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Synchrotron-radiation x-ray multiple diffraction applied to the study of electric-field-induced
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In this work, distortions produced in the unit cell of a MBANR-)-2-(a-methylbenzylaming5-
nitropyridine] nonlinear organic crystal under the influence of an applied electric ficldye investigated by
using synchrotron-radiation x-ray multiple diffracti©®dRMD). The method is based in the inherent sensitivity
of this technique to determine small changes in the crystal lattice, which provide peak position changes in the
XRMD pattern (Renninger scan A typical Renninger scan shows numerous secondary peaks, each one
carrying information on one particular direction within the crystal. Thklf peak position in the pattern, for
a fixed wavelength, is basically a function of the unit cell lattice parameters. Thus small changes in any
parameter due to a strain producedbyive rise to a corresponding variation in tHek() peak position and
the observed strain is related to the piezoelectric coefficients. The advantage of this method is the possibility of
determining more than one piezoelectric coefficient from a single Renninger scan measliterHetvanci,
L. P. Cardoso, S. E. Girdwood, D. Pugh, J. N. Sherwood, and K. J. Roberts, Phys. Re®18426(1998)].
The method has been applied to the MBANRonoclinic, point group P crystal and we were able to
determine four piezoelectric coefficients|d,;|=0.2(1)x 10 11 CN™L, |d,,|=24.8(3)x 10 1 CN7?, |dyq
=1.3(1)x10 1*CN%, and|d,g=5.9(1)x 10 **CN"L. The measurements were carried out using the SRS
stations 16.3, Daresbury Laboratory, Warrington, UK.

. INTRODUCTION MBANP has been studied as well as SHG SHG is a
purely high frequency phenomenon involving only fields at

The investigation of nonlinear optical effects in organic optical frequencies, whilst the LEO effect is produced by the
crystals has been a very active area of research over the pasteraction of an optical field with a low frequency field via
decadé~’ The primary motivation for this activity has been the second-order susceptibility. The inverse piezoelectric ef-
the realization that some organic molecules have exceptiorfect and the stress-strain response embodied in the elastic
ally large second order polarizabilitig§irst hyperpolariz- constants involve only low frequencies.
abilities) compared with many inorganic materials. The pos- High-resolution x-ray diffraction techniques provide opti-
sibilities of exploiting this fundamental property are mum tools for studying the minute motion of lattice planes
perceived to be extensive because of the almost endlesssociated with the application of electric fields to nonlinear
variation in chemical structure that can be produced througloptical crystals. Using techniques such as x-ray multiple dif-
modern organic synthesis. The nonlinear responses of cryfraction (XRMD),'* we can assess changes in the lattice pa-
tals have their origins in théfairly predictable molecular rameters and crystal symmetry as a function of field strength.
nonlinearitied but the crystal structure and intermolecular Such approaches, when coupled with the use of synchrotron
interactions in the crystal also play a crucial part in deter+adiation enable, in principle, diffraction measurements to be
mining the nature of the effects produced. For a second orderarried out dynamically. Thus the effects associated with lat-
response, the crystal must be noncentrosymmetric and the&e relaxation at low frequencies can be isolated from the
most effective space groups are often those which also shorvemaining high frequency electronic process, which are in
piezoelectricity. For an effective transverse linear electroprinciple calculable from the SHG susceptibilities. The inter-
optic effect(LEO) the usual model requires that the polar pretation of the whole range of nonlinear optic effects will
axes of the constituent molecules should be as well alignetherefore, to some extent, be clarified by unambiguous iden-
as possible, while for phase-matched second harmonic getification of the low frequency contributions.
eration (SHG a certain optimum angle between the polar The first objective of our study was to apply the XRMD
axes of non-equivalent molecules is expected to be most efechnique to investigate the distortion of the crystal lattice
ficient. The LEO effect as a function of optical frequehzty ~ under the influence of an external electric field and to assess
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FIG. 1. (@) The MBANP molecule. The molecular dipole mo-
mentp is indicated. (b) Projections of the MBANP in two differ-
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ent planes showing the polar nature of thaxis.

