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The electro-optic and dielectric properties of organic–inorganic 2-amino-5-nitropyridium dihydrogen phos-
phate crystals were measured near room temperature at a wavelength of 632.8 nm and as a function of an 
electric-field f requency that varied f rom 1  kHz to 40 M Hz. The f requency dispersion o f the e lectro-optic co-
efficients and their comparison with the second-harmonic generation coefficients showed that the largest part 
of the electro-optic properties is electronic in origin (whereas the piezo-optic contribution is small). Results 
reveal a large anisotropy of the ionic and electronic contributions that is related to the contributions of the 
organic molecule to nonlinear polarizability. 

1. INTRODUCTION

It is now well established that organic materials possess

large nonlinear optical (NLO) coefficients, and this prop-

erty renders them promising for applications in wave

mixing.1 However, unlike to inorganic materials,2 or-

ganic materials generally have low resistance to optical

and mechanical damage. This drawback can be reduced

by use of a combination of organic and inorganic compo-

nents to form an organic–inorganic crystalline structure.

This new approach can be an important way to meet the

challenge of finding new hybrid NLO materials with im-

proved mechanical and thermal properties.3 Within this

strategy, it was recently demonstrated that 2-amino-5-

nitropyridium dihydrogen phosphate (2A5NPDP) and

2-amino-5-nitropyridium dihydrogen arsenate can be in-

teresting crystals with relatively important NLO

coefficients.4,5

To optimize these hybrid materials it can be useful to

estimate the respective contributions of the mineral and

organic groups to the nonlinear susceptibility. Thus we

aim to link the electro-optic (EO) and the second-

harmonic generation (SHG) coefficients according to the

classic analysis proposed by Sigelles and Hierle.6 We

thus derive the frequency dependence of the quadratic

nonlinear susceptibility x (2).

Because it is generally recognized that in organic crys-

tals the EO coefficients are mainly of electronic origin2

and equivalently that x (2) is frequency independent, any

frequency dependence of x (2) at low frequency in organic–

inorganic crystals can reasonably be attributed to the

mineral subnetwork. We have therefore undertaken

measurements of the EO coefficients as a function of the

modulating field frequency to compare them with the

SHG coefficients that provide the purely electronic contri-

butions to x (2). All these results are interpreted in terms

of ionic and electronic contributions or mineral and or-

ganic group influences. The special consequence for an-

isotropy of the properties is also discussed.

2. THEORETICAL BACKGROUND

Second-order susceptibility can be defined as the nonlin-

ear mixing of two monochromatic waves with different

frequencies v1 and v2 to induce a third wave at a fre-

quency v3 5 v1 1 v2 .
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If one of the two mixing waves has a frequency v2 that

is largely smaller (radio frequency) than the other one,

v1 5 V (optical frequency), we obtain the EO susceptibil-

ity as x ijk
(2)(V; V; 0), which corresponds to the electronic

contribution of the EO (Pockels) coefficient as

r i jk
e~V; V; 0 ! 5 2

2x ijk
~2 !~V; V; 0 !

n i
2~V !n j

2~V !
. (1)

Thus the electronic EO coefficient r i jk
e can be compared

with the SHG coefficient d i jk(2v, v, v) 5 1/2 x ijk
(2)(2v;

v; v) as

r i jk
e~V; V; 0 ! 5 2

4d i jk~2v; v; v !

n i
2~V !n j

2~V !
W i jkF i jk , (2)

where two correction factors have been introduced. W i jk

accounts for the medium dispersion:

W i jk 5

@v0
2

2 ~2v !2# i~v0
2

2 v2!j~v0
2

2 v2!k

~v0
2

2 V2!i~v0
2

2 V2!jv0k
2

, (3)

where v0 is the main absorption frequency and F i jk is the

local field correction:

F i jk 5

fV,ifV, jf0,k

f2v,ifv, jfv,k

. (4)

Within the Onsager model we have fv,i 5 ev,i(e`,i

1 2)/(2ev,i 1 e`,i) where e` is the value of the high-

frequency limit of the squared refractive index. Recall

that V is the laser frequency used in the EO measure-

ments, whereas v is the fundamental wave frequency em-

ployed in the SHG experiment.

