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Chapterr  3 

TheThe Modulation Method 

3.13.1 Introduction 

Too understand the piezoelectric effect at a microscopic, or atomic, scale one can investigate the 

structurall  changes in a piezoelectric material by using X-ray diffraction in combination with the 

conversee piezoelectric effect'". 

Thiss chapter wil l discuss the modulation method which is the basic experimental technique used in 

thiss study (§3.2). Furthermore the sample preparation (§3.3) and the experimental details (§3.4) wil l 

bee described, followed by the developed software (§3.5) and the obtained results (§3.6). 

3.23.2 Modulation Method 

Earlyy experimental X-ray diffraction methods applied to piezoelectric and dielectric crystals 

showedd clearly that irreproducible effects manifested upon application of a DC electric field, mainly 

stemmingg from the slow build-up of space charges (electrostriction) and the accumulation of 

impuritiess produced within the crystal by the external applied electric field. Recently, similar effects 

weree also observed using topographical methods'"7|. 

Too prevent this build-up of compensation-field charges at the crystal-electrode interfaces as well as 

inn the bulk of the crystal, an alternation of the electric field is strongly recommended'*  ! " . 

Thee development of a method to study piezoelectric crystals in electric fields based on a modulation 

off  the electric field was first used successfully by Puget and Godefroy , followed by an 

optimisationn by Fujimoto1'1 '^ and Paturle et al.'lfi | In this method the electric field is modulated so 
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Chapterr 3 

thatt space charge build-up, ionic conductivity and other diffusion effects are assumed to be zero on 

averagee in time. 

Thee modulation method can be split into two forms, which from now on are referred to as the two-

stepstep modulation method1* 1 lr~l and the three-step modulation methodlu* ]. Though the principle of the 

twoo methods is the same, the application in an experiment differs slightly. 

3.2.11 The principle of the modulation method 

Thee modulation technique is similar to a method often used in electronics, known as the 

synchronouss modulation-demodulation method. This method has the property that the modulation 

frequencyy is singled out (lock-in detection), eliminating fluctuations in the experiment. 

Two-stepTwo-step modulation 

Thee modulation method makes use of an external applied electric field with a two-step square-

shapedd (quasi-static) low-frequency modulated wave"'" l>!. The two states of the electric field are 

referredd to as positive and negative. As a result of the modulation, induced effects (see §2.3) within 

thee piezoelectric crystal wil l manifest in a similarly delayed modulation of the measured diffracted 

intensityy signal. This signal is gated into two different counting chains which are synchronously 

alteredd with respect to the state of the electric field. From these counting chains, in a X-ray 

diffractionn experiment two rocking curve profiles /+ and /. are obtained simultaneously for a 

particularr reflection under investigation in just one single scan. 

Three-stepThree-step modulation 

AA modified version of the two-step modulation by Paturlc et al."(l1 has an extra state of the electric 

field,, the zero-field. The general set-up of this three-step modulation is shown in Figure 3-la with a 

correspondingg rocking curve scan depicted in Figure 3-lb. The left and right rocking curve profiles 

inn this scan correspond to either the positive or negative state of the electric field, whereas the 

rockingg curve profile corresponding to the zero-field is situated in between. 

Inn order to be able to determine the sign of a piezoelectric constant, one has to know the absolute 

configurationn of the crystal, as well as the direction of the electric fields corresponding to the 

measuredd profiles. The absolute configuration of the crystal can be determined by using the (sign oi 

the)) pyroelectric effect'"'1 (provided this is known) or by measuring sensitive Bijvoet pairs" '. 

Thiss modulation method determines integrated intensities which could in principle be used for a 

structuree refinement. However, these integrated intensities are much more inaccurate than the ones 

obtainedd with a classical non-perturbed X-ray diffraction experiment. This inaccuracy is primarily 

causedd by the use of a larger sample, where X-ray absorption path-lengths, electrode-crystal surface 

effectss and extinction effects are not fully known. 

Thee experimental conditions for the three-step modulation method depends heavily on the beam-

linee configuration where the experiment is carried out. The modified experimental set-up of the 
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Thee Modulation Method 

two-stepp modulation on the Swiss Norwegian beam-line (SNBL) and the High-Energy beam-line 

(ID15)) wil l be discussed in detail later (§3.4). 

Crystal l 
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detector r 

electrodee | ^ 

Xrayss J I ^ " S 29 

r j j 

counters s < * > < § >> ^ > 
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FigureFigure 3-1: Principle of the three-step modulation method, a: Set-up and b: The 
threethree observed profiles, measured in a single scan, as a result of the induced 
shiftshift in Bragg angle by the applied field of4.5- Iff Vm' for LiNbO, (0,0,18). 

