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Chapterr  1 

Introduction Introduction 

1.11.1 Piezoelectricity 

Everyy day millions of people on earth, and the few who are (supposed to be) in earth's orbit, make 

usee of crystalline materials for their physical properties, like conduction, magnetism, luminescence 

andd piezoelectricity. 

Thee latter property, accidentally discovered by Pierre and Jacques Curie in 1880, may show in 

certainn crystals as an electrical polarisation upon application of a mechanical stress (i.e. the direct 

piezoelectricc effect) whereas the converse piezoelectric effect results in formation of strain by the 

applicationn of an electric field. The piezoelectric effect remained a peculiarity and was only a matter 

off  academic interest until it was put to use in World War I in submarine echo-location devices . 

Inn the 1950s a commercialisation of the effect became available in the charge-amplifier technology. 

Nowadays,, the piezoelectric effect is used in more general applications like buzzers, microphones 

andd gas lighters. They can also be found in high-tech applications, for example in all sorts of 

sensorss (e.g. acceleration, force and pressure), micro actuators, gyroscopes, frequency-controlling 

devices,, micro motors and micro pumps. 

Althoughh piezoelectric materials are widely used in technological applications, the underlying 

processess are mainly understood at the macroscopic level. At this level, the piezoelectric effect is 

mathematicallyy described as a third-rank tensor . The determination of the piezoelectric constants, 

i.e.. third-rank tensor elements, was performed mechanically by means of the direct piezoelectric 

effect.. However, new possibilities in studying piezoelectricity became available by the development 

off  the X-ray diffraction modulation method . With this tool, the converse effect can be used for the 

(re)determinationn of the piezoelectric constants ' and to study this effect at the microscopic, i.e. 

atomic,, level. Meanwhile, phenomenological studies'"1 on piezoelectricity were derived on the basis 
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Chapterr 1 

off  the unperturbed crystal structure, deducing some of the piezoelectric effects, whereas first-

principlee studies are only recently becoming available . However, still no prediction of the 

amplitudee of the piezoelectric constants can be made. 

Overr the years, a number of X-ray diffraction studies on the electric-field-induced structural 

changess by external electric fields have been performed'1"" 1 . These studies have shown that, for 

example,, ion displacement and electron redistribution are fundamental aspects of piezoelectricity, 

andd are considered to play an important role in this effect. Since in general the structural changes, 

andd consequently the changes in the diffracted intensity, are small, good counting statistics are 

needed.. This implied that long data-collection times were needed to measure these small changes in 

integratedd intensities, which were performed at a conventional X-ray source, such as an X-ray tube 

orr rotating anode. Therefore, the experiments were limited to a few selected reflections and the 

deducedd structural changes had to be based on preconceived models. 

AA larger ilux became accessible by the development of synchrotron sources, allowing a significant 

decreasee in the data-collection time. This opened the possibility to perform more complete 

diffractionn studies in a reasonable time, within weeks rather than months. Furthermore, the 

brilliancee was dramatically increased with the development of the third generation synchrotron 

sources.. New developments in X-ray optics allow that the increased brilliance is conserved to a 

greatt extent during beam conditioning and results in a much higher photon flux on the sample. This 

openss the way to study either series of iso-structural compounds or compounds under different 

conditions,, such as temperature, strength and frequency of the applied electric field, to obtain better 

understandingg of the origin of piezoelectricity on the atomic level. In a range of experiments, the 

dynamicc range and count-rate capability of the detector has now become a limiting factor. This is 

especiallyy true for perturbation studies where in general one has strong reflections since large and 

almostt perfect crystals are used. Furthermore, since large samples are used, often containing heavy 

elements,, a relatively high photon energy is needed in order to reduce absorption effects. 

1.21.2 Subject of Thesis 

Thee subject of the thesis was to develop new methods allowing faster data-collection on a third 

generationn synchrotron source (European Synchrotron Radiation Facility, ESRF). with the goal to 

improvee the understanding of the piezoelectric effect at the atomic level by measuring the changes 

inn integrated intensities. 

Itt should be noted that the methods described in this thesis can be used not only for electric field 

experimentss but also for any other experiment where a modulation of a perturbation is applied, such 

ass irradiation by laser light or magnetic fields. The methods arc very powerful in perturbation 

studiess where the measurement of only one single-crystal reflection suffices to understand a 

particularr physical property. 

Brilliancee of an X-ray source is the delivered photon beam in photons s mm " mrad per 0.lf7r band width. 
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1.31.3 Outline 

Thiss thesis is organised as follows. In Chapter 2 the theory of piezoelectricity and its relation to X-

rayy diffraction is discussed, followed hy the theory of X-ray sources with an emphasis on the 

synchrotronn source of the ESRF. The conventional modulation method wil l be discussed in Chapter 

3,, together with the sample preparation, development of software and the experimental stations. 

Furthermore,, experimental results obtained with this method for the piezoelectric constants of 

LiNW XX AgGaS;, KDP and DKDP crystals are presented. The subject of Chapter 4 is the 

developmentt of a new detector system which is a combination of a Ge-detector and a (digital) lock-

inn amplifier. With this detection system the temperature dependence of the piezoelectric constant of 

KTiOP044 was determined and first results for changes in integrated intensities for a DKDP crystal 

aree given. In Chapter 5 the broad-energy X-ray band method is introduced. This method is based 

uponn the principle of a thick Ewald shell instead of a thin Ewald sphere, which allows obtaining the 

integratedd intensity in a single measurement without the necessity to perform time-consuming 

scans.. The theory, experimental set-up and results for two different techniques for creating a broad-

energyy X-ray band are presented. The first technique uses a bent-Laue monochromator whereas the 

secondd one uses a bent multi-layer. First results obtained for both techniques with Si, AgGaS: and 

LiNbOii  samples are given. Finally, Chapter 6 wil l discuss the application of the broad-energy X-ray 

bandd to a LiNbO;, crystal in an electric field. The measured changes in integrated intensities for 

severall  reflections were used in combination with a newly developed refinement procedure in order 

too obtain the structural changes induced by the applied electric field. 
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Chapterr  2 

Theory Theory 

2.12.1 Introduction 

Sincee their discovery more than 100 years ago by the Curie brothers'1'2' (Pierre and Jacques), 

piezoelectricc materials have been studied at the macroscopic scale and several theories have been 

developedd to explain piezoelectricity. The existence of any theory at microscopic, i.e. atomic scale, 

iss rather limited121 whereas the prediction of the magnitude of piezoelectricity based on ab-initio 

principless is becoming available'3'41. However, recent studies have investigated the effect at the 

microscopicc scale'5"11'and are mainly focused on the well-known and commercially used crystals of 

LiNb03,, KTiOP04, AgGaS2 and quartz. 

Thiss chapter wil l discuss briefly piezoelectricity (§2.2) and its properties in relation to X-ray 

diffractionn (§2.3), followed by a description of the theory of X-ray sources (§2.4) with an emphasis 

onn the synchrotron X-ray source of the European Synchrotron Radiation Facility (ESRF) in 

Grenoble,, France. 

2.22.2 Piezoelectricity 

Thee piezoelectric effect, as wil l be explained in the following section, can be divided into two 

distinctt effects: the direct piezoelectric effect and the converse piezoelectric effect. 

