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Abstract

In this paper, the theory of the method which uses the sensitivity and versatility
of the multiple diffraction phenomenon to probe small lattice deformation
induced by electric field (Avanci et al 1998 Phys. Rev. Lett. 81 5426) was
implemented to provide a relationship between the E-induced strain in the
Rochelle salt (ferroelectric phase) crystal and the shift in the Renninger scan
peak position. From that, all piezoelectric coefficients in a piezoelectric
tensor row (da; = 7.0(6) x 107'°CN~", dp, = 2.2(9) x 107°CN7!, dp3 =
2.19) x 107°CN~'and dbs = 3.7(8) x 10~''CN~!) were determined by
using the primary reflections (6 00) and (8 00) found as the best choices for
the experiments with E parallel to the [0 1 0] direction (the b-axis).

1. Introduction

Rochelle salt, NaKC4H,Og - 4H,0, presents a ferroelectric phase between 255 and 297 K and
a paraelectric phase out of this temperature range. The Rochelle salt structure [1] under the
ferroelectric phase is monoclinic (space group P2;11, a = 11.869(3) A, b = 14.316(8) A,
¢ =6.223(3) A and 8 = 89.26(4)°) and under the paraelectric phase it is orthorhombic (space
group P212,2, a = 11.880(3) A, b = 14.298(3) A and ¢ = 6.216(2) A).

Despite small resistance and low disintegration temperature, the Rochelle salt crystal has
several important applications [2, 3], mainly in the acoustic field for its huge piezoelectric
effect that is unapproached by any other known substance. The main scientific interest lies
in its electric anomalies that are observed when an electric field is applied on the sample that
causes slight structural deformations to it; this is called the converse piezoelectric effect.

The first quantitative measurements of the piezoelectric effect in Rochelle salt were made
in 1894 by Pockels and his results are still in good agreement with those of later observers.
The electrical anomalies of the Rochelle salt are confined to effects observed with the fields
in the X-direction and shearing stresses in the YZ-plane. The piezoelectric constants d»s and
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dse, though larger than for most other crystals, do not exhibit special peculiarities, nor do the
dielectric constants for the Y- and Z-directions [2].

The great difference in the piezoelectric coefficients for Rochelle salt has already been
discussed in the literature and the most complex coefficient dy4 is a typical parameter whose
value can change one order of magnitude with varying temperature; this was investigated in
detail in [4].

A method using the x-ray multiple diffraction (XRMD) phenomenon to assess small
changes in the lattice parameters of meta-nitroaniline (mNA) nonlinear optical material under
the application of electric field has already been presented in [5]. The method has become
very useful and it has allowed for the determination of several mNA piezoelectric coefficients.
Recently [6], it has also been applied successfully to the investigation of the MBNAP [(—)-
2-(a-methylbenzylamino)-5-nitropyridine] nonlinear optical material. The importance of the
method lies in its versatility in providing all coefficients in any piezoelectric tensor row just
by performing one multiple diffraction pattern (Renninger scan).

In this paper, the XRMD method is applied to analyse the Rochelle salt and to obtain all
the piezoelectric coefficients related to the application of the electric field parallel to the b-axis
of this material. Here the necessary modifications in the calculations are also discussed to
relate the electric field strength E, the strain &;;, the changes in the lattice parameters (Aa, Ab,
Ac, AB) and the changes of the peak positions in the x-ray patterns (Aw’%¢, A¢"*) from
which the piezoelectric coefficients are determined.