Intermolecular hydrogen bonding occurs in {li¢d.1] di-
rection between molecules related by1a1,0] translation.
Due to this, MBANP can contribute to wave propagation in
both[010] and[001] directions. Although hydrogen bonding
does not have a great effect on the molecular shape it does
play an important role in imposing a strong net alignment of
the molecular dipoles within the materifffig. 1(b)]. The
alignment of the molecular dipoles contributes to the optical
nonlinearity of the material. In MBANP the chiral methyl-
benzylamino group causes noncentrosymmetry and the nitro
(acceptor and amino(donop provide the polarizable func-
tionality, which are needed for second harmonic generation.
Hyperpolarizability in MBANP is due chiefly to the dipole
moment of the pyridine fragment.

B. Lattice distortions, strain, and piezoelectric effects in
monoclinic crystals

The relationship between changes in the unit cell param-
eters, which can, in principle, be determined by XRMD, and
the piezoelectric coefficients are given by standard tensor
transformations. Since, as far as we can ascertain, they have
not been used in this context in the literature, we give here a
brief derivation of the formulas. The first part of this deriva-
tion is general, but the final formulas are specialized for the

the feasibility of determining the piezoelectric coefficient by case under consideration in this paper, a monoclinic crystal
this method. We describe calculations derived to relate elecf point group 2. The tensor summation convention over
tric field strengthE, strain,e;;, changes in the lattice param- repeated indices is implied whenever one or more suffixes,
eters (\a,Ab,Ac,AB), and changes in the peak positions inJ, Or K is repeated in an expression.

an x-ray pattern & w°”,A ¢"¥') from which the piezoelectric

coefficients will be determined.

MBANP

nitropyridine] molecular formula GH;3N;0,, crystallizes in
the monoclinic space group2,, point group 2 with unit cell

Il. BACKGROUND
A. MBANP
(Ref. 15 [(—)-2-(a-methylbenzylaminp5-

[Fig. 1(b)] dimensions of a=5.392A, b=6.354A, ¢
=17.924A, andB=94.60°. The MBANP moleculgFig.

First, changes in any vector={r;} and the angleg,
between any two vectors,ands, are written in terms of the
strain tensorg;; . From the definition of strain tensoAr;
=gj;r; . Differentiating the equations for the squared length
of a vector and the cosine of the angle,

IS

r=r.r., cosf=—,
rs

(R

leads to

1(a)] is butterfly shaped containing two aromatic rings
angled at 84.6°. Charge transfer occurs between the amino
nitrogen(donon and nitro nitroge nitrogefacceptoyr so that

the molecular dipole momer has its largest component in
the (001) direction at an angle of 33.25° to the unique axis
Trllse crystallographic data of the MBANP are given in Table
1.

1

rir;

Ar= — &jj,

ris;+s

r

i

0= sing|

rs

TABLE I. Crystallographic data of MBANP.

(rs)?

MBANP (CyaH13Nz0,):
(—)-2-(a-methylbenzylaming5-nitropyridine

Structure factors
@ (23+1)°

Crystal class: Monoclinic
a=5.409(3) A, b=6.371(1) A,
c=17.968(6) A, 3=94.6°
Space groupP2,

Point group: 2

Polar axis:b=[010]

Molecules per unit cell:2

F(113)=796(100%)
F(006)=74

F(200)=110
F(020)=352
F(101)=720

T r2sisj+srir;
+costy —————

I

@
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for the changes im and 6. These equations are used to cal- 2. Case (b): Field orthogonal to bE=(E,, 0,E)
culate the changes in the lattice constaatdy, ¢ «, S andy.
The piezoelectric tensor is defined in terms of the strain in-

duced by a fieldE, as

The nonzero strain components are

1 1
Syzzz(d14Ex+d34Ez): sxyzz(dl6Ex+d36Ez)- 9
Sij:dijkEk' (2)
o . . It follows from Eq. (1) that, in this caseAa=Ab=Ac
FOI’_ a m0n0_C|InIC CI’yStal Of pOInt group 2, US|ng matrix :AB: O, but the ang|e$¥ and»y are Changed from 90°’ SO
(Voigt) notation we have that the lattice is distorted into a triclinic structure. From