3.2.22 Electronics and gating 

Thee application of a proper electric field is rather straightforward, but needs some attention at the 

levell  of signal processing. When the intensity of a reflection is measured, corresponding to a certain 
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statee of the electric field, the electric field needs to be at full strength so that fluctuations in the 

integratedd intensity caused by a non-maximal field, are eliminated. In general, a certain time (rise-

time)) is needed to obtain an electric field at full strength and a delay time is needed before a 

measurementt can be performed. To have the right intensity signal at each state of the electric field, 

thee system is equipped with a simplified version of a lock-in detection device. To avoid noise pick-

upp in form of induction of voltage carrying 50 Hz lines, the frequency used for the modulation is 33 

Hz. . 

Thee electronic equipment uses two two-step signals which can be converted to a three-step 

modulatedd field by taking their difference. These two signals consist each of a two-third period of 5 

VV (=1 in digital logic) and a one-third period of 0 V (=0), have a phase difference, as depicted in 

Figuree 3-2, of one-third period and are produced by the central link unit. Taking the difference 

betweenn the two signals results in one-third periods corresponding either to 1. 0 and - 1. 

respectively. . 

Forr experiments where changes in integrated intensities are to be observed, a reference signal 

(spike)) at each rising edge allows the intensity measurement to start and stop at a well-defined point 

inn time for each cycle of the electric field. 

Thee electric field is generated by a high-voltage supply connected to switch electronics, controlled 

byy the two input signals of the central link unit as is shown in Figure 3-3. Since high-speed push-

pulll  switches were used for applying the high voltage to the crystal, the rise time of the voltage 

acrosss the crystal is sufficiently small to be neglected for a frequency of 33 Hz. Finally, the 

electricall  leads coming from the switch electronics are connected to the sample. 

Thee detector is gated into the central link unit which locks into the used frequency and controls the 

detectorr signal output with respect to the status of the electric field. These three-gated detector 

signalss combined with the frequency of the electric field and the timing signal, for constant time 

measurements,, are gated into the ESRF VCT6 counter (a VME multi-input I/O card). 

3.33.3 Sample Preparation 

Sampless used in conventional diffraction experiments are in general small for the simple reason that 

largerr crystals are often neither available nor wanted. In contrast, the samples used for electric field 

perturbedd experiments must be large so that the electric field can be applied easily through 

electrodes.. Growing such crystals can be time-consuming and a special crystal-growth set-up is 

needed.. Since the growth of crystals was not the goal of this work all crystals discussed in this work 

havee been obtained from crystal-growth laboratories or purchased commercially. 

Althoughh a small crystal can be placed between two conducting plates, it does not guarantee a 

homogeneouss electric field within the crystal. Therefore, to obtain the best homogeneous electric 

fieldd possible, metal is evaporated as electrodes directly on two sides of the crystal. To eliminate 
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possiblee short circuit pathways between the two electrodes, the crystal thickness should be 

sufficientlyy large. This is normally the case when the crystal thickness is larger than 200 \im and if 

thee electrodes do not cover more than 1 mm of the edges. With these two criteria, the crystals are 

thuss plate-like shaped and should be polished to a surface roughness of about a few (im to improve 

thee adhesion between the electrode metal material and the crystal surface. 

> > 

> > 
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1/33 3 

Timee [s] 

FigureFigure 3-2: The generated three-step signal (C) out of two two-step signals (A and 
B).B). The small spikes at the rising edge (-800 to 800 V) is the start signal for 
intensityintensity measurements with constant time period. 

Thee crystal is mounted onto a non-conducting sample rod, in most cases bakelite although nylon 

andd polyethylene is occasionally used, and glued with electrically insulating epoxy glue (Araldite). 
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Onn the same rod two small copper sheets are glued facing the electrodes of the crystal and an 

electrical-conductingg paint (gold-paint) is used for the connection of the copper sheets to the proper 

electrodee on the crystal. 
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FigureFigure 3-3: Electronics for the application of the electric field and the counting 

chain. chain. 
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FigureFigure 3-4: Sample mount on a standard diffractometer goniometer head. 

Thee two wires from the high voltage electronics are soldered onto the copper sheets. The whole 

samplee mount is placed on a standard goniometer head and the high voltage wires are fixed to it so 

that,, when used on a diffractometer, a movement of the whole system can not destroy the sample 

mount.. The sample mount is shown in Figure 3-4 and the sample properties are given in Tables 3-1. 

TableTable 3-1: Experimental sample conditions for the modulation method. Further 
detailsdetails on the materials are given in Appendix B. 