2.2.11 Direct piezoelectric effect 

Thee phenomenon that certain crystals experience a change of the electric polarisation and develop 

electricc charges on opposite crystal faces upon application of a mechanical stress is known as the 

directt piezoelectric effect. 
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Inn general all non-centrosymmetric crystals, with the exception of the cubic class 432, are 

piezoelectric.. Hence, twenty point groups show piezoelectric behaviour. However, the absence of a 

centree of symmetry is an essential but not a sufficient requirement, because the magnitude and 

directionn of the piezoelectric effect depend also on the direction of the applied stress1-1 and the 

contentss of the material'1,1 as is shown in Figure 2-1 and Figure 2-2. respectively. An unstressed 

ferroelectricc crystal (Fig. 2-2a) with a spontaneous polarisation is stressed (Fig. 2-2b). resulting in 

ann induced polarisation AP with a magnitude proportional to the applied stress. An unstressed non-

ferroelectricc crystal with a three-fold symmetry is shown in Figure 2-2c. Here the arrows represent 

dipolee moments, where each set of three arrows represents a planar group of ions denoted by 

(A +),B'\\ with a B3 ion at each vertex. The sum of the three dipole moments at each vertex is zero 

andd no spontaneous polarisation occurs. However, when the crystal is stressed the three-fold 

symmetryy wil l be broken and polarisation occurs in the indicated direction (Fig. 2-2d). 

Thee magnitude of the induced electric polarisation is proportional to the applied stress o, and is 

givenn in a first approximation, under isothermal and isobaric conditions, by 

P=doP=do , 

wheree d is the piezoelectric tensor . 

Usingg the Einstein summation convention Equation 2-1 can be written as 

(2-1) ) 

P=dP=dakakaa!k!k <i,j,k = l,2,3) (2-2) ) 

wheree dIjk are the piezoelectric moduli. This means that when a general stress al}  acts on a 

piezoelectricc crystal each component of the polarisation ƒ>, is linearly related to all the components 

off  o,k. 

Whenn a letter suffix occurs twice in the same term, summation from I to 3 with respect to that suffix is understood 
automatically.. For example: 

PiPi =  Tncl\  +Tr/l2 + Ti} ch 

PiPi =I\\cl\ +T::CI:  +7V/ < 

// = ! 

Pi=Yjn<ii Pi=Yjn<ii 
/ - i i 

p,=Yl\p,=Yl\ iiqq i i 

Pi^tfnViPi^tfnVi <i = 1 < 2 ' 3 > : 

! ! 

PlPl=T,=T,qiqi <i,j = 1.2.3; 
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FigureFigure 2-1: Different application of stress upon a piezoelectric crystal with their 

respectiverespective axis of induced polarisation. 
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FigureFigure 2-2: Piezoelectric effect versus contents of material: a: Unstressed 
ferroelectricferroelectric crystal: b: Piezoelectric effect caused by applying a stress to 
thethe unstressed ferroelectric crystal which produces a change in the 
polarisationpolarisation by AP, the induced piezoelectric polarisation: c: A non-
ferroelectricferroelectric crystal with a zero net dipole moment for the threefold 
symmetrysymmetry axis: d: When a stress is applied the threefold symmetry breaks 
andand a non-zero net dipole moment occurs (from Kittel1 ) . 



__ Chapter 2 

Furthermore,, it should be noted that as the state of stress is identified by a second-rank tensor with 

ninee components and the polarisation of a crystal, being a vector, is identified by three components, 

dakdak is a third-rank tensor with 27 components. 

Sincee dilk is symmetric in j and k a reduction of the components can be obtained. Elimination of 

onee of each setjk in the symmetric dnk results in 18 elements. 

d d d d d d 

ddirir  </,,, 

d,. d,. 

Withh this new set of d,n, a further simplification can be obtained by changing from tensor notation to 

matrixx notation, giving a clearer and more convenient mathematical approach when calculating 

particularr problems. Using Voigt's convention the matrix elements are set as follows: 

Tensorr notation (/, k) 11 22 33 23,32 31,13 12,21 

Matrixx notation (/') 1 2 3 4 5 6 

Thus,, for example d2i=d:n  and d/4=2di:/. For consistency, the suffix notation of the stress 

componentss in Equation 2-2 wil l change to the matrix notation as follows 

<7<7 t]t]  <Jr (7, 

0 \,, <7,, G: 

C|| C,, C-

<T,,, ö\ <J4 

O",, <T, G. 

ff  2-3) 

Rewritingg Equation 2-2 into the new notation gives the matrix notation 

PP =dG <i = 1,2.3: j = 1,2.. ..6). 

wheree the piezoelectric elements d,, are given by 

((dduu dr d]X dl4 d,< du 

d^d  ̂ d-, </,, d,4 d,  ̂ d,, 

</,.. </., d,, <ƒ,. </,, d,, 

( i nCNN ' ). 

(2-4) ) 

(2-5) ) 

Thee symmetry in the jk elements ot' d,„  is the consequence of the symmetrical tensor, when any second-rank tensor is 
expressedd as the sum of a symmetrical and an anti-symmetrical tensor1' !. 

Thee introduction of a factor of 2 allows Equation 2-4 to be written in a compact way without any 1 actor' . 
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Inn Appendix A an overview is given of the non-zero piezoelectric moduli in the acentric point 
groups. . 

2.2.22 Converse piezoelectric effect 

Whenn an external electric field is applied upon a piezoelectric crystal a strain within the crystal 

appears.. This is the so-called converse piezoelectric effect. 

Fromm thermodynamics it follows that the coefficients for the converse piezoelectric effect are 

numericallyy equal to the coefficients for the direct effect. Therefore, the mathematical relation 

betweenn the applied external electric field E„  and the strain f;<, of the converse piezoelectric effect 

iss given by 

££jkjk=d=d ijkijkE,E, ( i , j ,k= l ,2 ,3). (2-6) 

Usingg the jk symmetry of e and d and the defined matrix notation as given in §2.2.1, Equation 2-6 

cann be written (using Voigt's notation) as 

eeJJ = diJEi ( i= l ,2 ,3; j= l ,2 , . . .6), (2-7) 

wheree dy is as defined in Equation 2-5. 

Ann elaborate explanation on the 
equalityy of the coefficients of the 
conversee and direct piezoelectric 
effectt can be found in Nye"4'. The 
figuree shows the relations between 
thee thermal. electrical and 
mechanicall  properties of a crystal. 
Thee names of the properties and 
thee variables are given. The tensor 
rankk of the variables is shown in 
roundd brackets and the tensor rank 
off  the properties in square brackets 
(fromm Nye). 

[[ ELECTRICALJ 
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2.2.33 Crystal symmetry 

AA further reduction of the piezoelectric tensor is possible due to the crystal symmetry, if present. 

Somee of the piezoelectric moduli might be zero, equal to or linearly related to a symmetry-related 

modulus.. Therefore the final dn tensor wil l contain less than 18 independent moduli. 

2.32.3 X-ray Diffraction 

Thee studies on piezoelectricity carried out at the macroscopic level during the past decades focused 

basicallyy on the piezoelectric constants. In most of these cases the direct piezoelectric effect was 

usedd to measure these constants macroscopically. 

However,, over the last 25 years, piezoelectricity is being investigated increasingly by means of X-

rayy measurements which allow the study ot' these effects at the microscopic level, where littl e is 

knownn about the piezoelectric effect. 

X-rayy diffraction is an excellent technique to study piezoelectricity at the atomic scale, because it 

allowss the study of the three distinct effects which can be observed when a piezoelectric crystal is 

subjectedd to an external electric field. These effects are: 

1.. A change in the Bragg angle, which can be used to determine a piezoelectric 

constantt of the piezoelectric tensor, 

2.. A change in integrated intensity associated to possible changes of the electron-

densityy distribution or atomic-positional parameters and 

3.. A change in rocking curve width, which relates to changes in the mosaic 

spread. . 