Egs.(1) and(3),

0 dyy O

€
sxx 0 dp O - 1A = — 1A =cos +sin (10)

yy 0 d 0 E, 2 a=Eyz, 2 Y= Bsyz Bsxy-
€2 | 23
28y, | dyy O day EV ' ) [The lack of symmetry in these equations is a consequence
2&,, 0 d 0 z of the arbitrary choice of the piezoelectric system of dxes
2¢ 25 Using Egs.(6) and(7) gives, finally,

o le 0 d36

—Aa=d14EX+d34EZ,
where the positions of zeros are determined by crystal sym-
metry. For a mono_clinic crystal, the pattern o_f nonzero ma- — A y=(cosBdy4+sin Bd;g) Ey+ (COSBdz4+Sin Bdzg) E, .
trix elements remains the same provided yreis is identi- (11)
fied as the monoclinic axisp, and X, ¥y, Z form an o , I,
orthogonal triad. The conventional choice of the standardf for exam;rj]ler,‘dthe f'g('jd IS apt[;)llefd algng theet a(;(IS, E
piezoelectric systemx(—a*, y—b, 7—¢) is used here. = (Ex0,0), thend,, andds can be found. A second experi-

Note the transposed row and column suffixes in the standaljanent.’ W'th the field along, will allow the two remaining
coefficients to be extracted.

d matrix 16
1. Case (a): Field aligned with'b E=(0, E,, 0) C. X-ray multiple diffraction
The only nonzero strain components are then X-ray multiple diﬁrac_tion is a t_echnique yvhich ha; been
used by several authdfs%'to provide a physical solution to
&= Uiy, the important crystallographic phase problem. In this work,
the multiple beam effects depend only on the geometry in
e —doE reciprocal space, not on the phase sensitive interference. The
yy reemye multiple diffraction phenomenon arises when an incident
beam simultaneously satisfies the Bragg law for more than
27~ Uy, one set of planes within a crystal. The primary diffracted
beam is produced by a set of planes, called primary planes
&2x= (1/2)dasEy . (4)  (hp.kp,lp). By rotating the sample around the primary re-
_ ) ciprocal lattice vector, several secondary plankesKs,|s)
Therefore using Eq42) and(3) we obtain within the crystal with arbitrary orientation also diffract. The
1A 1 intensity interactions among the primary and the several sec-
4 Aa , < . ondary reflections are established through the coupling re-
E, a —d21sm2,8+d2300§,8+2d25sm(2,8), ®  fiection (hp-hs.Kp-Ks,Ip-15). In the Renninger scanning

(RS) method?? the crystal is aligned for Brag@ingle or two

1 Ab beam diffraction and the sample rotate around the Bragg
Eb " dyy, (6) plane normal to produce a diffraction pattern with a series of
y multiply diffracted (n beam wheren>2) beams superim-
posed on a Bragg diffracted “background.” When the rela-
i f —d 7) tive strengths of the reflections involved in a multiple beam
E, 23 process interfere constructively we get an enhancement of

intensity (Umweganregung whereas in the converse case
and we get a reduction of intensityAufhellung). The number of
L symmetry mirrors appearing in a RS are determined by the
. . primary vector symmetry and the reciprocal lattice points
E—yA,B—53|r‘(2ﬁ)(d21—d23)—S|n2(,8)d25. ®) rotation about that vector, when they enter and leave the
Ewald sphere. The technique have recently been applied to
The anglesa and y do not change from 90°. The principal the study of lattice coherence in heteroepitaxial systetfis.
diagonal componentg,, is determined directly from the The inherent sensitivity to microcrystallographic changes
change irb andd,; from the change ir. The two remaining of Renninger scanning x-ray multiple diffraction makes this
simultaneous equations can be solved to fiagdandd,s. technique an ideal candidate for examining the subtle
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changes in the lattice geometry of nonlinear optic materials 1. Secondary reflection h00

when subjected to an external stimulus. Thus one can collect

XRMD data as a function of electric field and use data to Aa /ot —tar "0 o) A% o)

deduce the piezoelectric tensors. Additionally, the dynamics a |\dal, ., - -0

of lattice changes can also be determined using the time reso-

lution capability offered by the use of a high synchrotron Ac [ of of

radiation source. Using this approach fundamental data im- ¢ |dc hoo AP % hoo - 19

portant for the molecular and crystal engineering of novel

nonlinear i vice material n, in principl ro- .
onlinear optic device materials can, principle, be pro 2. Secondary reflection 0kO

duced.