Materiall  Source Size 

[mmm ] 

Electrodee thickness Cut Treatment" 

[xO.11 p:m] 

LiNbO, , 7x7x0.1866 Al, =1 [001]]  OP 

AgGaS22 2 10x8x0.3 Cr. =1 and Au, =1 [112] OP 

KH 2P044 3 ,4,5 10x10x0.3 Al, =1 [001] P, P, NP 

KD^POj j 10x10x0.33 Al, =1 [001 1 

'Materiall  sources: I Provided by Or P. Pernot-Rejm£nkova\ Grenoble, Trance 
22 Cleveland Crystals. I fnited Stales of Amerika 
33 Provided by DrG. Marnier. Nancy, France 
44 Materia] from Prof. Dr P. Bennema. University of Nijmegen, The Netherlands; Sample cut 

all  the AMOLF-institute, Amsterdam. The Netherlands 
55 Moltech GMBH. Berlin. Germany. 

dd i2u.m < surface roughness < 6 urn). OP=Optical polished I] urn < surface roughness < 2umi. NP=Not polished 
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3.43.4 Experimental Stations 

Thee modulation method can be used at different X-ray sources and the set-up is easy to implement 

ass the equipment is compact and transportable. The sources used for this work are a rotating anode 

andd several beam-lines at the ESRF. This paragraph will discuss the experimental conditions at the 

rotatingg anode, the Materials Science beam-line (ID! I), the High-Energy beam-line and at the 

Swisss Norwegian beam-line. 

3.4.11 Rotating anode 

AA rotating anode (RA, Siemens KXY 4280 8 18kW), was used in point-focus mode with MoK(/ 

radiation.. The separation of the K,,i and K,,; lines was achieved by placing a monochromator, in this 

casee a fixed-exit channel-cut double-bounce Ge( 1 11) crystal with an asymmetric cut of 3°, 1.5 m 

fromm the source with a toroidal focusing mirror in between. The beam was resized with a pair of 

slitss placed directly after the monochromator and passed through the centre of a four-circle 

diffractometerr (Huber 511.1). A zero-dimensional scintillation detector (Bicron/Bede) with a pair of 

slitss was placed at the 20-arm of the diffractometer. The selected wavelength A was 0.70933A 

(MOK.,/11 line) and the intensity at the sample position was of the order of 3- 1G° phs s for settings of 

V=455 kV and /=270 mA on the rotating anode generator. The control software of the diffractometer 

iss a part of the SPEC lsl hardware-controlling environment and uses the standard settings as is 

definedd by Busing and Levy"'1 for the geometry and motion of the diffractometer. The hardware 

consistedd of a VME crate controlling the diffractometer motors and read-out of the counting chain. 

Thee electric field system for a three-step modulation, as is described in §3.2.2, can be used without 

anyy modifications. Rocking curve scans were performed in the (O-IO mode through-out this work, 

unlesss stated otherwise. 

3.4.22 Materials Science beam-line 

Thee main part of this work was performed at the Materials Science beam-line ° of the ESRF. 

Sincee several aspects of the beam-line are used for different kinds of (user) experiments, only the 

relevantt details concerning the modulation method at this beam-line wil l be discussed here. A 

furtherr discussion of details wil l be confined to the following chapters. 

Thee Materials Science beam-line is situated at an insertion device and consists of an optics and an 

experimentss hutch. The optics hutch prepares the synchrotron X-ray beam for the use in the 

experimentss hutch where experiments actually take place. Since January 1998 a second experiments 

hutchh has been added to the beam-line where stress and strain diffraction experiments can be 

performed.. The presented work was performed in experiments hutch 1 which is dedicated to 

diffractionn experiments. Experiments hutch I and the optics hutch wil l be discussed in some detail. 

OpticsOptics hutch 

Obtainingg a monochromatic beam at the beam-line is basically the same as for a rotating anode 

althoughh more optical elements are usually needed to obtain an intense homogeneous X-ray beam. 

Thee white beam coming from a wiggler source ($2.4,3) encounters a Be-window and a C plate (750 
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(jmm thickness) in the front-end allowing a partial heat dump. To decrease the heat load further, slits 

resizee the white beam to the user-specified size, followed by a partial dump of the low energies into 

speciall  inserted metal foils. Furthermore, the high energies wil l be absorbed by a cooled adaptive 

mirror1"11 with the advantage that higher harmonics are eliminated. The mirror wil l reflect the 

remainingg photons of different energies to the monochromator set-up, which is a combination of 

twoo separate Si( 111) crystals. The first crystal monochromates the X-ray beam to an energy 

resolutionn in the order of MO"4 AE/E and has to be cooled with liquid nitrogen to avoid heat-load 

effects,, such as energy-band broadening that reduces the reflected intensity after the second 

monochromatorr crystal. This latter crystal can be bend sagitally to focus in the horizontal plane. A 

secondd platinum-coated flat Si(l 11) mirror focuses the monochromated beam in the vertical plane 

andd reflects the beam into the experiments hutch. Figure 3-5 shows the set-up of the various optical 

devicess in the optics hutch of the beam-line. 

FigureFigure 3-5: Set-up of the optical elements in the optics hutch of the Materials 
ScienceScience beam-line (courtesy ESRF). 