Itt must be stressed that these three effects are very small in magnitude and measuring the effects 

withh good counting statistics is very time consuming. These experimental difficulties are, or rather 

were,, until recently the main reason for the sporadic publications. Recent developments in 

measuringg these small effects wil l be discussed in more detail in the following chapters. 

2.3.11 Change in Bragg angle 

Thee possibility of measuring piezoelectric constants by means of X-ray diffraction was first shown 

byy Bhalla et al."s|, whereas Barsch'16' presented the first theoretical overview for the determination 

off  the piezoelectric constants from X-ray diffraction data. 

Forr a non-perturbed piezoelectric crystal, Bragg's form of the condition for constructive reflection 

off  an incident X-ray beam applies and for a set of lattice planes with Miller indices hkl it is given by 

sin00 = ^ ' A - . (2-8) 
2d„u 2d„u 
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wheree dhU is the interplanar spacing. Applying an electric field to a piezoelectric crystal induces an 

elasticc strain (converse piezoelectric effect, Eq. 2-7). This means that the interplanar dhU for a 

certainn set of Miller planes (hkl) changes into d'hU. Keeping the incoming X-ray beam at the same 

wavelengthh a change of the Bragg angle 6 by an amount A0 will occur. Furthermore, 

Graafsma'11 ls| observed an additional effect on the change of the Bragg angle which is caused 

indirectlyy by the piezoelectric effect. This additional effect stems from a rotation of the crystal due 

too the constraint of the crystal mount and the applied electric field. Therefore, the observed A9llin as 

aa response to the electric field consists of two contributions 

A0,MM = A0W + A0,.„,, (2-9) 

wheree a change of the unit cell causes a change of the Bragg angle A6H and the rotation of the entire 
latticee is A6lot. 

PiezoelectricPiezoelectric contribution 

Barschh Hl' describes how the Bragg angle 0H for a certain reflection changes by an amount A6H as is 
givenn by 

A0HH = - t an0B ££ / /B , / 7H . , £„ 

== -Etan0B£;£E'AA.Al ,< (2-10) 
L---AL---A i-\ / - I 

wheree E is the magnitude of the electric field, ek and h,,, are the directional cosines of the electric 
fieldd and the diffraction vector /i,, respectively. As can be seen, the shift in the Bragg angle is a 
functionn of tanö, implying that high-order reflections wil l show larger shifts than low-order 
reflections. . 

RigidRigid rotation 

Inn contrast to the piezoelectric contribution, the rotational contribution is non-material specific and 

iss independent of 6. It depends purely on the strength of the applied electric field and the way the 

samplee is mounted. As the strain in the crystal is proportional to the applied electric field, a rigid 

mountingg of the sample does not allow any shape deformations and the strained crystal responds by 

twisting,, giving an extra change, Ad,„h to the observed angle of diffraction. Hence, mounting 

crystalss in such a way that shape deformations are allowed will decrease the rigid rotation 

significantly. . 

11 1 
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2.3.22 Change in integrated intensities 

Whenn X-ray radiation interacts with a crystal, scattering or diffraction of the X-rays occurs. The 

resultingg diffraction pattern is unique for each material and represents the internal atomic-

occupationn and structure. 

Thee type and position of the atoms in the crystal's unit cell define the structure factor for a 

particularr reflection, 

F(/ï*/)) = £#,e 'H 

ii i 

== S/,(T,»e': ' T,"" t l "' "  '- ( 2" ! l > 

wheree flM is the atomic form factor, TlH the atomic displacement parameter function"1'1, hkl 

representss the Miller indices of a reflection and xyz arc the fractional co-ordinates of an atom. 

Equationn 2-1 I can also be expressed using the electron-density distribution function p,, 

FFhĥ jp/"'^jp/"' ,r,rdr,dr, (2-12) 

wheree h denotes the scattering vector and r is the positional vector. 

Thee observed intensity for a certain reflection is related to the magnitude of the structure factor by 

ll hh=kFF*.=kFF*.  (2-13) 

wheree k is a scale factor and F* is the complex conjugate of F. Throughout this work the intensity 

expressionn in Equation 2-13 wil l be used. For reasons which will be explained in Chapter 6. 

Equationn 2-13 is a simplified form and, in fact, the experimentally observed intensity depends also 

onn other factors such as the Lorentz factor, polarisation, absorption and extinction effects. 

Applicationn of an electric field to a piezoelectric crystal induces a change in the integrated intensity 

off  Equation 2-13 by a factor of 

MMhh=A(F=A(FhhFFhh).). (2-14) 

Fromm the changes in integrated intensities, shifts in the atomic positions or changes in #,- (Eq. 2-11) 

cann be calculated using an appropriate structure factor calculation program. 

InternalInternal and external strain 

Thee strain in a piezoelectric crystal caused by the application of an electric field can be divided into 

twoo strain effects which both influence the structure factor in a different manner. 

12 2 
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Thee first effect is the so-called elastic or external strain1""1 which describes the (elastic) deformation 

off  the crystal. This becomes visible in an X-ray diffraction experiment as a change in Bragg angle 

(§2.3.1).. Since the magnitude of the structure factor depends on the Bragg angle via the atomic 

formm factor and the atomic displacement parameters, small changes in the structure factor are to be 

expected.. Furthermore, as the external strain for atomic structures does not affect the fractional co-

ordinatess of the atoms in the unit cell, the exponential form in the structure factor wil l not he 

affected.. However, this does not hold for structures containing or consisting of rigid bodies. 

Althoughh the fractional co-ordinates of the centre of mass for a rigid body wil l not change when the 

crystall  is strained, the fractional co-ordinates of the rigid body's atoms do change. Hence, the 

changee in the structure factor, which is the combined effect of the change in shape and fractional 

co-ordinates,, wil l be significantly larger in comparison to that of a non-rigid body structure. 

Thee second strain effect involves the change of the atomic positions within the unit cell and is 

referredd to as the internal strain. However, contrary to the external strain, the internal strain wil l 

affectt the exponent in the structure factor since the atomic fractional co-ordinates change. 

Therefore,, the change of the structure factor's magnitude wil l be significantly larger than the one 

inducedd by the external strain effect. 

Whenn the external strain is assumed not to affect the structure factor significantly, an experimental 

separationn of both effects can be obtained. Measuring the changes in the Bragg angle give 

informationn on the external strain whereas differences in intensities give information on the internal 

strain. . 

2.3.33 Change in rocking curve width 

Topographyy studies showed that the application of an external electric field upon a piezoelectric 

crystall  might change the crystal perfection'"' "',|, especially the mosaicity. This can be observed in a 

diffractionn experiment as a change in the rocking curve width. However, this phenomenon is not the 

subjectt of this work, since the mosaicity of a crystal is at the meso-macroscopic scale rather than at 

thee microscopic, i.e. atomic, scale. 

2.42.4 X-ray Sources 

AA wide variety of X-ray sources can be found nowadays ranging from small laboratory equipment 

too large X-ray facilities. Their use depends on the different needs of the experimentalist such as 

abilityy to tune energy, high brilliance, time structure and polarisation of the X-ray beam. 

Furthermore,, X-ray sources can be found not only in scientific institutions, but they are also 

commonn in use in the fields of medicine (e.g. X-ray photos/imaging), astrophysics (e.g. X-ray 

telescopes),, and industry (e.g. thickness measurements of metals and X-ray machines at airports). 

However,, the latter applications of X-ray sources wil l not be discussed, though the production of X-

rayss (as explained in the following sections) is the same. 

13 3 



Chapterr 2 _ 

2.4.11 Conventional X-ray sources 

Conventionall  X-ray sources such as the X-ray tube and the rotating anode, are common and widely 

usedd in laboratories as routine data-acquisition instrument sources, although the low brilliance and 

thee discrete wavelength limits their flexibility. 