At low frequency, other contributions can be added to

the electronic EO coefficient. They arise from indirect

modulation of the susceptibility by means of the ionic lat-

tice and, if the crystal is piezoelectric, by means of crystal

deformation.7 The total EO coefficient rT for a crystal

that is free of any stress can be then written as

r ijk
T

5 r i jk
s

1 p i jmnDmnk , (5)

where Dmnk and p i jmn are the piezoelectric and elasto-

optic coefficients, respectively, and rs is the EO coefficient

measured in the clamped crystal, above the piezoelectric

resonances. The product ( p i jmnDmnk) is hereafter called

the piezo-optic contribution of the EO coefficient, r i jk
po.

One can use the dependence of r i jk on frequency from

0 to several megahertz to separate the clamped (ionic

1 electronic) contribution from the piezo-optic effect.

The comparison of r i jk
s and r i jk

e given by Eq. (2) allows

us to estimate the ionic and electronic contributions.

Therefore the total (low-frequency) EO coefficient rT can

be written as

r ijk
T

5 r i jk
po

1 r i jk
i

1 r i jk
e, (6)

where r i jk
i is the ionic contribution of the EO Pockels co-

efficient.

3. DESCRIPTION OF THE CRYSTAL

The structure of the 2A5NPDP crystal is based on the ad-

hesion of organic molecules that exhibit a large NLO effi-

ciency to mineral layers whose presence ensures conve-

nient thermal and mechanical stability and also a high

threshold to optical damage. The synthesis and crystal

growth of these organic–inorganic phases are now well

controlled.8,9 At room temperature the crystal structure

has orthorhombic mm2 symmetry. The mineral subnet-

work is built up from polar @H2PO4
2#n layers parallel to

the (b, c) plane. The organic molecules are anchored to

these planes through three short hydrogen bonds in a her-

ringbone pattern (Fig. 1). The axis of the molecules

mainly lies in the (a, c) plane, with a reduced angle ('36°)

with respect to the twofold c axis.10

This 2A5NPDP hybrid salt is synthesized from dissolu-

tion of the 2-amino-5-nitropyridium molecule in an aque-

ous H3PO4 acidic solution. Its crystal growth occurs in

solution by the standard temperature-reduction method.8

Large (several square centimeters) and optically clear

crystals have been grown in this way. Their good crystal

quality was confirmed by x-ray diffraction topography.

The improved mechanical stability of these hybrid crys-

tals compared with the corresponding organic molecular

crystals (Vickers hardness, '100, compared with ;10 for

organics11) enables one to cut and polish the crystals

without any difficulty.

4. ELECTRO-OPTIC MEASUREMENTS

A. Electro-Optic Properties
The linear EO properties of the mm2 orthorhombic crys-

tals are described in an abbreviated notation by five coef-

ficients, r13 , r23 , r33 , r42 , and r51 . If the light beam is

propagating along the x1 axis, the x2 axis, or the x3 axis

and the electrical field is applied along the x3 axis, the

field-induced birefringence in the (x2 , x3), (x1 , x3), and

(x1 , x2) planes is given, respectively, by

Dn23~E ! 5 2

n2
3raE3

2
,

Dn13~E ! 5 2

n1
3rbE3

2
, Dn12~E ! 5 2

n1
3rcE3

2
, (7)

where the effective coefficients ra , rb , and rc are defined

by

Fig. 1. Chemical structure of the organic–inorganic 2A5NPDP

crystal. The arrows indicate the mineral plane (H2PO4
2).
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ra 5 r23 2 ~n3
3/n2

3!r33 , rb 5 r13 2 ~n3
3/n1

3!r33 ,

rc 5 r13 2 ~n2
3/n1

3!r23 . (8)

The EO coefficient r42 can be determined when the elec-

tric field is applied along the x2 axis and the light beam is

propagating along the x28 axis. This new coordinate sys-

tem (x28, x38) is obtained by a 45° rotation of the principal

axes about x1 . Thus the coefficient r42 is related to the

field-induced birefringence by

Dn138
~E ! 5 2

n23
3r42E2

2
, n23 5 S 2n2

2n3
2

n2
2

1 n3
2D

1/2

.

(9)

In the same way, the EO coefficient r51 can be obtained

when the electric field is applied along the x1 axis and the

light is propagating along the x19 axis, which corresponds

to the x1 axis rotated at 45° about the x2 axis:

Dn239
~E ! 5 2

n13
3r51E1

2
, n13 5 S 2n1

2n3
2

n1
2

1 n3
2D

1/2

.

