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Measurement of the piezoelectric tensor of an organic crystal by the x-ray method:
The nonlinear optical crystal 2-methyl 4-nitroaniline
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The piezoelectric tensor of the organic nonlinear optical compound 2-methyl 4-nitroaniline
(MNA) is refined from the measurements of the shift of the Bragg peaks on application of an exter-
nal electric field. The "three-step modulation" method is used, in which the gating of the x-ray sig-
nal is synchronized with the variation of the electric field. The piezoelectric tensor is dominated by
one coefficient, ~d„~ =13.8(1)X 10 ' C/N, which is, to our knowledge, the largest ever observed in

an organic molecular crystal and six times greater than the largest coefBcient of a quartz. Here, the
x axis is chosen along the polar axis of the crystal. The large linear electro-optical effect observed in

MNA is reinterpreted in terms of the piezoelectric-photoelastic effect.

INTRODUCTION

Though the macroscopic theory of the piezoelectric
effect has been extensively developed, there is a general
lack of insight at the atomic level. With the more power-
ful x-ray sources now available, and developments in elec-
tronics, it has become possible to study the response of
crystals to an external field from the changes in the
diffraction pattern. We describe here such a study of the
converse piezoelectric effect on the nonlinear optical
crystal 2-methyl 4-nitroaniline (MNA).

THE BARSCH EQUATIGN
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When a static or low-frequency electric field is applied
to a piezoelectric crystal, strains are developed in the
crystal: this is the well-known converse piezoelectric
effect. An element of the strain tensor e, is linearly relat-
ed to the applied electric field by the expression

3

eij P dkij Ek
k=1

where Ek is the kth component of the electric field E, and

dkij is the kijth element of the third-rank piezoelectric
tensor d.

The macroscopic deformation of the crystal is due to a
microscopic deformation of the unit cell. In the case of
an elastic, homogeneous, and infinitesimal deformation, it
can be shown' that the Bragg angle 0, of a reAection r
will be changed by an amount 60, given by

where the ek's and the h, s are the direction cosines of
the electric field (of magnitude E) and the diffraction vec-
tor h„respectively.

Expression (2) provides the basis for the refinement of
the piezoelectric tensor elements d;jk (or the strain tensor
elements e, .) from a set of measured values of b, 8„. The
change in the unit-cell dimensions can be derived directly
from e, as described by Barsch. '

THE MEASUREMENT OF THE 8 SHIFTS

Typical values for 68 of 10 —10 are comparable
with the precision of a good quality diffractometer. Nev-
ertheless, application of the "three-step modulation"
method, followed by analysis of the intensity change at
each point in a step scan, allows the shift in the profile to
be determined with a precision of about 10

The "three-step modulation" method

This method has been designed to measure very small
variations in the x-ray-diffracted intensities upon applica-
tion of the external electric field. It is an extension of a
method described earlier by Godefroy and Fujimoto.

The method uses a quasistatic electric field of square-
wave shape and low frequency. The diffraction signal is
gated to three different counting chains depending on the
direction of the applied field (Fig. 1). The three refiection
profiles I+, Io, and I collected in a single scan of a
refIection thus correspond to the three steps in the field
variation ("field up, "zero field, and "field down").

Similar methods are known in electronics as "synchro-
nous modulation-demodulation" methods: the crystal is
modulated at the frequency vE of the applied electric
field, while the response of the detector is demodulated
by electronics synchronized with the modulation. The
method effectively eliminates experimental Auctuations of
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FIG. 1. The three-step modulation method.
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frequency different from vE. Suitable choice of vE and
correct treatment of possible systematic errors allow
measurement of relative changes in the intensity as small
as 10 —10

The measurement of the shifts 50

where the subscript + indicates "field up" or "field
down, " and g+o, are the "response ratios" defined as

and

bI+, I+(20, )
—Io(20, )

Io(20, ) Io(20, )