Thee principle for creating an X-ray beam is fairly simple'2 '. A cathode is heated in such a way that 

electronss are emitted and travel in a vacuum to a steady or rotating anode due to the high potential 

differencee (=2-6 kV). The anode is usually made of Cu or Mo depending on the requirement of the 

fluxflux and wavelength. A highly energetic electron may remove a K-shell electron of the anode-atom 

therebyy creating a hole in the K-shell. Electrons from higher energy shells refill more or less 

instantaneouslyy the K-shell with the emittance of radiation corresponding to the excess in energy. 

Thee emitted radiation has a wavelength characteristic for the anode material. The main spectral 

liness of an X-ray tube, the K(/ and KJS lines with an intensity distribution of 6 to 1. are due to 

electronn transitions from L and M to the K-shell. respectively. Furthermore, each K line consists 

actuallyy of at least two lines with a small difference in the wavelength, due to the slightly different 

energyy levels within the L and higher electron shells. The intensity distribution is about 2 to 1 for 

K„ ii  and K(,:. for example. Table 2-1 gives the possible energies, i.e. wavelengths for a Cu and Mo 

anode.. Note that other emission lines are possible by using anode materials such as Ni, Ag. and Fe, 

althoughh they are not in common use. On the other hand W is widely used in high-energy X-ray 

machiness which are used for medical examinations and industrial applications. 

TableTable 2-1: Possible spectral lines for X-ray tubes and rotating anodes for the 
widelywidely used Cu and Mo anodes. Note that wavelength [A]  = 12.39 / energy 
ikeVJ. ikeVJ. 

Anodee Spectral line Wavelength [A] Energy [keV] 

Cuu K,j 1.3922 8.905 

Cuu K„ i 1.5406 8.0478 

Cuu K(/: 1.5444 8.0278 

Mo o 

Mo o 

Mo o 

*H H 
K„ „ 

K„ „ 

0.63233 19.608 

0.70933 17.4793 

0.71366 17.3743 

Inn most cases the K,,i and/or K„2 lines are selected, by using a monochromator, due to their steep 

spectrumm profile and high intensity. In comparison, the K^ is low in intensity. The X-ray spectrum 

containss white radiation, also known as bremstrahhmg, which stems from multiple electron 

collisionss within the anode metal as not all of the accelerated electrons are stopped fully in a single 

collision'22 '. Consequently, a continuous spectrum with relatively high intensities at small 

wavelengthss in comparison to large wavelengths wil l be formed. White radiation is not anode-

materiall  dependant and depends on the machine voltage. In many cases the K|5 line and white 

radiationn are absorbed by a Be-window. which separates the vacuum and the laboratory 

environment,, the crystal monochromator or (metal) filters. 
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Whenn high brilliance and the ability to tune the wavelength is of importance synchrotron radiation 

iss an appropriate choice. 

2.4.22 Synchrotron X-ray sources 

AA synchrotron is a state-of-the-art machine for the production of a polarised X-ray beam with high 

brilliancee and a wide energy range spectrum. Furthermore, due to the principles of a synchrotron 

source,, a pulsed-time structure is present in the X-ray beam, which allows time-resolved studies 

downn to the picosecond regime . 

Al ll  synchrotron sources are based on the same principle: When a charged particle changes 

momentum,, electromagnetic (EM) radiation is emitted. The emission of EM radiation for electrons 

withh r / c «l (non-relativistic electrons) is isotropically distributed around the radiating electrons, 

wheree v is the velocity of the electron and c the speed of light, whereas the EM emission stemming 

fromm relativistic electrons (v/r=l) is sharply peaked in the direction of motion of the radiating 

electrons. . 

Sincee the invention of a synchrotron source1"''1 in 1946, a continuous improvement in brilliance and 

energyy spectrum has been obtained for different generations of synchrotron sources. An overview of 

thee increase in brilliance during the last decades for several X-ray sources is shown in Figure 2-3. 

Al ll  the experimental work presented in this work has been performed at the European Synchrotron 

Radiationn Facility (ESRF), a third generation synchrotron source, situated in Grenoble, France. The 

discussionn of the principles of synchrotron sources wil l be mainly focused on the ESRF, although 

thee basics of synchrotron radiation are applicable to all synchrotron sources. 

Synchrotronn sources are divided into three distinct groups or generations. The first two generations 

off  synchrotron sources are rather limited in brilliance (e.g. Hasylab. NSLS, SSRL and SRS) and the 

divergencee of the X-ray beam is large. The first generation synchrotrons are merely parasitic to 

high-energyy sources, whereas the second-generation synchrotrons are dedicated sources. Despite the 

limitationn in the delivered brilliance, these machines are preferred in comparison to the 

conventionall  sources for some applications. However, by the implementation of improved insertion 

devicess in third generation sources, as wil l be explained in the next sections, the brilliance was 

increasedd by a factor of 2 to 3 in magnitude and a smaller divergence was obtained (ESRF, APS and 

SPRing-8). . 

Synchrotronss use electrons (in some cases positrons) to generate an X-ray beam. The electrons are 

thermallyy emitted by a klystron, in much the same way as a cathode in a conventional source, and 

acceleratedd in a linear accelerator (LINAC) to a given energy. The accelerated electrons are then 

transferredd to a ring or oval-type accelerator, called a booster. The booster sweeps up the electron's 

energy,, by means of radio frequency (RF) cavities, to the machine's working energy. Finally the 

electronss are transferred to the storage ring. Here the electrons run in circles (closed orbit) confined 

byy focusing and bending magnets. As a result of this circular confinement the momentum of the 
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electronss is continuously changed and production of EM radiation, including X-rays, occurs. 

Furthermore,, insertion devices can be installed in the storage ring allowing the production of X-rays 

withh certain properties such as specific distribution of X-ray energies and polarisation direction. The 

radiation,, as is directed by the forward X-ray emission of the relativistic electrons, enters the 

experimentall  floor in specially designed scientific stations where experiments can be performed. 

c c 

o o 

C2 C2 

18800 190 0 192 0 194 0 196 0 198 0 200 0 

Year r 

FigureFigure 2-3: History of brilliance versus X-ray sources (courtesy ESRF). 

16 6 



Theory y 

Ann overview of the general properties'3"1 of the storage ring wil l be discussed, as a reference for 

furtherr use in the next paragraphs. 

Thee time of circulation, the orbit time T, for relativistic electrons is given by 

T=-,T=-, (2-15) 
c c 

wheree /. is the circumference of the storage ring, which depends on the machine's energy and the 

magneticc field strength of the bending magnets (see §Bendini; magnet). Since the electrons lose 

somee of their energy when they cycle in the storage ring due to emission of radiation and/or 

collisionn with ions (since an ideal vacuum is unattainable), energy is replenished by a RF field. As a 

continuouss electron stream in the storage ring can not be accelerated by RF cavities, bunches of 

electronss are used. The maximum number of bunches is defined by 

A'' = - ^ , (2-16) 
c c 

wheree 17, is the RF frequency. 

Furthermore,, the relativistic electrons can be described as the ratio of the electron energy E and 

theirr rest energy ni(t" by 

7== l - f - 1 =-^r- (2-17) 
[[  (c ) \ 'w„t " 

or r 

yy = 1957£ ( f inGeV). (2-18) 

wheree nn, is the rest mass of an electron. 

2.4.33 ESRF 

Thee ESRF was the first third generation synchrotron built and operates at an energy of 6 GeV. 