ExperimentsExperiments hutch 1 

Passingg through a Be-window and three pairs of slits the beam hits the centre of a kappa 

diffractometerr . A zero-dimensional detector (Bicron) sits on the 20;arm with its own pair of slits. 

Thee beam stop is in position of the direct beam just behind the centre of the diffractometer. The 

beam-linee is controlled by a VME crate and the SPEC software. The necessary computers and 

electronicss for operating motors, beam-line sensor systems and counting chains can be found in the 

controll  hutch. The three-step modulation system can be implemented without any modifications. 

Figuree 3-6 shows the experiments hutch 1. 
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FigureFigure 3-6: Experimental set-up situated in the experiments hutch 1 of the 
MaterialsMaterials Science beam-line. 

3.4.33 Swiss Norwegian beam-line 

Thee Swiss Norwegian beam-line is situated at a bending-magnet source. The beam-line consists 

off  two experiments hutches and one optics hutch, see Figure 3-7. The experiments hutch A was 

usedd for electric field experiments. The X-ray beam coming from the front-end is split into two 

beams.. The beam used in the A hutch encounters first the primary Rh-coated silicon mirror and is 

reflectedd onto the first water-cooled S i ( l l l ) monochromator crystal. The second Si ( l l l ) 

monochromatorr crystal is used for sagitally focusing and a second Rh-coated silicon mirror focuses 

inn the horizontal direction and reflects the beam into the A hutch. Be-windows just before and after 

thee monochromator are installed, whereas a pair of slits is placed at the end of the optics hutch. In 

thee experiments hutch A, a second set of slits together with a Be-window is positioned before a six-

circlee diffractometer (KUMA) . A scintillation detector (Cyberstar, Nal(Tl)) is placed at the 20-arm 

off  the diffractometer. 

Opticss Hutch 

Hutchh A 

FigureFigure 3-7: Schematic view of the Swiss Norwegian beam-line (courtesy SNBL). 
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Electricc field experiments with the three-step modulation method could not be implemented into the 

beam-line.. This is due to the commercial, non-open, MSDOS operating control software and the 

limitedd possibilities of the accompanying control-unit of the diffractometer. However, the 

installationn of the two-step modulation method was rather simple, although some modification had 

too be made. 

ModifiedModified two-step modulation 

Thee two-step signal for switching the electric field was delivered by a digital lock-in amplifier 

(DLIA ,, model 850, of Stanford Research System, Inc.), using the same electronic switch box as is 

usedd by the three-step modulation method (§3.2). Electrical leads connected to the crystal electrodes 

madee the application of the electric field possible. The standard beam-line zero-dimensional 

detectorr (Cyberstar, Nal(Tl)) was used together with the three-step gating electronics, using only 

twoo of the three gates of this box. These two gating signals were fed into the electronic control unit 

off  the diffractometer which had one detector and one monitor input. Since only two input gates 

weree available and used by the two-step modulation method, synchronisation for intensity 

measurementss was not possible. However, changes in the Bragg angle could be measured. 

Thee crystal was mounted with a cooling device (Oxford Cryosystems, 600 Series) installed parallel 
too the diffractometer's ft) axis with a typical nozzle-crystal distance of a few millimetres. To avoid 
icee deposition on the crystal surface a cone-like kapton foil was placed at the tip of the cryo-stream 
nozzle,, facilitating a better flow of the nitrogen. 

3.4.44 High-Energy X-ray Scattering beam-line 

Thee High-Energy X-ray Scattering beam-line consists of two optics hutches and three experiments 
hutches.. Figure 3-8 shows an overview of the beam-line. 

411 8 37.8 31.0 29.0 2.0 0 

FigureFigure 3-8: The High-Energy beam-line. The beam-line consists of two optics 
hutcheshutches (OH1 and OH2) and three experiments hutches (bow B, star S and 
portport P). The attenuators (A) can be found in OH I, whereas primary slits are 
placedplaced before the port, star and bow hutches (PP, SP and BP). 
MonochromatorsMonochromators (MS and MP) and secondary slits (SS and PS) are placed 
inin OH 1 for the star and port hutch, respectively. The secondary slits for the 
bowbow hutch (BS) are placed in OH2. The sources (Asymmetric Multi Pole 
Wiggler,Wiggler, AMPW and Super Conducting Wavelength Shifter, SCWS) are 
situatedsituated before OH1 (courtesy ESRF). The port control hutch is situated 
behindbehind the port hutch (not drawn). 