(10)

Finally, the field-induced phase shift for each compo-

nent of the light polarization can be expressed by

G~E ! 5

2pL

l
Dn~E !, (11)

where L is the crystal length along the light-propagation

direction, l is the wavelength of the light beam, and

Dn(E) is the field-induced birefringence in the light’s

path.

B. Experimental Techniques
The coefficients ra , rb , rc , r42 , and r51 were determined

by means of the ac modulation method with the Sénar-

mont setup.7,12 We measured the frequency dispersions

of the ra and rb coefficients, using the 632.8-nm wave-

length of a He–Ne laser, for an ac modulation voltage

with 130-V amplitude and frequencies that varied from 1

kHz to 1 MHz. The EO coefficients rc , r42 , and r51 were

determined only at one frequency (1 kHz) because their

values are relatively small. The EO coefficients were de-

rived from

r 5

ldm

pLn3V
, (12)

where m is the modulation coefficient (ratio between the

modulated output and the input signal intensities), d is

the interelectrode spacing, and V is the amplitude of the

applied voltage.

We measured separately the EO coefficients r13 , r23 ,

and r33 by means of an interferometric setup, using a

He–Ne laser (l 5 632.8 nm) as the light source. The

crystal under study and an ammonium dihydrogen phos-

phate based EO modulator were put into the arms of a

Michelson interferometer.

The experimental method is based on the compensa-

tion, with the EO modulator, of the optical path-length

shift that is due to the application of a static electric field

to the surface of the crystal.

This static electric field induces a change Dd in the op-

tical path length d, which is equal to

Dd 5 2D~n i jL ! 5 2L~2~1/2!n i j
3r i jk

1 @n i j 2 1#D i jk!Ek , (13)

where L is the crystal’s length along the propagation di-

rection of the light beam, D i jk are the piezoelectric coeffi-

cients, and Ek is the applied electric field.

To compare optical path lengths it is first necessary to

make a vertical slit in a fringe at the extreme intensities

of the interference [fully constructive (I 5 Imax) or fully

destructive (I 5 Imin)]. To do this we applied a sinus-

wave voltage at frequency v to the modulator to modulate

the phase of the laser beam in the interferometer’s arm.

At minimum or maximum intensity of interference, the

frequency of the output wave is twice (2v) that of the ap-

plied electric field, and the signal shape is symmetric.

When the interference pattern is shifted, the 2v signal

disappears. Conditions under which this symmetrical

shape of the 2v modulation signal is observed are quite

sensitive and allow the fringe (dark or clear) to be de-

tected precisely, which is the starting point of all mea-

surements.

If we denote constant Cm as

Cm 5

l

2Vp/2

, (14)

where l and Vp/2 are the wavelength and the quarter-

wave voltage of the modulator, respectively, the direct ex-

perimental value EO coefficient of the crystal is given by

r i jk 5 2

e

n i j
3LV

CmDV 1 2
~n i j 2 1 !

n i j
3

D i jk . (15)

The second term on the right-hand side of Eq. (15) corre-

sponds to the contribution of the inverse piezoelectric ef-

fect. n i j , e, L, V, and D i jk are the refractive index, the

thickness in the direction of the applied electric field, the

length of the optical path in the sample, the applied volt-

age, and the piezoelectric coefficients, respectively. DV

is the voltage needed to counterbalance the effect of the dc

voltage applied to the sample.

Fig. 2. Frequency dispersion of dielectric permittivities e11 ,

e22 , and e33 of 2A5NPDP.

3



5. EXPERIMENTAL RESULTS

We measured the EO coefficients of the 2A5NPDP crystal

as well as its dielectric permittivities. Gold electrodes

were evaporated onto the surfaces of the sample, which

was cut and polished appropriately for its size and geom-

etry. Dielectric measurements were performed with a

HP 4092 impedance analyzer with an amplitude voltage

of 1 V and a frequency that varied from 1 kHz to more

than 10 MHz.