The angular positions of any secondatyk({) multiple Ab [ of
diffraction peaks in a RS can be measured in terms of an _(_ )Ztar(¢0k0i Do) A (%O )
angle, 3= ¢"¥'+ ¢, (the signal stands for the entrance and b bl g

exit of the secondary reciprocal lattice point on the Ewald

spherg, wheredg, is the angle between the secondary vector + E(ﬁ ) _,_Aﬁ(a_f ) .17
and the primary incidence plane measured on the ES equa- a |\ dal, 9| o
torial plane?® This angle is given by
3. Secondary reflection hOl
(H2—H-Hg) Finally, the last equation obtained from the x-ray multiple

1
co hkli — , 12 ] - :
<4 o) 2 \/1/>\2—H§/4\/H2—H§ (12 diffraction is

) a0 o) A7 = )+ A o

of
B sa

where\ is the wavelength of the incident beam aﬁg is the AB
primary vector, H is the secondary vector and,:|p

=(H-H)(Ho/H2). These vectors, for a monoclinic crystal,
are functions of the unit cell lattice parametersh, cand 3,
so that we can write

hol hol

+Ac

f
) : (18
hol

Jac

4. Primary reflection 00§

hkl _
cod ™= do)=f(a,b,c,B). (13 The fourth necessary equation to determine the piezoelec-
tric coefficients can be directly derived from Bragg law,

For the MBANP case with the field applied along the =2(d sin(wg?aog). When
monoclinic [010] axis and the primary reflection being g
(00lp) with 1g=—6, Eq.(9) has the form 1 lo
= o (19
doa, cCsinp
cog ¢!+ ¢bg) _
one finds
h? k2 1(1-1p) hlycosp Ac 001, 00
————t = —=— A 0 )—CcotBAp. 20
1 a2 S|nzﬁ * b2 * C2 S|n2,8 acsinzﬂ Cc COt(wBragg) (wBragg) cotpAB ( )
2 [1 12 h? k® 2hlcospB Equations(16), (17), (18), and(20) form a set of coupled
N2 4c%sie B 22 acsir? g equations with variables:Aa/a,Ab/b,Ac/c, andAB. This
system, in principle, is solvable and then it allows for the
=f(a,b,c,B). (14 determination of the distortions produced By in the crys-

talline unit cell. The distortions are determined from L9,

In order to obtain the variation in the four unit cell param- OkO andhOl peak position variation in the Renninger scan
eters that characterize this system the differential coefficientgnd, from the 0y peak change in the rocking curve. As
appearing in the equation should be determined as discussed before, the distortions are related to the piezoelec-
tric coefficientsd,q, d,,, d,s andd,s, through early derived
equationg5)—(8).

i phkl hkl Jf Jf
—sin(¢™ = o) A(p"™M = po)=——|  Aa+t—| Ab
Jal, b hkl 5. Strain as a function of changes in the x-ray diffraction peak
positions
of of o . . -
+% Ac+£ AB. In the determination of the piezoelectric coefficients, the
hki hki secondary reflection§i00=200, k0=020 andh0l=101

(15 and, the primary reflection 09=006 have been chosen. By
using the lattice constants from Table | and the wavelength
Thus, for each analyzelkl secondary reflection the varia- A =1.4878 A, the system of equations was solved giving the
tion in the unit cell are given by the following. variations in lattice parameters. We have used the parameter
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[001] [001] I,

electric
R —
contacts

.——V_o

FIG. 2. Setup for applying allowing for both rocking curves

(w) and Renninger scaf) measurementézEyy.

TABLE Il. Angular positions of the chose secondary reflections.

hkl ¢entranc£de@ ¢exit(de@
200 197.6257 342.5513
020 76.2237 283.7763
101 194.9490 345.0510
and

AB=—0.214 (%~ $o) —0.128\ (0%,

values obtained from the experiment to make them as easier +0.261A( $2%°— ) (24)

as possible. Hence we have obtained

Aa 6
— =~ 1.463¢ 107 2A( ™= ) —5.173x 107 2A(wpoag

—0.281A( %% ¢y), (21

Ab
5 = 367310 2A (¢~ o) +4.0250 (p7*+ ¢bo)

+0.2810 (08 ) — 4.471A (20— gby), 22)

Ac =
— = 1723 10 2A( 1%~ pg) —3.923< 107 %A (i,

+2.097x 10 2A (20— ), (23
25000
MBANP - 006 s
2291 1=14704A
S 15000
£
)
JZ’ 10000 +
2
3 5000 4
k=
0
-5000 - . . . T T T a.
-15 -10 -5 4] 5 10 15
(a) ¢ (degrees)
60000 - -
MBANP - 006 '
_:f:.? s0000] A =1.4704 A =l
g- 40000 |§
,_D - <
8 |
30000 §
g . 3 I5 S
= 3 I~ 1 < ~
s I~ 3 3
E <>

FIG. 3. (a) Portion of the Renninger scan arougd=0° posi-
tion. (b) Symmetry mirror which appears arougd=90° position.