Sincee experiments were only performed in the port hutch, this hutch and the optics hutch wil l be 
discussedd further. 
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Thee front-end consists of two Be-windows and a C attenuator. In optics hutch 1, the first device is a 

beam-splitterr that defines three beams, separated 1 mrad from each other and having widths of 0.8, 

1.22 and 1.0 mrad for the star, bow and port hutches, respectively. After the beam-splitter, primary 

slits,, attenuators and the monochromator for the port hutch can be found. The last device in the 

opticss hutch 1 are the port hutch secondary slits and the beam-line shutter. The beam enters into the 

portt hutch by passing through a Be-window. The experimental set-up consists of a pair of slits, a 

four-circlee diffractometer (Philips PW-1100) and, positioned on the 20-arm, a pair of slits and a 

zero-dimensionall  detector (Cyberstar, Nal(Tl)). A lead beam stop of 2 mm in diameter was inserted 

intoo the direct beam just behind the diffractometer. The beam-line is controlled by the SPEC 

softwaree and a VME crate. The necessary computers and electronics for operating motors, beam-

linee sensor systems and counting chains are situated in the port control hutch, directly behind the 

portt hutch. 

3.53.5 Software 

Severall  software programs have been written or modified to deal with the data from the 

experimentss with the modulation method. Here two programs will be discussed concerning the 

determinationn of the piezoelectric modulus and changes in integrated intensities. 

3.5.11 Determination of piezoelectric modulus 

Too determine a piezoelectric modulus (Chapter 2) one needs to analyse the data with respect to the 

shiftt in theta for a specific family of reflections, labelled as hkl. 

Thee effect of a small homogeneous strain Ad can be obtained by differentiating the Bragg equation 

(§2.3,, Eq. 2-8), 

<// = - ^ - . (3-1) 
2sin0 0 

withh respect to 9 yielding 

A6=-—A6=-—tan0tan0 (3-2) 
d d 

A00 = - / t a n #. (3-3) 

wheree /equals Ad/d. Combining equations of the converse piezoelectric effect (Eq. 2-7) and the 

differentiatedd Bragg (Eq. 3-2) gives 

JJ =--*»-
EE tanö 
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d.d. = (3-4) ) 

Too obtain y one has to plot AÖ (in radians) versus tanö and take the slope of a line with a best fit 

throughh the observed values. For calculation of the piezoelectric constant J;/, Equation 3-4 is 

applied.. Note that Equation 3-4 conforms to the Barsch equation (Eq. 2-10). 

AA program was written (P1EZO) which fits, by the least squares method, a first-order polynomial 

throughh the obtained AG versus tanö, for a set of reflections of the same family (e.g. 00/-family). 

Thee program uses the IDL Poly Jit routine with built-in error estimation. 

CorrectCorrect determination of Ad 

Thee program STROBO, which was received from Hansen et al.12"1', is based on the derivative 

methodd described by Paturle et al.1"6' This method assumes that for small shifts and a fixed profile 

shape,, the local shift A2Ö, at step i of the scanned profile is inversely proportional to the first 

derivativee of the zero-field profile at /, or 

A20.„.. = 
/ .(20,)-/ ( 1(20,) ) 

U20.) ) 
(3-5) ) 

wheree the subscript  indicates positive or negative electric field and 

die die 
(3-6) ) 

Fromm the experimental AL(20,) and numerically computed derivatives of /()(20,), A0 (26>,) can be 

evaluatedd at each point of the scan. Furthermore, for a constant shape of the profile, the shifts 

AÖJ29,)AÖJ29,) should be equal at each point of the scan, as the whole profile is shifted. As a result of the 

errorss (typically 107c) in the measurement, Ad (29,) has approximately a Gaussian distribution. 

Therefore,, the mean of this distribution, being the best estimate of Aö (20,), is defined as 

A20. . 

YY A20t l l J 

AA1<J(A2G.1<J(A2G.U!U!) ) 

(3-7) ) 

withh the variance 
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(A2Ö ,))= = 

i-i-  -
(3-8) ) 

wheree o(A20 .,) is the standard deviation of the measured A2Ö  , and N is the number of points in 

thee profile. 

Usingg this program and analysing the low-order reflections of a LiNbCh crystal gave satisfactory 

resultss with respect to theoretically expected linear behaviour of A0 versus tan 0 (Eq. 3-3). 

However,, when the program was used to analyse the high-order reflections a discrepancy in linear 

behaviourr was observed. The A0 for the high-order reflections were consistently found to be 

smallerr than expected by linear extrapolation (Eq. 2-10). 

Thiss can be understood as follows. Since Equation 3-5 holds for infinitesimal changes of the local 

A20,, at step /', the local derivative of Equation 3-6 approximates the slope of the rocking curve. 

However,, this is not the case when the local A20, is large. Here the local derivative does not 

approximatee the slope which results in an incorrect local A20,. Figure 3-9 shows the cases of local 

shiftss between the electric-field-induced rocking curve and the unperturbed rocking curve. The 

differentiall  method calculates for the small (i.e. infinitesimal) shift (Fig. 3-9a) the correct set of 

A6A6 (26i),(26i), whereas for a large shift (Fig. 3-9b) the calculated ) is smaller than the 

expectedd A0 (20,) value. 

siyse, , 

FigureFigure 3-9: Analytical calculation by differentiating procedure for small and large 
AG. AG. 