The EO coefficients r113 , r223 , and r333 (or, in the ab-

breviated notation, r13 , r23 , and r33) were determined un-

der dc voltage by the interferometric setup, whereas r232

and r131 (r42 and r51) together with the effective ra , rb ,

and rc coefficients (linear combination of r13 , r23 , and r33)

were obtained by the Sénarmont method, mainly at a

modulation frequency of 1 kHz. Some of these coeffi-

cients have large values, and the figures of merit for EO

modulation were determined.13

Figure 2 displays the frequency dependence of the prin-

cipal dielectric permittivities e11 , e22 , and e33 . We can

see the anisotropy of these coefficients recorded at 1 kHz

(e22 . e33 . e11). The small step between the values re-

corded on both sides of the piezoelectric resonances (0.05

for e11 and e22 ; 0.25 for e33) reveals the relative weakness

of the piezoelectric coefficients.

As a consequence, the correction [Eq. (15)] that is due

to the elastic deformation of the crystal in the determina-

tion of EO coefficients r13 , r23 , and r33 can be neglected.

These values are listed in Table 1, together with the val-

ues of the coefficients derived from the Sénarmont setup

by means of Eq. (12). In all these calculations we used

the values of the refractive indices recorded in the same

crystal.5 We can see from the table the fairly good agree-

ment in the effective coefficients ra , rb , and rc between

the experimental data obtained from the Sénarmont mea-

surements and the values deduced from r13 , r23 and r33

by use of Eq. (8). It can also be seen that the relative

sign of the coefficients can be obtained from the change of

the electric-field-induced phase shift according to the di-

rection of the c axis.

It is necessary to point out that all values of the EO co-

efficients listed in Table 1 were recorded at zero or low

frequency of the applied electric field. Therefore they can

be related to the total EO coefficients rT expressed by

Eq. (6).

Accordingly, the piezo-optic contribution, if it does ex-

ist, can be evaluated from the measurements of the EO

coefficients on both sides of the piezoelectric resonances.

We therefore recorded the frequency dependence of ra

from 1 kHz to 1 MHz. The results, as illustrated in Fig.

3, show that the coefficient remains constant as a function

of frequency below the main resonance, lying at ;170

kHz. As can be seen from the corresponding dielectric

Fig. 3. Frequency dispersion of electro-optic coefficient ra of
2A5NPDP.

Fig. 4. Time response of electro-optic coefficient ra in
2A5NPDP.

Table 1. Refractive Indices ni j at lÄ632.8 nm.a Dielectric Permittivities ei j and Electro-Optic

Coefficients ri jk of 2A5NPDP at a Frequency of 1 kHzb

n i j Refractive Index e i j Refractive Index r i jk
T (pm/V) Interferometric Setup Sénarmont’s Setup

n11 1.6115 e11 5.25 r113 (r13) 1.8 6 0.2 –

n22 1.6447 e22 6.3 r223 (r23) 2 6 0.2 –

n33 1.7373 e33 5.95 r333 (r33) 2 6.1 6 0.6 –

ur232u (ur42u) – 0.2 6 0.04

ur131u (ur51u) – 1.8 6 0.3

ra 9.2 6 1.8 11 6 1.2

rb 9.5 6 1.5 9.5 6 1

rc 2 0.3 6 0.1 2 0.3 6 0.04

a Ref. 5
b The signs of the EO coefficients have to be considered relative signs. The values of ra , rb and rc that correspond to the interferometric setup are

calculated from Eq. (12).
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permittivity e33 , many resonances exist up to 10 MHz,

which implies that additional measurements at higher

frequency are needed for reaching the clamped coefficient

ra
s [according to Eq. (5)]. To make these measurements

we investigated the time response of EO coefficient ra to a

voltage step, using the Sénarmont setup. The results are

plotted in Fig. 4. The value of ra (11 pm/V) obtained af-

ter a long time (200 ms) is in quite good agreement with

the data measured at 1 kHz (Fig. 3).

In the long-time response range, the output signal os-

cillates with a period that corresponds to the main piezo-

electric frequency. These oscillations disappear in the

short-time range, or equivalently in the frequency range

above the resonances, leading to a value of ra
s that is

equal to 10 pm/V.

The piezo-optic contribution to ra is therefore ;10% of

the total value. It is still lower for rb and rc , so rT

' rs for these coefficients. These results are consistent

with the dielectric data of Fig. 2, which reveal a small pi-

ezoelectric contribution to ra .

These clamped values of EO coefficients thus obtained

are the sums of the ionic and the electronic contributions.

They can be compared with the purely electronic part re,

as deduced from the SHG coefficient by Eq. (2).