(a) The effect of the electric field on the diffracted
profile may be threefold: change in the integrated inten-
sity, change in the Bragg position, and a possible change
in the shape of the profile. In MNA and other related or-
ganic compounds, the change in the integrated intensity
is at most 1%, more often (10 —10 )%. No change in
the shape of the profile is observed. The 20 shift of the
profile, although small, induces local (i.e., at each step of
the scan) variations in the intensity of typically 10%. As
shown in the Appendix, for small shifts and fixed profile
shape, the local shift 620; at step i of the scanned profile
is inversely proportional to the first derivative of the
zero-field profile at i, or
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FIG. 2. Observed (black) and estimated Gaussian (white)
probability distributions of EL9+0 and 60 o for the (1 —12)
reflection with a field of 2.5X10 V/m directed along the polar
axis. The mean values are &b,0+0) = —2.50(7)X10 ~ and
&60 o) =2.33(7)X 10

Io(20, ) =
BIO

$26I 20=20,.

where o(b,20+o, ) is the standard deviation of the mea-
sured 620+o, .'lit is about 130 in the experiments report-
ed here.

From the experimental AI+; and numerically comput-
ed derivatives of Io, 60+, can be evaluated at each point
of the scan.

(b) For a constant shape of the profile, the shifts
620+o s should be equal at each point of the scan, as the
whole profile is shifted. As a result of measurement er-
rors, the 620+o, s follow a distribution that is approxi-
mately Gaussian (Fig. 2). The mean of this distribution
& b,20+0) will be the best estimate of 620+o..

APPLICATION TQ 2-METHYL
4-NITRO ANILINE

A large body of both theoretical and experimental re-
sults for 2-methyl 4-nitroaniline has been accumulated.
Though the crystals have one of the largest known
second-harmonic generation coefficients, practical appli-
cations have been limited to thin films because of the ab-
sence of a phase-matching angle in bulk crystals. MNA
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also has an exceptionally large dc linear electro-optic
effect.

Description of the structure

A main feature of the nitroanilines is their electron
donor-acceptor character. In MNA (Fig. 3), charge
transfer of about 0.3e between the amino NH2 donor
group and the nitro NO2 acceptor group at the opposite
ends of the highly polarizable aromatic ring induces a di-
pole moment with an observed value of 6.2 D." Our cal-
culations with the program HONDO, and a 6-316 basis
set give a value of 8.65 D. They show the dipole moment
to be closely aligned with the N-N axis (component along
N-N: 8.64 D, in-plane component perpendicular to N-N:
0.38 D).

MNA crystallizes in the noncentrosymmetric mono-
clinic space group Ia (equivalent to Cc) with cell parame-
ters a =8.223(2) A, b =11.620(1) A, c =7.588(2) A,
P=94. 17(3)'.

The choice of the Cartesian system in which the
piezoelectric tensor d is to be expressed is usually dictat-
ed by symmetry considerations. ' A Cartesian-
coordinate system based on the molecular packing may
be defined as follows. E„parallel to 2a+c, corresponds
to the polar axis of the crystal. E2, parallel to b, is the
direction perpendicular to the mirror plane, while E&, in
the mirror plane like E„parallel to —a*+2c*,is perpen-
dicular to the plane of all the molecules that are arranged
in layers, the plane of each layer being perpendicular to
Ez (Fig. 4).

H(2)

H(6)

!

~ H(7)

H(4)

H(8)

The distance between adjacent layers parallel to the
(E&,E2) plane is about 4 A. The easy cleavage parallel to
this plane gives evidence for the weakness of the inter-
layer interaction.

Within each layer, the centers of mass of neighboring
molecules are separated by 8.802(2) A and aligned exactly
along the E& direction. The main (N-N) axes of the mole-
cules make angles of +19.5(2)' with this direction [Fig.
4(b)]. Because of the mirror symmetry, there is no net
dipole-moment component along E2. Also, there is no
component along the E& direction, which is perpendicu-
lar to the plane of the benzene ring. E& is therefore the
unique polar direction, corresponding to a net dipole mo-
ment of about 30 D per unit cell. Successive molecules
along E& are linked by "head to tail" hydrogen bonding
from the NH2 group to the nitro group of the adjacent
molecule.