Inn order to be able to analyse large shifts, the development of a new program was required. 
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AA program (SHIFT) was developed, written in the IDL1" ' environment, that can analyse small as 

welll  as large shifts in 6. The program is based on a correlation algorithm and calculates the 

correlationn coefficient with respect to a movement of one of the rocking curves over the other. The 

maximumm of the correlation function determines the AÖ. The calculation of the correlation 

coefficientt is one of the pre-programmed functions in IDL and is called Correlate. The function 

computess the linear Pearson correlation coefficient of two vectors or the correlation matrix of an 

rnxflrnxfl  array. Furthermore, to obtain high resolution for the determination of A6, a linear interpolation 

functionn (IDL Interpol) is used. Interpolation to a step-size resolution of 10 ° in 9 can be achieved 

easilyy when enough computer power is available (at ESRF: UNIX computer cluster based on the 

PA-RISCC 7100 processors, IDL 4.0). 

Backgroundd correction is not obligatory since it is assumed that the electric-field-induced effects do 

notnot influence significantly the background of a profile. 

AA test with both programs, STROBO and SHIFT, to determine AÖ from simulated data showed that 

AÖÖ values determined by STROBO agree up to 57c of the FWHM of the zero-field profile, whereas 

thee SHIFT program gives the exact values for all of the tested shifts. Figure 3-10 shows the 

calculatedd versus the input shift for the two programs. 

3.5.22 Determination of A/// 

Too determine the A/// for a particular reflection a program (INTENSITY) was written to calculate the 

runningg average of A/// versus the total number of scans. All the profiles in one single scan are 

integratedd with respect to their corresponding state of the electric field. The fluctuation in 

backgroundd of the profiles is assumed not to change significantly in time, and therefore no 

backgroundd correction is applied. The integration of a profile is performed by the IDL function 

TotalTotal (general summation method) with no profile fitting. 

3.63.6 Results and Discussion 

Fourr different crystals were measured with the modulation technique. Crystals of LiNbO.̂  and 

AgGaS:: were measured with the three-step modulation method at the RA and/or at the Materials 

Sciencee beam-line. Furthermore, crystals of KH2PO4 and KD:P04 were measured with a two-step 

modulationn method on the Swiss Norwegian beam-line and the High-Energy X-ray Scattering 

beam-line,, respectively. The experimental set-up conditions were as explained previously in this 

chapter.. A short description of the properties and main physical interest of the four crystals, 

focusingg on the piezoelectric issue, is given in Appendix B. 

3.6.11 LiNbO^ 

Thee piezoelectric constant d\i was determined from various experiments performed at the RA and at 

thee Materials Science beam-line. 
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a: : 

<11 C.30 

AG,,, [FWHM] 

FigureFigure 3-10: Results of shift of simulated data with the programs STROBO and 
SHIFT.SHIFT. The simulated data was created by shifting the rocking cun'e linear 
withwith respect to the original rocking curve. 

PiezoelectricPiezoelectric constant djj 

Rockingg curve scans of the (00/) reflections, with 1=6, 12 and 18 were performed on the RA. The 

appliedd electric field had a strength of 4.3-10' Vm ' with a frequency of 33 Hz. To obtain good 

countingg statistics repetitive rocking curve scanning was performed. 

Thee results of the determined A0 by the program SHIFT are given in Table 3-3. For this experiment 

thee Ad was determined for the rocking curves corresponding to the positive-zero (Aöb/+) and 

negative-zeroo (A6b/.) state of the electric field. 

Plottingg the values of the determined A6b/+ and A Ob/, into a Barsch plot, as is shown in Figure 3-1 la. 

thee piezoelectric constant and a rigid rotation have been determined and are given in Table 3-4. 

Fromm this table it can be seen that the piezoelectric constant is not equal for the two directions of the 

shift.. This implies that the piezoelectric effect would not be symmetric around the zero-state 

40 0 



Thee Modulation Method 

rockingg curve. A possible explanation lies in a change of the profile width, i.e. mosaicity, of either 
statee of the electric field. 

TableTable 3-3: Results for A9 for the (001) reflections. 

(00/) ) 

6 6 

12 2 

18 8 

Totall  number 

off  scans 

15 5 

15 5 

15 5 

Averagee A$>/+ 

[ 1 0 ss rad] 

2.0(2) ) 

2.4(4) ) 

3.2(9) ) 

Averagee Ado/. 

[ 1 0ss rad] 

-2.1(2) ) 

-2.6(4) ) 

-3.4(9) ) 

TableTable 3-4: The d  ̂ for LiNbOj with rigid rotation. 