Figuree 2-4 gives a general overview of the synchrotron source of the ESRF. The electrons emitted 

byy the klystron are accelerated in the LINA C (16 m length) to an energy of 200 MeV. After transfer 

off  these high-energy electrons into the booster, which is a 10 Hz cycling synchrotron with 

circumferencee of 300 m containing alternately focusing and bending magnets with RF cavities, an 

accelerationn up to 6 GeV is induced. Finally, the electrons are transferred to the storage ring where 

thee electrons will cycle for several hours at an energy of 6 GeV. The ring has a circumference of 

8444 m and the beam cycles thus every 2.81 (isec (Eq. 2-15). There are 64 beam ports where an X 

rayy beam can be taken from the various X-ray sources (bending magnets or insertion devices). The 

machinee can be run in different modes which defines the X-ray beam structure. These modes 
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consistt of different packing of the electrons in the bunches of the storage ring and sets the beam 

current,, beam decay and pulsed-time structure parameters. The storage ring is divided into 992 

bunchess where theoretically each bunch can contain a certain amount of electrons. Table 2-2 shows 

thee different modes used at the ESRF. Depending on the selected machine mode some of these 

bunchess are filled with electrons, while others are kept empty. It should be noted that the modes and 

theirr properties used at other synchrotrons are different from those used at the ESRF. 

Att the ESRF bending magnets and two different types of insertion devices, either higglers or 

undulators,, are situated in the storage ring and produce their characteristic X-ray beams. 

BendingBending magnet 

AA bending-magnct is primarily used for bending the electron-beam path in the storage ring in order 

too have a more or less circular path (closed orbit) and is situated at the curved sections of the 

storagee ring. 

TableTable 2-2: Modes at the ESRF. 

Mode e 

2/33 fil l 
2x1/33 fil l 

Hybridd mode 1 

Hybridd mode 2 

Hybridd mode 4 

Current t 
fmA] ] 

200 0 

200 0 

200 0 

200 0 

200 0 

Halff  life-time 
[hours] ] 

55 5 

55 5 

35 5 

30 0 

30 0 

Filling g 

166 bunch 

Singlee bunch 

90 0 

2/33 filled, 1/3 empty 

2x1/33 filled separated by 1/6 

2/33 filled. 1 bunch 

2/33 filled, 2 bunches opposite and 

equallyy .separated 

2/33 filled, 4 bunches opposite and 

equallyy separated 

166 bunches at equal distance 

ii  bunch 

Ass has been mentioned before, the change in moment of an election will generate X-rays. 

Therefore,, bending magnets are also used as X-ray sources, although they give a lower brilliance 

thann the insertion devices as will be discussed in the next paragraphs. A schematic plot of a 

bending-magnett is shown in Figure 2-5. A bunch of electrons enters the magnetic field of the 

bending-magnett and the path of the bunch will be curved due to the Lorentz force Ton the electrons 

inn the bunch. Hence, the radius p is defined as 

ininnnv'Yv'Y tn,,cY 

FF ~ eB 
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EXPERIMENTAL L 
HALL L 

FOCUSING G 
MAGNET T 

INSERTIONN DEVICE 

Storagee R « ^ e l 

^**$> ^**$> 

O^güi i 

^^ Control cabin 

£j^^ £j^^ 
wjwj ^ Optics hutch 

Experimentall  hutch 

FigureFigure 2-4: Overview of the ESRF; Linac or preinjector (1), Booster (2), Transfer 
lineline (3) (courtesy ESRF). 

p-'-^p-'-^11^  ̂ (p in m, £ in GeV and B in T) . (2-19) ) 
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Thee wavelength corresponding to the critical energy ec, defined as the mean energy such that half of 

thee radiated power is at energies larger and half at energies smaller than eL, is related to p and y by 

/. . 
3y y 

orr by substituting Equations 2-18 and 2-19 

18.64 4 
A A 

BE" BE" 
(Avv in A, B in T and E in GeVJ. (2-20) ) 

Thee vertical emission angle or opening angle I//of the photon beam is defined as 

V' V' (2-21) ) 

Thee intensity of the photon beam as a function of wavelength integrated over the vertical emission 

anglee can be expressed by 

H(X)H(X) = 1.256 1010kG{y)y (H in photons s ' mrad ' mA ') (2-22) 

with h 

G(y)G(y) = yJK, (t)dt [y=XflX, and the bandwidth k equal to AA/A), 

wheree G(y) and the modified Bessel function of the second kind Ksn have been tabulated by 

Winick'31'.. For a 0.1% bandwidth this gives 

H(X)H(X) = 1.256- 107G(.v)7 (H in photons s1 mrad ' mA1). (2-23) 

Thee horizontal cross-section of the X-ray beam will be large due to the bending radius of the 

electronn path. 

Electronn bunch 

FigureFigure 2-5: Principle of a bending-magnet (courtesy ESRF). 
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Wiggler Wiggler 

AA wiggler is an insertion device which can be implemented in a straight section of the storage ring 

betweenn two BM's. It consists of series of magnets arranged in such a way that when a bunch of 

electronss in the storage ring passes through, its path wil l be sinusoidal, with a period and amplitude 

accordingg to the magnetic parameter of the wiggler (Fig. 2-6). 

Electron n 
bunch h 

(((((((((((((3 (((((((((((((3 

t i l ll 1 I Mr 

FigureFigure 2-6: Principle of a wiggler ami undulator. For both insertion devices 
differentdifferent arrangements of the magnetic field exist which influences the 
emissionemission cones, and hence the interference of the X-rays (courtesy ESRF). 

Thee optical properties of the wiggler is given by the parameter K as 

2mn2mnnnc c 
XXOS(OS( B (Aisi in cm and B in T) 

KK = 0.934A> B, (2-24) ) 

wheree A„sc is the wiggler's magnetic period, 

cmm and 5=0.85 T are typical values used. 
shouldd be noted that for a wiggler K»\, A,,. 7.0 0 

Thee wavelength depends on K and is given by 

k(e)= k(e)= 
A A 

(2-25) ) 

A A 

wheree 0 is the angle of observation with respect to the radiation off-axis and K.e=u is the critical 
wavelengthh of Equation 2-20. Hard X-rays are radiated along the axis and softer ones at an angle 6. 

Thee radiation fan of the wiggler contains a continuous X-ray spectrum as is the case for a bending 
masnet. . 

Radiationn is emitted at each bend of the sinusoidal path. An observation point/detector located on 

thee axis of radiation wil l receive a 2/V photon flux, where /V is the number of periods of the sinusoid. 
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whereass the bending-magnet has only one bend and gives therefore much less intensity than the 

wiggler.. For each magnetic period the intensity can be calculated by using Equation 2-22 or 2-23. 

Thee principle of a wiggler is shown in Figure 2-7a. Here the oscillation of the electrons is shown 

withh its X-rays emission at each individual bend where the electron momentum changes and a=K/y 

»\/y.»\/y. Furthermore, the cross section of the beam is smaller in horizontal size than in the case of a 

bendingg magnet. 

Undulator Undulator 

Thee undulator is the second type of insertion device which can be installed in a straight section of 

thee storage ring. The path of the electrons in the undulator regime (K~l) is sinusoidal but with a 

smallerr amplitude than that of a wiggler, see Figure 2-7b. 

Duee to the amplitude and period, the produced X-ray cones are forced to interfere with each other 

(Fig.. 2-7b) and a peaked energy spectrum is obtained as is shown in Figure 2-8. This is in contrast 

too the X-ray cones of a wiggler regime which do not meet the conditions for interference. 

Furthermore,, the intensity increases with N2 and the horizontal cross section of the beam is smaller 

thann that of a bending magnet. 

FigureFigure 2-7: Principle of a wiggler {a) and an undulator (b) for their respective 
spectrumspectrum contribution (from Baruchel et al. ). 