2. Theory

The application of a static, or quasi-static electrical field to a piezoelectric crystal generates
strains in this crystal, which are the well-known converse piezoelectric effect [7]. The elements
of the strain tensor ¢;; are linearly related to the applied electric field by

8,'j :dijkEk- (1)

The analysis of the Rochelle salt, a monoclinic crystal which belongs to point group 2,
can be started by writing the vectors representing the crystallographic axes in a orthogonal
frame as

G = (ay.ay, a;) = (a sin B, 0, a cos ) b=(0, b, 0) ¢=1(0,0 0. (2

The changes in the length of any vector in this frame can be expressed in terms of the
strain tensor, &;;, by differentiating the equations for the squared length of a vector and the
cosine of the angle [6],

2 2
rir; 1 1S+ 8 eSS+ 8S°rir;
Ar = J Eij AO = — — J / +cos6 % Eij- (3)
r sin 6 rs (rs)
When Ar is applied in a separate form to each of the vector components one obtains
Ay dy ayay a.a; aay axa; aya
Aa = ——g + €y +——6,.+2 Exy +2 Ex;+2 Eyz. 4)
a a a a a a

By writing equation (1) in the matrix (Voigt) notation one obtains

Exx 0 dy 0
AN
€2z 23
= E
2y, dis 0 dn E’V )
281)6 0 dzs 0 ¢

28,y de 0 ds
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The lattice deformations of the case of E = E ,9 are given by

Exx = dn E gyy = dnkE & = dnikE e = (3) dasE. (6)
Substituting the relationships obtained in (2) and (6) into equation (4) yields
I Aa . 2 ) .
— — = dy; sin” B +dy3 cos” B +dys sin(2p). (7)
E, a
Similarly, the changes in the other lattice parameters are expressed by
%%=m ®)
LA . ©)
E, c

The change in the B angle is obtained from the application of equation (2):

1 1. .

OB = 2sin2p)(dx1 — dn) — sin*(B) dbs. (10)
y

Since equations (7)—(10) relate the unit cell deformation with the piezoelectric coefficients,

one has to associate these deformations to the multiple diffraction secondary peak position in

a Renninger scan.

3. Secondary peak position in a Renninger scan

In the multiple diffraction phenomenon a set of planes, usually parallel to the sample surface
referred to primary planes (/,, kp, £), are adjusted to diffract the incident beam. By rotating the
sample by ¢ around the primary reciprocal lattice vector, several other secondary planes (4, ks,
£) within the single crystal with arbitrary orientation also diffract. The interactions among the
primary and several secondary reflections are established by the coupling reflections (hy—hs,
ky—ks, £,—Ls). These interactions appear in the primary Versus ¢ pattern which is usually called a
Renninger scan [8]. Due to both the n-fold symmetry of the chosen primary vector and the two
diffraction conditions represented by the entrance and exit of the secondary reciprocal lattice
point on the Ewald sphere under rotation, the Renninger scan shows 2xn mirrors of symmetry
throughout the pattern. A review of this technique is presented elsewhere [9].

The angular position of a multiple diffraction peak corresponding to any [/ k £] secondary
plane for a fixed wavelength (1), can be determined in terms of the angle ¢ £ ¢ (the signal £
defines the entrance and exit of the reciprocal secondary node from the Ewald sphere), where
@0 is the angle between the secondary vector and the primary incidence plane measured in the
Ewald sphere equatorial plane [10]. This angular position is given by

2_pg.g
cos (" £ ¢) = 1 (W —H Hy (11)

2 1 H}
Vi = oy H - H}
where H, is the primary vector, H the secondary vector defined as Hyx¢ = ha* + kb + ("
and H, the coupling vector expressed by

i,
Hp:(HH()) H_OZ .

In case of a monoclinic crystal, the primary and secondary vectors are

- h ko - h k. ¢
Ho=—2 a+2p+ 2 ¢ Hppo= ——a+-b+ —¢. (12)
a sin B b ¢ sinf a sin g b ¢ sinf

A
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By considering (hp00) as the primary reflection, the angular peak position given in
equation (11) assumes the form

1 h(h — ho) + K + 2 _ L(2h —hy) cos B

hke . a? sin? B b2 " 2 sin?B ac sin? B _

cos (¢ £ go) = 3 Ll ST = f(@ b.c p), (13)
227 447 sin? 2 + b?