68 measurements

To determine the piezoelectric tensor elements, the
electric field was applied in the three perpendicular direc-
tions E&, E2, and E&. Details on the crystals and experi-
mental conditions are given in Table I. In mounting the
electrodes, great care was taken to minimize electric-field
inhomogeneities and mechanical stress on the crystal.
All measurements were made on four-circle Huber
diffractometers with 20 scans of 130 steps. In order to
obtain high resolution in 20, a detector with a narrow slit
(1 mm) was placed as far as possible from the crystal (1
m). Rotating anode and synchrotron sources were used
in order to reach sufticient accuracy in 60 in a reasonable
amount of time. Each reAection measurement was re-
peated until a relative accuracy of at least 5o in the 0
shift was obtained.

A typical measurement is shown in Fig. 5(a). The
difference curves I+ —Ip and I —Ip clearly indicate the
oppositely directed shifts, which are of the order of
10 . The same series of measurements with the field
switched off are shown in Fig. 5(b). The lower part of
Fig. 5(b) shows the statistical noise of the experiment.

Results

Veri+cation of the Barsch equation

H(3

FIG. 3. The MNA molecule.

H(5)

The variation of 60+p and 60 p as a function of the
intensity of the field (refiection —10 0 —4 field along the
polar axis) is shown in Fig. 6. The linearity of the depen-
dence is as expected from expression (2). In Fig. 7, the
60+p and 40 p are plotted as a function of 0 for all the
rejections of the data set No. 1. The general trend is an
increase of 50 with 0, as predicted by the tan0 term in
the Barsch equation (broken line). This "tan8" behavior
is also shown in Fig. 8, where only the shifts of the (0 k 0)
rejections are plotted, the electric field being applied
along the E& direction (magnitude E =5.0 X 106 V/m). In
this particular case, the Barsch equation simplifies to

By fitting the equation 60=a tan0 to the data, the
piezoelectric element ~d, z ~

=2.6 pC/N is readily de-
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duced. This value is equal to the result of the full data set
re6nement, given below.

661 was found to be the same for Friedel-pair-related
reAections, and independent of the frequency of the field
(from 50 to 250 Hz).

The M%A piezoelectric tensor

The piezoelectric tensor in the point group m has ten
independent nonzero elements

d() d)q d(3 0 di5 0

0 0 0 d~4 0 d~6

d3'j d32 d33 0 d35 0

where the abbreviated notation' has been used.
The piezoelectric-tensor elements are determined by

least-squares from the measured 60 values using the
Barsch equation (2). Since each of the directions of the

layer 1

layer 2

layer 3

layer 4

(a} View along Eg

layer I

layer 4

(b} View along E3

a

layer 1 C;:—;.=--~- -" '

layer 3

layer 2

layer 4

E3

C

(c) Viem along Ey

FIG. 4. The MNA structure viewed along EI (polar axis), E& (b axis), and E3 (perpendicular to the plane of the molecules), respec-
tively.
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TABLE I. The MNA experiments.

Data set No. 1 Data set No. 2 Data set No. 3

Crystal
Dimensions (rnm )

Growth
0.95/0. 38/0. 40
50%%uo xylene
50% methanol
evaporation

1.10/0.90/0. 60
50% xylene
50% methanol
evaporation

0.80/1.20/0. 80
50% xylene
50% methanol
evaporation

Data collection
X-ray source
%'avelength A
Temperature ('C)
Scan type
Number of unique
rejections

synchrotron (NSLS)
1.00
=20-25
20
56

rotating anode
0.7107 (Mo Ka)
=20-25
20
9

rotating anode
0.7107 (Mo Ka)
=20-25
20
13

Electric field
Magnitude (10 V/rn)
Direction
Frequency (Hz)