Direction n 

off  shift 

0/+ + 

0/--

\dn\ \dn\ 
12CN] ] ] 

7.4(2) ) 

8.4(2) ) 

Rigidd rotation 
5rad] ] 

1.47(3) ) 

-1.49(2) ) 

Forr a second set of measurements, as described above, A#+A (=A#) values were used to determine 

thee piezoelectric constant. Figure 3-1 lb represents the corresponding Barsch plot and the 

experimentallyy determined piezoelectric constant is 7.3(3)-10"12 CN"1. 

Furthermore,, the (00/) reflections with /=-42, -48...-78 were measured at the Materials Science 

beam-linee using a wavelength of A= 0.307 A, giving a resolution of sinÖ A"1 =2.81 A ' . The electric 

fieldd had a strength of 4.3-106 Vm'1 with a frequency of 33 Hz. The computed A0 is plotted in a 

Barschh plot, see Figure 3-1 lc, and the piezoelectric constant was determined as 7.5(2)-10"12 CN"1. 

Too conclude, the presented results for the piezoelectric constant d  ̂ are in reasonable agreement 
withh the reported 8.410'12 CN'1 by Fuijmoto"1'. 

3.6.22 AgGaS2 

Twoo sets of experiments were performed on an AgGaS2 crystal in an electric field. First the 

piezoelectricc constant corresponding to the [221] direction was determined, followed by two 

feasibilityy studies where changes in integrated intensities were measured. 

PiezoelectricPiezoelectric constant of the [221 ] directum 

Forr the determination of the piezoelectric constant of the [221] direction an electric field of 2.6*  106 

Vm"'' with a frequency of 34 Hz was applied parallel to this direction. A measurement of a data set 

containingg 633 scans was performed at the RA for reflections of the family (h,h,2h), with h=\, 2, 

...77 together with the corresponding Friedel pairs, with -/i=l , 2...4. For each reflection the AÖ was 

determinedd with the program SHIFT and the piezoelectric constant was calculated to be 4.8(3)-1012 

CN"11 as is shown in the Barsch plot of Figure 3-12. The distribution of the number of data points are 
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* * 
AG G 

: : 

Iann n 

tann 6 

tann 0 

FigureFigure 3-11: The Barsch plot for the (001) reflections of LiNbOt with a: 1=6, 12 
andand 18 measured at the RA (first set), h: Second set measured at the RA and, 
c:c: l=-42, -48 ...-78 measured at the Materials Science beam-line. The 
appliedapplied electric field for all experiments was 4.3-10 Vm . 
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4544 and 179 where tan 0<O.5 and tan 0> 0.5, respectively, with all (h,h,2h) reflections (222) in the 
tann ö<0.5 region. 

: : 

- 1 . 0 x 1 0 ~ 5 5 

0.0 0 

tann 6 

FigureFigure 3-12: Barsch plot for the (h,h,2h) and (-h,-h,-2h) reflections with h=l, 2, ... 
77 and -h = l, 2 ...4 for an electric field strength of 2.6- JO6 Vm'. 

Graafsmaa et al.[ determined from a similar experiment that the piezoelectric constants dI4 (=d2s) 

andd d36 are 8.8(9) and 7.6(1.8)-10 '2 CN"', respectively. From these two values they calculated a 

piezoelectricc constant of 4.8(5)10"12 CN"1 for the [221] direction (20.191 -^+0.191 -d36). Both the 

piezoelectricc constants determined in this work and by Graafsma et al. are in good agreement with 

thee value of 5-6-10" ~ CN"1 measured via the direct piezoelectric effect'29'. 

IntensityIntensity measurement 

Ann intensity measurement of the (-2-2-4) reflection was performed, with repetitive scans being 
takenn during 30 hours. The integrated intensity of the zero-field profile is shown in Figure 3-13a. A 
high-frequencyy fluctuation in the integrated intensity can be observed, which stems from small 
changess in the rocking curve profile. The low-frequency fluctuation is caused by a difference in 
deliveredd flux by the RA. 

Thee change in integrated intensity for each individual scan and the cumulative or running average, 

bothh calculated by the program INTENSITY, are shown in Figure 3-13b and 3-13c, respectively. The 

runningg average stabilised after 233 scans and the A/// was determined as being 0.25(4)%. 

Inn conclusion, although changes in integrated intensity can be observed by means of the modulation 

method,, long experimental times are necessary for obtaining good counting statistics. This limits 

thee method in the sense of a fast complete data collection. 
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|vM)|4vTV V l^^f^i^-l^^f^i^-  -.':^ i 

numberr of scans 

FigureFigure 3-13: The change in integrated intensity of the (-2-2-4) reflection with an 
electricelectric field of 210° Vm'. a: Integrated intensity of the zero-field profile, b: 
ChangeChange in integrated intensity for each individual scan and c: Cumulative or 
runningrunning average of the change in integrated intensity. 