Thee undulator regime will not be discussed in more detail since an undulator source was not used in 

thiss experimental work. 

Figuree 2-8 shows the X-ray energy spectrum for a bending-magnet and the insertion devices. 
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1020--

mm so 
Energyy (k*V) 

FigureFigure 2-8: Energy spectra for the bending-magnet (1). wiggler (2) and undulator 
(3)(3) (courtesy ESRF). 

ExperimentalExperimental stations 

Thee X-ray beam is taken into a specially designed scientific station consisting of an optics and one 

orr more experiments hutches, as is shown in Figure 2-4, containing the equipment necessary for the 

experimentss as wil l be explained in more detail in the next chapters. 
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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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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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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 

electrode e 

Voltage e 

nn ] 

detector r 

electrodee | ^ 

Xrayss J I ^ " S 29 

r j j 

counters s < * > < § >> ^ > 

I I 
E-field d 

00 [deg] 

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. 

> > 

> > 

800 0 

11 33 

Timee I 

800 0 

II 33 

Timee [s] 

Spike e 

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. 

^ ^ 

< < 

F-F-
;z z 
w w 
U U 

HV 22 HVI 

£ Y LL  FR^ 

n n A A 

%% w~ 

C C Dli . . 

i — — 

HVll  out HV2out 

HVi n n 

o.5V/11 oo ov 

HVll  in \'AV2 in 

00 w 
ISTRT2 2 

I N 2 2 

I1SI3 3 

I I 
IN4 4 

I I 
INN 5 

VCT6 6 

OSCILLOSCOPEE HV SUPPLY DETECTOR 
FigureFigure 3-3: Electronics for the application of the electric field and the counting 

chain. chain. 
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Crystal l 

Electrode e 

Goldd paint 

Copperr foil 

Solderedd electric wire 

Bakelite/Nylonn holder 

Goniometerr head 

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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Detector r 
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S l i t t 
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Experimentss hutch Optics hutch 
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Monochromatic c 
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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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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 
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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 
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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. 

43 3 



Chapterr 3 
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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 . 
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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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AA New Detection System 

ThisThis chapter is based upon the articles: H. Graafsma, P. Thorander, G.W.J.C. Beunen and J. Morse. J. 

SynchrotronSynchrotron Rad. 3, 156-159 (1996). 

H.H. Graaf sma, G.W.J.C. Heunen, S. Dahaoui, A. El Haouzi, N. K. 

HansenHansen and G. Marnier. Acta tryst. B53, 565-567 (1997). 

4.14.1 Introduction 

Thee modulation method (Chapter 3) proved to be an excellent experimental tool for the 

determinationn of piezoelectric moduli in a rather fast way, say within one hour. 

However,, applying the modulation method to study structural changes is limited because of the low 

speedd in integrated intensity data collection. The necessity of good counting statistics becomes 

evidentt when effects of A/// are about 0.1%. This means that the integrated intensity has to be 

sufficientlyy large. In case of the conventional zero-dimensional detector used so far, the maximum 

count-ratee is limited to 1-105 ets s ' and therefore long measuring times or repetitive scans are 

needed.. Taking a full data set of a piezoelectric crystal upon application of an electric field would 

requiree one year or more when a conventional X-ray source is used. Hence, fast and accurate data-

collectionn is essential. 

AA significant decrease in data-collection time is obtained when a synchrotron source is used. An 

experimentt spans, in general, a few weeks due to the large increase of the photon flux delivered by 

aa synchrotron source. Here, the limiting factor is not the available photon flux but the maximum 

count-ratee of the detector used. Therefore, in order to fully profit from the increased brilliance of the 

neww X-ray sources, the development of a new detector system with a much higher maximum count-
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ratee and good detection quantum efficiencies for medium to high photon energies is required. In this 

casee Si photodiodes, although also having a large maximum count rate"1, have too low detection 

efficiencies. . 

First,, a scintillation detector (§4.2) as is used in the conventional modulation method wil l be 

discussed.. The new detection system (§4.3) consists of the combination of a new developed detector 

(§4.3.1)) in combination with a lock-in amplifier device (§4.3.2). Finally, the performance of the 

neww detection system was tested in several piezoelectric experiments (§4.4, Chapter 5 and 6). 

4.24.2 Scintillation Counter 

Thee classic detection system used in X-ray diffraction crystallography is based on a scintillation 

counterr . It consists of a scintillation crystal (Nal crystal containing V7c Tl in solid solution) and a 

photomultiplierr tube. When an X-ray photon falls onto the detector crystal it wil l be absorbed and 

severall  photons in the visible regime will be emitted. A part of these photons wil l be actually 

effectivee in the photomultiplier operation (=15%) and free photoelectrons from the photocathode, 

whichh are successively multiplied in the photomultiplier. Finally, these photoelectrons are 

registeredd by the photomultiplier anode and the incorporated electronic system (i.e. pre-amplifier). 

Thee maximum number of detected X-ray photons in a scintillation counter depends on the 

saturationn limit of the photomultiplier used and electronic system and is in most cases i ICP-l  10(l 

photonss s . 

4.34.3 New Detection System 

AA detector, originally used in IR-spectroscopy and having a larger dynamic range, was obtained and 

convertedd for X-ray photon detection. The combination of the detector with a lock-in amplifier 

decreasedd the measuring time significantly as wil l be discussed below. 

4.3.11 High purity Ge-detector 

Thee purchased detector unit (403HS, Applied Detector Corporation) consists of a compact 

cylindricall  liquid nitrogen cryostat which houses a cooled 50 mm" high purity germanium crystal 

andd preamplifier. The crystal thickness is 5 mm permitting high-detection efficiency for photon 

energiess between 10 and 100 keV. The detector can be operated in either horizontal or inclined 

configurationss and has a liquid nitrogen capacity for approximately 8 h and weighs 2,7 kg net. 

Thee detector was originally developed for IR measurements in a current mode of operation in 

conjunctionn with a chopped signal source and synchronous lock-in signal detection. On request, the 

manufacturerr replaced the standard sapphire IR window with an X-ray transparent beryllium 

window. . 

Thee preamplifier is a classic charge-feedback design, with a frequency response set by the feedback 

elementss consisting of a 1 Mil  resistance in parallel with a 0.5 pF capacitor. 

50 0 



AA New Detection System 

TheThe germanium crystal 

AA cross section of the germanium crystal is shown in Figure 4-la. The upper side of the crystal is 

smoothh and faces the incoming X-ray photons. Opposite to this side a circular ring is etched away, 

soo that the electric charges do not short-circuit the electrodes. 

Ass the detector-diffractometer set-up was mounted onto a vertical translation table at the Materials 

Sciencee beam-line (§3.4.2), a sampling scan of the detector crystal through the X-ray beam was 

performed.. Figure 4-lb shows the measured curve with shoulders at either side of the main peak 

thatt arise as a result of the difference in charge-collection efficiency by various parts of the detector 

crystal.. When X-ray photons are absorbed in the middle part (A) of the detector crystal, the charge-

collectionn efficiency wil l be high due to the homogeneous electric field within the detector crystal. 

Hence,, the detector response wil l correspondingly be large. However, absorption of X-ray photons 

att the edge (B) of the detector crystal wil l result in a small charge-collection efficiency, due to a 

diffusee curved electric field, and a correspondingly small detector response. X-ray photons 

absorptionn in the (C) region has a detector response between the other two responses, since this 

regionn is at the boundary of a homogeneous and diffuse electric field. 

Too avoid changes in integrated intensities due to a different charge-collection efficiency of the 

detectorr crystal during a scanning operation, a good alignment of the detector crystal, e.g. in the 

centree of the detector crystal, is necessary. 