2.50
E~~~(2a+c)
55-56

2.73
E2//b
55-56

3.12
E,~~(

—a'+ 2c*)
55-56

field corresponds to one of the Cartesian axes, each of the
data sets gives information on one row of the tensor (No.
1~[d,J], No. 2~[d2~], No. 3~[d3J]). Since the abso-
lute configuration of the crystal in the field is not known,
the signs of the dIJ remain undetermined. However, the

I

relative signs within each row are correct, as the elements
in one row originate from the same data set. The
refinements are summarized in Table II. The results in
the IE&] coordinate system are

[du]= 0 0

530.8(1) —530.9(3) 532.4(2)

5, 13.8(1) 5,2. 5(1) 5i1.4(1) 0

529. 3(2)

0

5,5.3(3)
0

—532.5(7)

0

525. 1(2 ) 10 ' C/N,
0

where 6; =+1.
With Electric Field
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FIG. 5(a) The three profiles I+, I0, and I of the (602) reflection with electric field of magnitude 2. 5 X 10 V/m applied along the
polar axis. Below are plotted the differences I+ —Io and I —Io with their standard deviations: the shift changes in sign as the field
is reversed. (b) As (a), but without applied electric field. All three profiles are superimposed.
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FIG. 8. 0 shifts of the (Ok 0) reAections compared with the
predicted tan0 dependence.

Strain tensors and cell deformations
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FIG. 7. 50+p and 60 o as function of 0 for the electric field
of 2.5 X 10 V/m applied along the polar axis. The broken lines
represent a tanO dependence.

For each applied electric field, the strain tensor ez (ex-
pressed in the Cartesian [E;I system) can be readily de-
duced by substitution of (5) into expression (1). The am-
biguity in the signs of the dIJ s is transferred to the signs
of the rows in the strain tensor, but does not affect the
calculated strain in any of the principal directions. For
instance, the strains generated by a field in the EI direc-
tion require only the elements [dtJ ] and not those in the
other rows of (5). The remaining uncertainty concerns
the absolute signs of the E' j s or, in other words, the signs
of the tensile and shear strains. This ambiguity would be
resolved by the application of a field to a crystal cut in a
general direction, which is experimentally diKcult to
achieve. It is of a somewhat limited practical interest, as
the main response of the crystal occurs for fields parallel
or perpendicular to the polar axis.

The translations [ a', b', c'
I of the deformed crystal can

d
—R eER

where R is the transformation matrix from the
Cartesian-coordinate system to the crystal system:

a
b
c

=R E2
E3

Since ez is a symmetrical tensor, it may also be re-
ferred to its principal axes [p;I, giving the diagonal ten-
sor e . The three mutually perpendicular directions [p;I
remain unchanged by the deformation. Table III gives
the strain tensors eE, ed, and e and the changes in the
cell parameters for all three fields applied in this study.

DISCUSSION

Orders of magnitude

The coefficient d» =+13.8(1) pC/N is higher than the
dtJ's of a quartz (d» =2.3, d&&=0.67), but lower than
the very large piezoelectric tensor elements of potassium
dihydrogen phosphate (KDP) (d36=23. 2). ' To our
knowledge, this is the strongest piezoelectric behavior ob-
served in an organic molecular crystal. It is larger than
in benzil, for which d

&&
was measured as 10.7 pC/N. '

The strains induced by such a piezoelectric tensor are
of the order of 10 for electric fields of 10 V/m, corre-
sponding in the case of MNA, to changes in the cell di-
mensions of 10 A and 10

be computed from the strain-tensor elements and the
zero-field values [ a, b, c I using '

a' a
b' =(I+ed ) b
c c

where I is the identity matrix and ed is the strain tensor
expressed in the crystal direct system [a,b, cI. ed is
readily deduced from ez through the mixed-tensor trans-
formation
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TABLE II. Refinement of the piezoelectric tensor elements.