Thus, in order to relate the lattice deformation with the peak position this equation should
be differentiated to give
af

—sin (@K ¢ £ go) A(¢"FC £ ) = =

Aa+g Ab+g

0
Act
hkt CLA dc

AB.
hke B P

hke
(14)

Since the primary reflection is (ko0 0), the variation in the lattice parameter a is given by
Bragg’s law of differentiation

Aa
- = —cot(wy00) Aw — cot(B)AB. (15)

By adding (7) and (10) one has
A A
cosp ( Ao, Aa )=d21 (16)
E, \sinf acosp

which can be simplified by using (15) to give

cot(wp00) Aw
dy = ——TFT-—. 17)
Ey
The other coefficients are obtained by choosing the appropriate secondary reflection; for
instance,

1. Secondary (0 k0)

A_b % _ 0k0 0k0 _ ﬂg _ %
5 <8b 0k0> = tan (¢"*° & ¢o) A (¢"*° £ o) 2 3y, AB %00 (18)
2. Secondary (00 ¢)
Ac % _ 00¢ 00¢ _ ﬂg _ ﬂ
b <3C 00@) - (¢ :i:c/)o)A(¢ i¢0) a dayg, A B looe (1
3. Secondary (k0 ¢)
% _ hoe hoe _ ﬂﬂ _Ac %
A < dc hOK) - (¢ i%)A(d) i%) a dal,g, ¢ ¢, 20

The piezoelectric coefficients for a monoclinic crystal are obtained after the substitution
of the lattice parameter variation in the corresponding equations (7)—(10).

4. Experimental details

The data collection for this study was carried out using the Renninger scanning geometry
developed in a P4 SIEMENS single crystal diffractometer by adding a long pipe evacuated
collimator which provides a low divergence incident beam. The divergences obtained with
this geometry are §, = 107 arc seconds in the vertical plane and §, = 149 arc seconds in
the horizontal plane. The radiation used was Cu Ka(1) for the Renninger scans and CuKp
for the rocking curves and the measurements were performed with step sizes of 0.0008° and
0.005° in the w and ¢ axes, respectively. The (6 00) rocking curve was measured for most of
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Figure 1. Scheme of the electric field applied in the sample to allow for piezoelectric coefficient
determination using XRMD. The normal 7 to the primary reflection planes and the E-direction are
indicated in the figure.

the cases and it was chosen as the primary reflection for the Renninger scan measurements.
The (8 00) rocking curve was also measured in one case.

The typical sizes of the samples used in this paper were 5.0 mm x 2.5 mm x 1.5 mm
(the smallest being the face where the x-ray incident beam diffracts) and the electric field was
applied in the [0 1 0] direction; it means that E is parallel to the b-axis. The electric field was
generated by a variable voltage, low current dc power supply and was applied to the samples
via wires running from the power supply to small bolts attached to the metal tabs of the sample
holder. A conductive sponge (kindly supplied by SGL Carbon Group, Meitingen, Germany)
was positioned between the tabs and the sample just to improve electrical contact, to generate
a uniform field within the sample and, to prevent the mechanical strain in the sample due to
contact with the metallic plates, as shown in figure 1.

In this ﬁgurg, the incidence angle (), the rotation angle (¢), the normal 7 to the primary
planes and the E direction are also depicted. Iy represents the incidence beam and I, the
diffracted primary beam.

5. Results and discussion

The Renninger scan measurements were carried out for different Rochelle salt samples in
the orthorhombic phase (T > 24 °C) and a typical region of the (6 00) scan around the
¢ = 0° symmetry mirror is shown in figure 2. Once the weak (6 0 0) reflection was chosen as
the primary reflection for the Renninger scan measurements, it just shows positive peaks that
make the alignment of the samples and the piezoelectric coefficient measurements easier. The
indexing of the secondary reflections appearing in the scan is provided for the reference vector
[010]. The occurrence of the Laue (transmitted) three-beam case (112), two BSD cases
(302) and (3 12) appearing 0.107° apart from each other and the (20 1)(40 1) Laue—Bragg
four-beam case on one side of the mirror together with their corresponding mirrored reflections
can be observed. .