6. ESTIMATION OF THE DIFFERENT
CONTRIBUTIONS

The calculated values of re are listed in Table 2, together

with the experimental rT data, which are nearly equal to

rs because the piezo-optic contribution is negligible. For

the values of d i jk reported in Table 2 and used to calcu-

late the value of r i jk
e, we have to make the following

points: The error in Table 2 is underestimated because

only experimental accuracy is taken into account. In

fact, a systematic error can also be considered, depending

on the method that is used. Indeed, we can see a non-

negligible discrepancy in the values of d113 and d223 (d15

and d24 in the abbreviated notation) in data reported by

Kotler et al.4 and the results given by Feve et al.5 There-

fore the value of d33 and thus that of r33
e are certainly

overestimated.

A comparison of the re and rs (5re
1 r j) values shows

that modulation of the electrons by the applied electric

field is the main component of the Pockels EO effect for

all coefficients except the coefficient r23 . We note also

the large anisotropy in re and rs values, which we attempt

to interpret in what follows.

The electronic coefficient re
33 is indeed much larger

than the corresponding values of re
13 , re

23 , re
42 , and

re
51 . We can understand by this considering the relative

angle between, on the one hand, the light-polarization

axis involved for a given coefficient (r or d) and, on the

other hand, the preferential direction of a molecule’s

charge-transfer axis. This angle is much more favorable

to coefficient re
33 , for which the impinging light is polar-

ized along the c axis and thus forms a small angle (;35°)

with respect to the organic molecule’s charge-transfer

axis and yields the largest value. Under the same condi-

tions, the value of EO coefficient re
13 (impinging light po-

larized along the a axis, which forms an angle of ;61°

with respect to the molecule’s charge-transfer axis) is, as

listed in Table 2, larger than that of re
23 (impinging light

polarized along the b axis, which forms an angle of ;71°

with respect to the charge-transfer axis). Likewise, we

can deduce that the value of re
51 (re

131) is larger than that

of re
42 (re

232) but smaller than that of re
13 .

As was mentioned above, the electronic contributions

predominate in all the EO coefficients except r23 , for

which the ionic part is larger (see Table 2). This differ-

ence could be related to the larger value of permittivity

e22 (see Table 1), which reveals higher polarizability of

the inorganic groups along the b axis that could induce a

larger ionic contribution to EO coefficient r23 .

7. SUMMARY

We measured the EO coefficients of 2A5NPDP crystals at

low and high frequencies. These results were compared

with the purely electronic contribution made by the SHG

coefficients. A lattice deformation and changes in ionic

polarizabilities are expected because of the mineral

group, leading to a low-frequency dispersion of the qua-

dratic x (2) or EO coefficient. In fact, the magnitudes of

these coefficients, except r23 , are mainly electronic in ori-

gin, and the piezo-optic contribution caused by the defor-

mation is smaller than 10%. The electronic EO or SHG

coefficients are highly anisotropic and are due mainly to

organic components; they are interpreted as being due to

the charge-transfer transition of the push–pull molecules.

In conclusion, whereas they have stronger resistance to

mechanical and optical damage, the bounds of the min-

eral @H2PO4#n layers to the organic component do not

strongly affect the EO and SHG properties of 2A5NPDP.
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Table 2. Measured Values of ri jk
T

– ri jk
S

Calculated Values of ri jk
e [from Eq. (2)], and

Measured Values of di jk for 2A5NPDPa

i, j, k

Measured

r i jk
T/ – /r i jk

s /

(pm/V)

Calculated

/r i jk
e/

(pm/V)

Measured

/d i jk /

(pm/V)

1, 1, 3 1.8 6 0.2 1.6 6 0.3 2 6 0.2

2, 2, 3 2 6 0.2 0.25 6 0.05 0.4 6 0.08

3, 3, 3 6.1 6 0.6 8 6 1.5 12 6 1

2, 3, 2 (24) 0.2 6 0.04 0.25 6 0.05 0.4 6 0.08

1, 3, 1 (15) 1.8 6 0.3 1.2 6 0.25 2 6 0.2

a d33 was measured relative to quartz (d11 5 0.4 pm/V) for l

5 1074 nm,4 and d24 and d15 were measured relative to KTP

(d24 5 2.65 pm/V for l 5 1118 nm and d15 5 1.4 pm/V for l 5 1340 nm).5
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