Elements
of the d»

(dIJ ]
I:du]
ld3J]

Number of
parameters

Number of
observations

56
9

13

R(50 ) factor
(%)

5.8
5.2
5.3

R {60 ) factor
(%)

5.6
4.8
5.3

Strains dominated by the polar direction diiEi 0

In order to illustrate the main piezoelectric effects, we
shall retain only the largest drJ s

dpi 0 0 0 0 0

dE = 0 0 0 d24 0 0

0 0 0 0 0 0

Thus, for an electric field with three nonzero com-
ponents E&, E2, and E3, the induced strain tensor e& is

eE(EiE2E3)= 0 0

d24

24

0

(10)

which leads to the following conclusions. (i) The main
tensile strain e» is a contraction (or expansion) along the
polar axis, and can only be induced by an electric field ap-
plied along this polar axis. (ii) The main shear strain e23
is perpendicular to the polar axis, and can only be in-

TABLE III. Strains tensors (in 10 ) as a function of electric-field direction. E'p, Ey, and E'p are the strain tensors expressed in the
Cartesian I E;] (see text for the definition), direct I a;], and principal-axes I p; ] systems, respectively; 5„5z, and 53 stand for "+."

E, ll(2a+ c)5,
E& =2.50X 10 V/m

E2 I lb»
E2 =2.73 X 10 V/m

E3II( —a*+2c )5,
E3 =3.12X 10 V/m

3.45(3)
0

0.60(4)

0
0.63(4)

0

0.60(4)
0

0.35(3)

0
0.69(2)

0

0.69(2)
0

1.26(3)

0
1.26(3)

0

0.25(2)
0

0.39(3)

0
0.28(3)

0

0.39(3)
0

0.74(2)

2.53(4)
0

1.72(3)

3.56

0
0.63(4)

0
P
0

0.63
0

1.38(3)
0

1.27(3)

0
0

0.24

0
0.06(4)

0

1.43

0.26(3)
0

2. 19(4)

0
0.00

0

0
0.93(2)

0

0
0

1.43

0.61(3)
0

0.47(3)

0.96

0
0.28(3)

0

0
0.04

0

0.42(3)
0

0.38(3)

0
0

0.28

Principal axes:

pill 0.98E, +0.18E3

p, ll E,
p3 II

—0. 1 8Eg +0.98E3

Changes in the cell parameters:
Aa (10 A) =1.98(3)
5b (10 A) =0.73(5)
Ac (10 A) =0.88(3)

Aa (10 ' ') =0
hP (10 ')=1.76(4)

Ay(10 ')=0

0.34Ei+0.71Ez+0.62E3
—0.88Ei+0.48E3

0.34Ei —0.71Eg+0.62E3

0
0
0

0.63(4)
0

0.09(3)

0.48E
&
+0.88E3

0.88Ei+0.48E3
E

0.53(2)
0.32(3)
0.32(2)

0
0.51(3)

0

ha/a(10 ) =2.41(4)
hb /b(10 ) =0.63(4)
Ac/c(10 ) = 1.16(3)

ha/a (10 )=0
hP/P (10 ')=1.87(4)

Ay/y (10 ) =0

0
0
0

1.81(4)
0

0.10(3)

0.64(3)
0.28(3)
0.42(3)

0
0.54(3)

0
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duced by a field along the b axis. (iii) A field applied
along the E3 axis (i.e., perpendicular to the plane of the
molecules) has no significant effect.

It should be mentioned that a slightly larger value of ez
can be obtained by applying the field along the direction
p, =0.98Ei+0. 18E3 (see Table III), which makes an an-
gle of 10.6 with the polar axis (see Fig. 8). This direc-
tion is nearly parallel to the principal optical axis of
MNA, which is inclined at 8(1) to the polar axis.