PrinciplePrinciple of X-ray detection 

Absorptionn of X-ray photons produce electron-hole pairs in the germanium crystal. They drift in the 

appliedd electric field (V=-300 V) to the electrodes and are converted to a voltage pulse by a charge-

sensitivee preamplifier. The energy required for creating an electron-hole pair is 3.0 eV. The number 

off  electron-hole pairs is proportional to the energy of the absorbed X-ray photon. 

Thee intrinsic efficiency, defined as the ratio of the number of pulses produced to the number of 

photonss striking the detector, is close to 100% for a large energy range at the centre part (A, Fig. 4-

la)) of the detector crystal. 

DynamicDynamic range 

Inn the current integration mode of operation the voltage generated across the feedback resistance by 

thee mean signal current limits the maximum measurable signal at an X-ray flux equivalent of 

=210i 00 photons s ' for 10 keV X-rays and 2109 photons s ' for 100 keV X-rays. The practical 

lower-frequencyy limit of operation is set by the DC drift of the preamplifier around a nominal value 

off  -1 V. This drift arises principally from the variation in the operating point of the input-junction 

field-effectt transistor of the preamplifier and leakage current variations across the detector crystal 

itself.. After an initial cool-down period of 1 h, the DC drift is <5 |iV min'1. To put this figure in 

perspective,, note that a steady-state 60 keV X-ray flux of 300 photons s"1 generates a signal of I 

p:V.. The measured root-mean-square signal noise for an averaging of 1 s is also 1 p:V for the 

detector.. If used to measure low X-ray fluxes (< 1  10̂  photons s'') the detector may be operated in a 
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FigureFigure 4-1: a: Cross section of detector's germanium crystal: b: Translation curve 
measuredmeasured by the detector over full width of the internal Ge crystal. The 
shouldersshoulders are the result of different charge-collection efficiencies by various 
partsparts of the Ge crystal. 
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FigureFigure 4-2: Spectrum of an ~ Am source recorded with the germanium detector 
andand a multi-channel analyse. The americium peak at 59.5 keV has FWHM of 
33 keV. 

photon-countingphoton-counting mode. A good signal spectrum with a 3 keV FWHM noise figure is obtained from 
aa 59.5 keV ' Am source when the output of the detector is post-amplified (Tennelec TC244, 2 us 
shapingg time, 103 photons s"1) and fed into a multi-channel analyser, see Figure 4-2. Note that pole 
compensationn cannot be achieved with a standard nuclear spectroscopy amplifier, and this results in 
degradationn of the spectrum at high-count rates. Using a simple single-channel discriminator and 
operatingg the detector in a single-channel counting mode eliminates the problems of drift associated 
withh the current mode of signal measurements. Assuming measurements with X-ray energies above 
200 keV, the only significant detector noise is that arising from X-ray background in the 
experimentall  hutch. 

LinearityLinearity test 

Thee linearity of the unit has been tested both in the low-flux region, where photon-counting mode is 

used,, and in the high-flux region, where the current mode is used. 

Thee linearity in the low count-rate region was tested at the RA source (Chapter 3) with a Mo target 

(17.455 keV). The incident flux was controlled by regulating the current setting of the generator. The 

ACC output of the germanium detector was amplified by a factor of 1250, using an ORTEC 575A; 

thee signal was subsequently treated by a single-channel analyser (ORTEC 550A) in order to 

eliminatee electronic noise. The flux was measured both with the germanium detector and with an 

Nall  scintillator (BEDE). The dead time of the Nal scintillator was calibrated beforehand, using the 

methodd of Chipmam , and allows an exact determination of the true incoming number of photons. 

«Illniém.iU. ,, i*W* i 
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Incomingg photons [photons s '] 

FigureFigure 4-3: Recorded flux as a function of incoming flux, using the photon-
countingcounting mode of the germanium detector. The solid curve shows the 
calculatedcalculated response of the detector using a dead time of 1.9 /us. 

Figuree 4-3 shows the number of counts s" recorded with the germanium detector as a function of 

truee incoming number of photons s ' determined with the calibrated Nal scintillator. 

Thee solid curve gives the calculated response of the detector using a non-paralysable dead time Tof 

1.99 |is using , 

N N 
N=N= ' (4-1) 

\-Nj \-Nj 

wheree Nr is the recorded photon flux, N, the true incoming photon flux, and t the dead time of the 

detector.. It should be pointed out that both Equation 4-1 and the dead time r depend on the time 

structuree of the source used, and can be significantly different when used at the ESRF in 1/3 fillin g 

modee (Fig. 4-5a). It is seen that the unit can reliably be used up to a flux of 1.510 photons s" for 

thee photon-counting mode, which is comparable with a standard Nal detector. 

Thee linearity measurements for the high count-rate mode (current mode) were made at the Materials 

Sciencee beam-line (Chapter 3). A monochromatic beam of 22 keV was used. The relatively low-

energyy was selected in order to be able to make a good comparison between the voltage given by 

thee germanium detector and the flux measured with a calibrated Si photodiode. The Si diode was 

readd out by a Keithly 486 picoammeter, and the germanium detector by a Keithly K2001 
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multimeter.. Figure 4-4a shows the recorded voltage given by the germanium detector as a function 

off  the incoming number of photons. It is seen that the unit shows excellent linearity up to 110 

photonss s at 22 keV; above this value the preamplifier saturates. In Figure 4-4b, the voltage output 

off  the detector in the low flux region is given. The figure shows that the current mode can be used 

reliablyy down to 3104 photons s"1 at 22 keV. Since both modes are used simultaneously and no 

switchingg between the two modes is needed, both output signals can be recorded during single scan 

andd the region between 3-104 and 1.5-10 photons s ' can be used to scale the two modes together. 

22 x 10» 4x 108 6x 10*  8x 10s TTlO9 

Incomingg photon flux [phs s'] 

^^ -1.2864r 
> > 

-1.2866--

-11 2868 

-1.2870--
1.00 x 105 ~22 0x 'l0*~ 3.0 x 10*  4.0 xlO5 

Incomingg photon flux [phs s '] 

FigureFigure 4-4: Output voltage of the germanium detector as a function of incoming 
photonphoton flux (22 keV): a: The high flux range, h: An enlargement of the low 
fluxflux region. The solid curve shows a fit of a straight line to the data points. 
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TimeTime response 

Sincee the detector is to be used in studies where the response of a crystal to an external perturbation 

iss determined, its time response is an important characteristic besides maximum equivalent count-

ratee and dynamic range. The time response of the detector was tested using the time structure of the 

ESRF,, which is given for 1/3 fillin g mode in Figure 4-5a. Figure 4-5b shows the response of the 

germaniumm detector recorded with a digital storage oscilloscope. The germanium detector is fast 

enoughh to see the super bunches, but not fast enough to separate the single bunches within each 

superr bunch. The 1 JJS response time is in agreement with the RC time constant of the preamplifier 

andd the pulse duration in counting mode. It should be noted that in order to use the detector in 

currentt mode at the ESRF running in 1/3 or hybrid mode, low-pass filtering is used in order to 

averagee over the super bunches. This low-pass filter is chosen such as to average over the super 

bunchess while being fast enough not to average over the perturbation applied to the sample. 

4.3.22 Lock-in amplifier 

Inn many fields of science a lock-in amplifier (L1A) is used to measure very small AC signals down 

too a few nV. Accurate measurements can be made even when the small signal is obscured by noise 

sourcess many thousands of times larger . 

Thee LIA uses the technique known as phase-sensitive detection to single out the component of the 

signall  at a specific reference frequency and phase. Noise signals at frequencies other than the 

referencee frequency are rejected and do not affect the measurement'6'. 