In order to study the effect of the electric field parallel to b-axis in the Rochelle salt
the sample was kept at 7 =~ 22 °C in the ferroelectric phase. The (8 00) rocking curves
were measured for the E values varying up to 1.1 x 103 V m~! and the results are depicted in
figure 3. The peak shape is kept the same indicating a uniform strain within the sample whereas
its angular position clearly changes towards the high angles even under the application of low
electric field values. The maximum peak positions were transformed into lattice strain through
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Figure 2. Portion of the 6 0 0 Rochelle salt Renninger scan around the ¢ = 0° symmetry mirror in
the orthorhombic phase.
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Figure 3. Peak shift in the 8 00 Rochelle salt rocking curves under electric field.

equation (17) and the result as a function of the electric field appears in figure 4. The d»,
piezoelectric coefficient is obtained from this figure as 7.0(6) x 1071 CN~1. It should be
pointed out that analogous rocking curve measurements using the (6 00) weaker reflection
were performed and have provided the result dy; = 9(1) x 10~'°CN~! which agrees reasonably
well with the previous result although with lower precision in the peak shift determination.

In order to illustrate the useful versatility of the multiple diffraction phenomenon in the
determination of several piezoelectric coefficients of the Rochelle salt, the measurement of
the three-beam case (000)(600)(202) in which the secondary Laue reflection (202) is



Rochelle salt piezoelectric coefficients obtained by x-ray multiple diffraction 10503

10 B00 F ochelle Salt

i
1

-

-10 1
|4, [=7.0(6%10"° CN

-cctgﬁnaIBQﬁmgm)xlﬂé

E (Vim) z10°

Figure 4. Rochelle salt lattice strain obtained from the 8 00 rocking curves as a function of the
electric field, which yields the piezoelectric coefficient dy;.
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Figure 5. Electric field effect in the 6 0 0 Renninger scan secondary peaks (202) and (402).

associated with the ds coefficient is shown in figure 5. Since this peak appears to be close
(A¢ = 0.21°) to the three-beam Bragg—Bragg case (000)(600)(402) we decided to show
both in the same measured portion of the Renninger scan under the E application. This
measurement indicates that we are able to measure the effect of the electric field in two (even
more) distinct reflections at the same time.

The measurement of the three-beam case involving the Laue secondary reflection (00 1)
at ¢ = 187.41° under the E application in conjunction with equation (9) gives dy3 = 2.1(9) x
10~ CN~'. By working with equations (7) and (10) and using the d,3 value we can plot the
resultant lattice strain as a function of E to obtain d»s = 3.7(8) x 10~'' CN~! as shown in
figure 6. It should be pointed out that the value obtained for the dps agrees well with the
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Figure 6. Rochelle salt lattice strain obtained from (000)(600)(202) three-beam peak shift as a
function of the electric field to give rise to the piezoelectric coefficient d»s.

literature [11] value of 5.3 x 107! CN~!, The last piezoelectric coefficient d», in the tensor
row, for E parallel to [0 1 0], has been obtained as 2.2(9) x 10~ CN~!, from the measurement
of the (0 1 0) secondary peak shift in the (6 00) Renninger scan and equation (9).

6. Conclusions

0The successful application of the XRMD method with enough sensitivity to act as a three-
dimensional probe to detect small Rochelle salt lattice deformations induced by the electric
field parallel to the b-axis is shown in this paper. Furthermore, it was used in the determination
of several piezoelectric coefficients for Rochelle salt obtained from just one Renninger scan.

The necessary modifications in the multiple diffraction theory in order to account for the
Rochelle salt case in which one has a different primary reflection, and also the relationship
with the converse piezoelectric effect have been presented.

The results obtained for the Rochelle salt piezoelectric coefficients using the multiple
diffraction method show that, by no means, the sample direction in which E is applied makes
a great difference in the values of the piezoelectric coefficients.
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