External strain versus internal strain

The deformation of a crystal may be considered as a
superposition of a pure lattice (external) strain and of an
internal strain. ' The former keeps the atomic frac-
tional coordinates constant, changing only the unit-cell
geometry, whereas the latter has the opposite effect. In
the case of a molecular crystal like MNA, the external
strain would correspond to intramolecular deformations,
as if the unit-cell medium was deformed continuously in a
rubberlike manner. The internal strain can then be con-
sidered as a relaxation of the crystal structure in order to
respond to these energetically unfavorable displace-
ments. '

From the measurements of the shifts in the Bragg an-
gles, only the external displacements can be deduced.
But the internal displacements (i.e., the changes in the
fractional coordinates) are accessible from the measure-
ments of the variations in the diffracted intensities. The
total displacement can be determined by combining the
two sets of measurements.

Piezoelectric and electro-optic eII'ects

In view of our new results, we reconsider the interpre-
tation of the large electrooptic effect in MNA given by
Lipscomb, Garito, and Narang.

The linear electro-optic (LEO) effect is defined as the
change in the optical permittivity e (and thus the re-
fractive indices n) of the crystal induced by an applied
electric field E:

&electronic + relectron-phonon

The contribution of the electronic states to the LEO
coefficients can be determined experimentally by compar-
ing the LEO susceptibility g", and the second-
harmonic generation susceptibility y of only electron-
ic origin.

In their measurement of the LEO effect in MNA,
Lipscomb, Garito, and Narang applied a static electric
field of about 10 V/m along the I and Z principal opti-
cal axes, which are nearly parallel to the E& and E3 direc-
tions defined above. The y&&l susceptibility was derived
from the measured r», value as (540+100)X 10 ' m/V,
while y, PP (calculated from the reported second-
harmonic coefficient d», ) was found to be
(5'00+125) X 10 ' m/V. Notwithstanding the large un-
certainties, Lipscomb, Garito, and Narang concluded
that "the large value of the linear electro-optic effect in
MNA is predominantly electronic in nature, " the
electron-phonon coupling (i.e., the piezoelectric-
photoelastic effect) being negligible. The large piezoelec-
tric coefFicients of MNA obtained in our work indicate
the importance of the low-frequency contributions, and
are at variance with this interpretation. Indeed, 2-
methyl-4-nitro-N-methylaniline (MNMA), very similar to
MNA, has LEO coefficients known to be dominated by
the electrically induced strains.

CONCLUDING REMARKS

We conclude that x-ray diffraction can be used to
determine the piezoelectric tensors of small crystals. The
determination of the response at the atomic level requires
analysis of the very small intensity changes which accom-
pany the shift in the reAection positions. Preliminary re-
sults of such studies on MNA have been reported. With
a few exceptions, ' the microscopic theory of piezoelec-
tricity has received little attention. Experimental data on
atomic and molecular displacements in crystals subjected
to external fields can now be obtained with the techniques
described above.

1

nij

3= g &;,k&k
k=1
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APPENDIX: THE DERIVATIVE METHOD
FOR CALCULATION OF THK PROFILE SHIFTS

Using the modulation method with the 20 scan mode,
three profiles Io,I+ of N points each are collected simul-
taneously. Assuming the variation of the intensity at
each point to be due to the shifts 620+o of the profiles I+
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relative to the profile Io, the intensity I+ (28,. ) [or
I (28;) j at each point of the profile is given by Io(28, ) =

BIp

020 2e=zo,.
' (A3)

I+(28; ) =Io(28, —b,28+o; ), (Al) which gives for the intensity difference AI+p =I+ Ip

where b,28+o; is the shift of the profile I+ (or I ) at
point i of the scan.

As b, 29+o; is very small, Io(28; —529+o;) may be
developed to first order in 620+p,-..

bI+o(28 ) = Io(29 )628+o

In terms of local-response ratios, g+p;
=4I+o(28;)/Io(29;), the shift in 28 at each point of the
profile is equal to

Io(29; —b, 28+o, ) =Io(29, ) —Io(28; )b,29+o;,
where

(A2) Io(28, )
620

Io(28; )
(A5)
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