3.6.33 KH :P04 

Too study the piezoelectric constant d36 of KH2P04 (KDP), experiments were performed at the Swiss 

Norwegiann beam-line at the ESRF with a monochromatic beam of 0.74A. The (12,12,0) reflection 

wass first measured at room temperature and showed a smooth and symmetric diffraction peak with 

aa FWHM of 0.01°. By application of five different electric fields the linear relationship between 

appliedd field and shift was tested. Figure 3-14a shows the (12,12,0) linear behaviour of the induced 

shiftt for the applied electric field of 0, 1.08-106, 2.15106, 3.23-106 and 4.3-106 Vm-1 in the [001] 

direction.. Furthermore, shifts for the (hhO) and i-h-hO) reflections, with h= 2, 4, 6... 12, were 

measuredd with an electric field strength of 2.15106 Vm"1. Figure 3-14b shows the Barsch plot for 

thee (M0) and (-h-h0) reflections and shows clearly that an offset in the shift is present. This 

indicatess the rigid rotation of the crystal due to the applied electric field. However, no correction for 

thee rigid rotation was made because the slope is not affected by this offset and the piezoelectric 

constantt d36 could be determined to be 20.9(3)-10"12 CN"1. This compares to the value of 22(1)10~': 

CNN ' determined by Zaitseva et al. 
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FigureFigure 3-14: a: The shift as function of the applied electric field as measured for 
thethe (12,12,0) reflection of KH2P04, b: The Barsch plot for the (-h-h0) and 
(hhO),(hhO), with h=2, 4, 6...12 reflection with an electric field strength of2.15106 

Vm'Vm' , c: Separation of the (12,12,0) reflection at 129K by application of an 
electricelectric field, and d: The temperature dependence of the d36 piezoelectric 
constant. constant. 

Thee asymptotic behaviour of the dtf, when approaching the phase transition was studied by 

measuringg at different temperatures. Only two settings of the crystal were practical for cooling-

downn the sample since other settings positioned the crystal out of the cold stream and ice deposition 

occurred.. The (10,10,0) and (12,12,0) reflections were measured at temperatures approaching the 

phasee transition. From these measurements the d^, was determined and the temperature dependence 

off  the piezoelectric constant is shown in Figure 3-14c. Here, asymptotic behaviour at temperatures 

towardss the transition point of the dv, is clearly visible. As the shifts increase proportional to the 
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inversee of the temperature the induced profiles wil l be separated completely. Figure 3-14d shows 

thee complete separation of the (12,12,0) reflection at 127 K. 

Notee that as the internal temperature sensor of the cryostream was placed at the exit of the nozzle, a 

discrepancyy between the actual temperature of the crystal and the measured temperature occurred. 

Afterr calibration of the cryostream temperature readings with temperature data of dt6 measured by 

Mason'3" ,, the actual temperature was deduced to be 135.5 K, which was still 12 K above the phase-

transitionn temperature. 

3.6.44 KD ;P04 

Thee piezoelectric constant d<0 of KD2PO4 (DKDP) was obtained from an experiment performed at 

thee High-Energy X-ray Scattering beam-line using an energy of 42 keV. As the limited space of 

experimentss hutch did not allow a crystal-cooling set-up, the piezoelectric constant was only 

determinedd at room temperature. Each of the (h,h,2h) reflections with /;=6, 10 and 12 were 

measuredd three times and A0 is plotted in a Barsch plot, as is shown in Figure 3-15. At an applied 

electricc field of MO6 Vm"1 the d36 was observed to be 53(3)10 '2 CN"', which is in good agreement 

withh the value of 58(2)-10 '2 CN"1 determined by Sliker and Burlage . 

2.5x1CT 5 5 

TJ J 

o o 

^^ 2 .0x1CT b 

l . 5x1CT 5 5 

0 0 

0.15 5 

tann 9 

FigureFigure 3-15: Barsch plot of the (h,h,2h) reflections with h=6, 10 and 12 for 
KD2PO4KD2PO4 at room temperature with an electric field of 1  10 Vm . 

3.73.7 Conclusion 

Thee modulation method is a very powerful method to study electric-field-induced piezoelectric 

effects.. The method can be used most effectively for the determination of the changes in Bragg 
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angle,, because in principle one scan for a set of reflections suffices to obtain the piezoelectric 

constantt determined by the changes in Bragg angle. On the other hand, the method is still of limited 

usee in the study of structural changes because long experimental times are needed to obtain 

significantt changes in integrated intensities. 

Ann improvement of this method would be the ability to measure higher count rates, so reducing the 

timee needed for data collection. The next chapter discusses the development of a new detector 

systemm with the capability of measuring higher count rates (>l(f phs s ). 
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