6. Piezoelectric coefficients as a function of the “effective”
strain

Now, one can use Eq$5)—(8) to write down the piezo-
electric coefficients as a function of the variation in the dif-
fraction peak positions. By takinda/a,Ab/b,Ac/c, and
AB from Egs. (21)—(24), the coefficientsd,, and d,5 are
directly determined from

Ab
Eydzzzfz‘?d22 (25)
and
Ac
Eyd23=TESd23’ (26

while the remaining two coefficients are obtained from

Aa
Eyd25: - AB+ 008(( 8d23_ -

o)y (27)

and

Aa
Eyd= 1.006?— 0.006 4p31 0.08Q: go5=c421- (28)

In other words, the slopes of the curveg versus|sdij|

allow for the determination of the desired coefficients being
|8dij| the deformation produced by the coefficieht.

IIl. EXPERIMENT

The data collection for this study was carried out using
the high resolution Renninger scanning equipment on station
16.3 of the Synchrotron Radiation Source, CCLRC Dares-
bury Laboratory(UK).26 The station allows measurements
with step sizes 0.0002° and 0.0005°%rand ¢ axes, respec-
tively. Samples were prepared by cleaving slices from high
quality single crystals grown by crystallization from solution
in methanol at low temperaturés?1n all cases the primary

reflection was (00B. Typical sizes of the samples used in
this work were 10 mmx 10 mmx 1—3 mm(the smallest be-
ing the face where x-ray incident beam diffrgcts

The electric field was generated by a variable voltage, low
current dc power supply and applied to the samples via wires
running from the power supply to small bolts attached to the
metal tabs of the sample holder. Some conductive sponge
(kindly supplied by SGL Carbon Group, Meitingen, Ger-
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o ovm' MBANP
] @W *1 o ooxtotum’ RC - 006
1 5y A=14878 A
16_% ,5’ :‘E 6 ’ 1G:u)(s;i(:n\s/r;:tting
; E ; 3
: E;f M z
7 14 0”\ D/§ 5 4
5 ) ¥ W
: 4%\% /DC’g %‘ ]
g 12 8 5
< 7] M E
E .| MBANP 04
g 7] ?Y p™m-006200 | L S S e e e
g 199 Sér a=148784A 1439 14.40 14.41 14.42 14.43 14.44 14.45
75 ~o-ovm” o (degrees)
g ~0—06x10°vm’|
L 7 ~—v—1.2x10°Vm’| . — . .
‘ng FIG. 5. Rocking curves for (0Q6reflection as a function of the
applied electric field.
6 L R R A R AL B
(1748 1746 -1744 -1742 -1740 tric field passed only through the sample. In all experiments
@ ¢ (degrees) E was applied parallel to the dipolﬁraxis. The experimen-
. tal setup was checked by determining tihe piezoelectric
6.0 MBANP o coefficient of LINbG;, and theds,, d3,, andds; piezoelectric
by T coefficient of mNA(meta-nitroaniling°
7 Y F/ Y \:\ Figures 3a) and 3b) show examples of a Renninger scan
g 56 —a-owe? f & taken from an MBANP sample with no applied electric field
_g ' j I ,ﬁa, ﬁ%w using radiation of wavelength 1.4704 A. The symmetry mir-
= 5, }f’/’y £ob ror is clearly visible in this scan and corresponds ¢o
& T d17 8% =90° [Fig. 3(b)]. Some of the peaks are slightly asymmetric
5 s Pl [ B in shape indicative of | of high perfecti
g s CE \ o) pe indicative of a crystal of high perfection.
I I M ety iy
50 E%ﬁq;g‘j
o] &
- IV. RESULTS AND DISCUSSION
76.19 76.20 76.21 76.22 76.23 76.24 76.25 . . .
®) o (degrees) The secondary reflections related to the determination of
the piezoelectric coefficients appear in the MBANP Ren-
2] . ninger scan at angular positions given in Table Il. The pri-
MBAN® PR, —v—12x10°Vm ) S -
22| DM- 008 101 ¥y W mary reflection is 00G&nd theRg=[010].
2] r= 14878k f Y The secondary reflection 20@t ¢=342.5513°, 020 at
184 4 % ¢=76.2237°, and 1Qlat ¢=2345.0510° were chosen for
16-'.W§y %%W the measurements. The indideandS stand for the entrance
Z ] : . . . and exit of the reciprocal node of the Ewald sphere. It should
g 20 f“%% —o—06x 10"V be noticed that when peaks leaving the Ewald sphere are
_g 18 4 % chosen, the negative signal should be used in the equations
~ 16 i Y relating peak position variation and the piezoelectric coeffi-
g 147 4 L cient.
é Z“W e The electric field was applied in the directi@=[010]
o oy ooy and the field strength: 0 Vi, 0.6x10fVm™, and 1.2
] g ?'% x10°Vm™% The multiple diffraction peak position varia-
5] § B tion 20Q for MBANP as a function of the applie&, is
107 F % shown in Fig. 4a). One can directly see th&, causes just

