152.660.1) is not
clear at the moment.

By comparing the refractive index above~.2000 cm21!
and below~,500 cm21! the dominant resonances, we obta
the contribution of the molecular vibrational modes to t
refractive index in the far infrared. In Table II the refractiv
indices at a wavelength ofl52 mm, taken from refractive
index measurement,1 the measured vibrational far infrare
contribution, and the estimated refractive index in the
infrared calculated from the former values are given
DAST.

For polarization along the polara axis there is a large
contribution of molecular vibrational modes to the refracti
index in the far infrared (l.20mm) of Dn150.560.1. For
polarizations along theb andc axes the vibrational contribu
tionsDn2 andDn3 are smaller than 0.05 which is below th
detection limit of the infrared reflectometric measureme
This very different behavior for a polarization along th

TABLE II. Infrared contributions to the refractive index i
DAST.

axis
n

l52 mm
n

20mm,l,200mm
vibrational IR

contributionDni

a 2.11 2.660.1 0.560.1
b 1.59 1.660.1 ,0.05
c 1.57 1.660.1 ,0.05
20510
ts

r
r

t.

charge transfer axis compared to the ones perpendicular
can be well understood. It is obvious that a modification
the charge transfer axis, i.e., a vibrational mode displac
the atoms in the direction of the charge transfer axis, w
result in large change of the polarizability in the same dir
tion. In contrast, a displacement of atoms in direction wh
no conjugation is present will have only a small influence
the polarizability in this direction.

Since DAST belongs to the monoclinic space group
the optical indicatrix could rotate with wavelength and the
fore, also influence the discussion above. However, no s
rotations were measured between 750 and 1500 nm
DAST.14 Moreover, rotations of the optical indicatrix in mo
lecular crystals are often associated with bent molecule
which different parts of the molecule may show a differe
wavelength dispersion. In DAST the molecules are strai
and no rotation of the optical indicatrix with wavelength
expected.

FIG. 6. Raman spectra of a DAST single crystal for light pola
ized along the polara axis. The inset shows the whole frequen
range which was measured. The structural features in the cu
arise from the experimental set-up and not from the crystal itse
TABLE III. The strongest Raman lines in DAST and selected new wavelengths calculated fromnm5n
6mDn andl5c/n. ~a! l5800 nm, ~b! l51064 nm,~c! l51300 nm,~d! l51550 nm.

Dn
~cm21! l

First Stokes
(m521)

~nm!

Second Stokes
(m522)

~nm!
First anti-Stokes (m51)

~nm!

Second anti-
Stokes (m52)

~nm!

1160

~a! 881.8 982.3 732.1 674.8
~b! 1213.8 1412.7 947.1 853.4
~c! 1530.9 1861.4 1129.6 998.8
~d! 1889.8 2420.4 1313.8 1140.0

1180

~a! 883.4 986.2 731.0 672.9
~b! 1216.8 1420.8 945.3 850.4
~c! 1535.6 1875.4 1127.1 994.8
~d! 1897.0 2444.0 1310.3 1134.9

1347

~a! 898.6 1019.8 722.2 658.2
~b! 1242.0 1491.5 930.6 827.0
~c! 1576.0 2000.7 1106.3 962.8
~d! 1959.0 2661.3 1282.3 1093.4
~a! 915.5 1070.0 710.4 638.8

1577
~b! 1278.5 1601.4 911.1 796.7
~c! 1635.2 2203.5 1078.8 922.0
~d! 2051.4 3032.5 1245.5 1041.1
7-6
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C. Raman spectra in solution and in the solid state of DAST

Raman scattering measurements at a fundamental w
length of 1064 nm of DAST single crystals and DAST d
solved in methanol were performed. We used a commer
Perkin Elmer System 2000 FT IR Raman spectrometer w
a fundamental pump wavelength ofl51064 nm~cw!. For
the liquid and powder samples the pump was unpolari
and no analyzer was used in front of the detection syst
The light scattered perpendicular to the incident direction
the pump beam was measured by the spectrometer. Fo
polarized measurements a polarizer was mounted in the
of the pump beam. Note that no analyzer could be use
front of the detection system and therefore no pure Ram
tensor elements could be determined.

Generally the scattered Raman intensity was very high
to twenty times the intensity of cyclohexane, which is oft
used as a reference because of its high Raman activity.

Polarized Raman measurements on DAST single crys
with incident polarizations along thea, b, andc axes were
performed. For a polarization of the pump beam along
polar a axes by far the strongest Raman activity was o
served withI a :I b :I c517:1.3:1. The dominance from exc
tations along the charge transfer axis can be understood
ily since a modification of the charge transfer axis of t
chromophore will result in large change of the polarizabil
in this direction and therefore to a large Raman intensity
we already argued for the vibrational refractive index con
bution in the far infrared.

FIG. 7. Comparison of the Raman spectra of DAST in solut
and in the solid state.

TABLE IV. Identification of the strongest infrared and Rama
active modes in DAST~see Fig. 3!.

mode
wavenumber

@cm21# mode

A, B 1160
1180

in plane aromatic ring deformations, as typ
cal for para substituted benzenes.

C 1347 CH3 umbrella deformation
D 1577 typical C-CvC-C in plane stretching fre-

quency~carbon backbone between the aro-
matic rings of the stilbazolium
chromophore!
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Figure 6 shows the measurement for a polarization al
the polara axis. Due to the dominance of the Raman effe
along thea direction, the spectra forb- andc-polarized light
show the same peaks but with much lower intensity and
not displayed here. The four strongest modes are indicate
Fig. 3. The corresponding large frequency shiftsDn and se-
lected calculated new laser wavelengths that might be g
erated through Raman scattering are given in Table III.