L)
-15.00  -14.98

(©

FIG. 4. (a) Multiple diffraction (200 peak as a function of the
applied electric field(b) Multiple diffraction (020 peak as a func-
tion of the applied electric fieldc) Multiple diffraction (101) peak

T T T
-1496 -1494 -1492

¢ (degrees)

as a function of the applied electric field.

-14.90

peak shift without any change in its shape. For ©2€the
peak shift as a function ok, is shown in Fig. 4b). It is
possible to determine the position of each curve despite their
forms. Figure 4c) exhibits the behavior of the multiple dif-
fraction peak 10l as a function ofg, . Finally, Fig. 5 pre-
sents the rocking curve shifts for the Op@mary reflection.

In this figure, it is possible to define several regular peaks
due to the mosaicity of the materi&i®! Then, Table I
shows the peak position variations obtained from the above

many) was positioned between the tabs and sample to immentioned figures. By using the values in Table Il and Egs.
prove electrical contact as shown in Fig. 2. The samplg21)—(24) one can obtaima/a,Ab/b,Ac/c and AB shown

holder itself was made of an insulating material so the elecin Table IV.
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TABLE lll. Renninger scan secondary peak shift as a function

of Ey.

SYNCHROTRON-RADIATION X-RAY MULTIPLE ...

hkl

X 106(\5 m™Y)

E

A(™' = o)
%1075 (rad)

200

020

006*
(*Aw)
101

0.6
1.2
0.6
1.2
0.6
1.2
0.6
1.2

2.618
5.061
0.349
0.524
—14.451
—31.783
—4.363
—8.203

The method based in the rocking curve and in the x-ray

multiple diffraction has allowed to probe the variations in the
four MBANP crystalline unit cell parameters. It is worth-
while to point out that the values obtained for the angular

40
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30 -

® Id,0=13(1)x10"" CN"

MBANP
& 1d,1=2438(3)x10"" CN"

-——

T T T T T T T
0,2 0.4 0,6

T T T T
0,8 1,0 1,2 1,4

E=E px10°Vm")

1A 1d,l=59(1)x 10" CN"

MBANP
W Id,l=02(1)x10" CN"

variation (~ 10 3deg) are of the same order of magnitude of
those published in the literatife for MNA (2-methyl
4-nitroaniline, monoclinic, point groum).

The piezoelectric coefficients can now be determined with
Egs.(25—(28). Figure Ga), shows the obtained behavior for
leq, | andleq,| with Ey. The curve slopes have provided |
|d,,| =24.8(3)x10 *CN? and |dg =1.3(1) 0.
x10 *CN™L. The remaining coefficients are determined
from the slopes ofeg, | X Ey and|eq, ] X E,, which appear
in Fig. 6(b).

Summing up, we were able to determine four piezoelec-
tric coefficients:

€
21

— ——

1,2

T T T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0

E=E, y(x10°Vm™)

1,4
(b)

FIG. 6. (a) “ Effective straif’ &q.,asa function of the applied
electric field. The piezoelectrid,, and d,; coefficients are deter-
mined from the slope of the curve) “ Effective strairi’ &g, as
a function of the applied electric field. The piezoelectti¢ andd,s
coefficients are determined from the slope of the curves.

dy;=0.21)x10 1 CN7L, dy=1.31)x10 1 CN7?,
d,,=24.93)x10 * CN7?%, dyx=5.91)x10 ' CN7Y,

from the same experimental setup using rocking curves and
Renninger scans combined. x 10 1CN™Y, and|d,g =5.9(1)x 10 1*CN™L
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