In solution~1% DAST in methanol!, the same peaks as i
the solid state can be identified~Fig. 7!. There is a slight
change in the vibrational mode frequency compared to
solid state of DAST, showing the influence of the molecu
environment on the vibrational frequencies of the molecu
The strongest Raman mode for example is shifted by 9 cm21

from 1586 cm21 ~solution! to 1577 cm21 ~solid state!.

D. Identification of vibrational modes in DAST

In this section we will identify the strongest modes whi
contribute to the linear electro-optic effect in DAST. As w
have seen above there is a substantial contribution to
electro-optic effect resulting from the excitation of vibr
tional modes. It is possible to determine the strongest mo
which contribute to the electro-optic effect by comparing t
Raman to the infrared vibrational spectra~Fig. 3!.

The strongest contributions result from vibrational mod
for which both the Raman and infrared bands are of la
intensity. This is especially the case for the four modes A,
C, and D in Fig. 3. By comparing the frequencies to cor
lation charts,15 we find that the largest contributions resu
from aromatic ring deformations and CH3 modes~Table IV!.

One can easily understand that the four modes in Table
contribute to the infrared refractive index and electro-op
effect. The aromatic ring deformations A and B are infrar

FIG. 8. Calculated aromatic ring deformation modes with c
culated frequencies of 1125 cm21 ~a! and 1280 cm21 ~b!.

FIG. 9. Calculated CvC mode at 1552 cm21 ~a! and a CH3

umbrella deformation mode with a calculated frequency of 18
cm21 ~b!.
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active because of the symmetry of the molecule. Furth
more, such a deformation changes the bond length betw
the carbon atoms which build the charge transfer axis.
polarizability ~and therefore the refractive index of the ma
roscopic material! of suchp-conjugated charge transfer mo
ecules is known to be strongly influenced by such chang
The same argument can be made for mode D. The influe
of the CH3 umbrella vibration can be understood since t
in-phase displacement of the three H atoms changes the
tronic environment for the donor and acceptor of the stil
zolium chromophore and therefore also the polarizability
modified. Also many asymmetric CH3 modes in the range
1400–1500 cm21 exist, however, with no or much smalle
contribution to the optical properties.

For comparison with the measurements and to identify
most important modes, calculations of the mode frequen
and intensities were also performed. We first calculated
the vibrational modes of a molecule in the gas phase u
the softwareCERIUS2 ~Ref. 16! and the Dreiding force field
parametrization.17 The used force field parameters~spring
constants! were determined experimentally using a lar
number of organic compounds. The eigenfrequencies
then calculated by the classical mechanical oscillator mo
in which the atoms are connected by springs. The calcula
modes corresponding best to the modes identified by co
lation charts15 in Table IV are visualized in Figs. 8 and 9.

E. Comparison between the calculated and measured infrared
spectra of DAST

In this section we will discuss the influence of the en
ronment on the chromophores vibrational modes. In Fig.
the measured infrared spectrum is compared to the calcu

FIG. 10. Measured solid state absorption fora-polarized light
~top! and the calculated~bottom! infrared absorption spectra.
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one. The infrared spectrum of an infinitely extended DA
crystal ~periodic boundary conditions!, and not only for an
isolated molecule as before, was calculated. First, the st
ture was optimized to the absolute energetic minima acco
ing to the Dreiding force field and then the normal modes
the whole structure are calculated.

The characteristic frequencies of the out of plane r
bending modes~500–700 cm21! and also the in plane ring
deformation modes at 1100–1200 cm21 are well reflected by
the calculation. However, a strong deviation occurs for
symmetric and asymmetric methyl modes~1300–1500
cm21! and for the C-H stretching modes around 3000 cm21.
The frequencies for the methyl modes are located about
cm21 too high in the calculation, whereas the frequencies
the C-H stretching modes~'3000 cm21! are calculated cor-
rectly ~compared to literature values15! but much too strong
in intensity. In the measured reflection spectra they are e
below the noise limit of the measurement. These obse
tions illustrate the limitations of the calculations that do n
take into account intermolecular interactions. The descri
discrepancy does not, however, influence the main con
sions of this paper.

V. CONCLUSION

The understanding of the underlying physical effects le
ing to the electro-optic response is important for the dev
opment of future materials. Three effects, with very differe
response times, may contribute to the linear electro-optic
fect and were analyzed for the highly nonlinear optical cr
tal DAST.

The electronic contribution, resulting from electronic e
citations, was calculated using the two level model and
nonlinear optical susceptibilities determined by optical f
quency doubling.

The overall acoustic contribution to the linear electr
optic effect results from elasto-optic refractive inde
changes, induced by piezoelectric excitations of the crys
The acoustic contribution in DAST was previously dete
mined by applying a step voltage and measuring the respo
in the time domain.2 The acoustic mode contribution i
smaller than 2% of the overall electro-optic effect.

Up to now it was assumed that the electro-optic effect
organic materials is, in addition to a very small acoustic co
tribution, of almost pure electronic origin. For the first tim
to our knowledge, we could show that also molecular vib
tional modes considerably contribute to the linear elect
optic effect in DAST. We obtained an electronic contributio
of only 75% for DAST. This finding is based on the two
level model experimentally verified to be adequate for
~electronic! nonlinear optical coefficients of DAST.11 The
25% difference could be attributed to a linear electro-op
effect resulting from vibrational infrared modes of the mo
ecules. We confirmed the existence of such infrared and
man active molecular vibrational modes using the measu
infrared and Raman spectra as well as force field calculat
and tabulated group frequencies.
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