Phase-sensitivePhase-sensitive detection 

Al ll  lock-in measurements require a reference frequency. Typically an experiment is excited at a 

fixedd frequency from a function generator or LIA , and the LIA detects the response from the 

experimentt at the reference frequency. A schematic block diagram of the function of the DLIA is 

givenn in Figure 4-6a. A square-wave reference signal, as is shown in Figure 4-6b, is fed into a LIA . 

Thee LIA converts the square-wave to a sine-wave signal (i.e. representation of the signal in the 

frequencyfrequency domain) with the same frequency as the external reference frequency. This sine-wave 

signall  wil l be used as the new reference signal (Fig. 4-6c). An observed signal (Fig. 4-6d) with a 

certainn frequency and phase wil l be amplified and multiplied by the reference signal internally. 

Mathematicallyy speaking, sine waves of different frequencies are orthogonal, i.e. the average of the 

productt of two sine waves is zero unless the frequencies are exactly the same. Therefore, in 

practice,, a low-pass filter follows after the multiplier, and provides the averaging which removes 

thee products of the reference with components at all other frequencies. This may yield a DC output 

signall  proportional to the component of the signal whose frequency is exactly locked to the 

referencee frequency. 

NarrowNarrow band detection 

Thee accuracy of the measurement depends heavily on the selected bandwidth of the LIA . A 

narrowerr bandwidth will remove noise sources very close to the reference frequency, whereas a 
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widerr bandwidth allows these signals to pass. When high accuracy is of concern, a large time 

constantt is preferred since the bandwidth of detection is inversely related to the (user selected) time 

constantt (r) of the LIA" s low-pass filter. 
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FigureFigure 4-5: a: Time structure of the ESRF in 1/3 filling mode, 1/3 of the ring is 
filledfilled with 331 bunches, and 2/3 of the ring (661 bunches) is empty, b: 
ResponseResponse of the germanium detector recorded with a storage oscilloscope. 
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FigureFigure 4-6: a: Block diagram of the used LIA: Stanford Research Systems SRH50, 
b:b: Arbitrary reference signal fed into a LIA, c: Reference signal (b) is 
convertedconverted to a sine-wave with corresponding frequency and a phase 
difference,difference, d: A signal obtained from an experiment with its frequency and 
phase. phase. 
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MeasurementMeasurement units 

Thee digital lock-in amplifier (DLIA ) of Stanford Research Systems USA (Model 850), as was used 

forr this work, measures the first Fourier (sine) component of the square input signal at the reference 

frequency.. The output signal of the DLIA is the root-mean-square of the amplitude of the first 

Fourierr component and is expressed as Vrmv 

PiezoelectricPiezoelectric experiments 

Thee basic principle of the DLIA in combination with a piezoelectric experiment is shown in Figure 

4-7a.. In a conventional non-perturbation single-crystal X-ray diffraction experiment one measures 

absolutee intensities as is shown by Q in the figure. Even in the modulation method (Chapter 3) 

absolutee intensities are measured, although they correspond to different states of the applied electric 

fieldd (<2- and Q+). In contrast, an intensity measurement with the DLIA , using the internal reference 

signal,, results in a difference intensity (R) between the two states of the electric field. A certain time 

delayy (p can occur between the response signal and the reference signal, due to the experimental 

conditionss such as slow electronics or too long signal-carrying cables. 

Thee two values x and y are calculated by the DLIA using the internal R and cp values of the sine 

wavess corresponding to the square-wave at the input. The mathematical relation between the 

possiblee outputs of the DLIA is shown in a polar plot as in Figure 4-7b. 

Referencee signal 

Time e 

aa b 

FigureFigure 4-7: Basic principle of lock-in detection, a: Difference in amplitude of two 
signals:signals: b: As expressed in a polar plot. 
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4.44.4 Crystals in Electric Fields 

Thee new developed detection system was tested with crystals in electric fields. Determination and 

temperaturee dependence of the piezoelectric constant </v, of KTiOP04 was studied first. A second 

study,, carried out with LiNbO, and DKDP. involved the changes in hoth Bragg angle and integrated 

intensityy as measured by the counting method (modulation method) and the Ge-LIA system. 

4.4.11 Samples 

Forr the determination of the piezoelectric constant d  ̂ of KT1OPO4 two samples were used. Both 

sampless were cut along the crystallographic r-axis and have a plate-like shape, with sample (1) 

havingg the dimensions of 5x5x0.44 mm and sample (2) of 4x4x0.33 mm'\ Furthermore, sample (1) 

wass not polished, whereas sample (2) was polished to an optical quality. The samples were covered 

att the two largest sides with 1 p.m thick Al electrodes and mounted in the same way as is discussed 

inn §3.3. 

Forr the other experiments, the same samples i.e. LiNbO;, and KD2PO4 were used as were discussed 

inn §3.3. 

4.4.22 Results and discussion 

PiezoelectricPiezoelectric constant dn of KHOPO4 

Too obtain data for the determination of the dyy of KTiOPCXi (KTP) the three-step version of the 

modulationn method (Chapter 3) was used in combination with the Ge-detector, set into the photon-

countingg mode. The (00/) reflections were measured for two different samples with an external 

electricc field parallel to c-axis. The amplitude of the voltage was varied between 500 and 2000V 

andd the frequency of the modulation was 33Hz. 

Twoo series of measurements were carried out. For the first sample the measurements were carried 

outt at the Materials Science beam-line (§3.4.2) using a wavelength of 0.564A. The temperature 

dependencee of the dij constant was measured on the crystal, on the RA source (§3.4.1) with MOK^I 

radiationn with a high-resolution diffraction set-up. In both cases the sample was cooled by a 

nitrogenn gas stream (Oxford Cryosystems. 600 Series). It is noted that by using high-energy 

synchrotronn radiation very high resolution in reciprocal space could be obtained (sinöA = 1.7A ). 

Figuree 4-8 shows the shift (A9 ) as a function of tan 6 for crystal (1) at 100K, 3.4-1 (f Vm ' for the 

(00/)) reflections with /=20. 22. 24...32, 36. measured with synchrotron radiation. The (0,0,34) 

reflectionn was influenced by multiple scattering and therefore not included in the data treatment. 

Thee shifts were determined by the program SHIFT (§3.5.1). The change in profile shape due to the 

appliedd electric field is very small, as was confirmed by the large correlation coefficient between 

thee two profiles at the maximum overlap. All reflections and their Friedel equivalents have been 

measuredd between 10 and 30 times, with merged data presented in the figure. The solid line gives a 

linearr fit to the data points' '. The slope of the curve gives a value of 15(2)10 '~ CN ' for the 
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piezoelectricc constant da, which is between the values of 10.410" " CN and 25.8-10" ~ CN 

obtainedd by Chu et al. and Sil'vestrova et al. respectively. Both groups performed the 

measurementss at room temperature using the direct piezoelectric effect but, unfortunately, give no 

indicationn of the precision of the results. 

< < 

1.0x100 n -

tann 9 

FigureFigure 4-8: Electric-field-induced peak shift for the (001) reflections of KTiOPC>4 
asas function of tan 6, where 1=20,22,24...32,36. 

Thee peak shift (A0) of the (0,0,36) reflection as a function of the applied electric field for crystal (2) 

att 100K is shown in Figure 4-9. From this the expected linear behaviour is evident. Table 4-1 lists a 

summaryy of the da value obtained for different crystals and under different electric fields. 

TableTable 4-1: The d_^< value of'KTP at various electric fields. 

Crystall  # 

1 1 

2 2 

2 2 

2 2 

Electricc field 

[TO6 6 

3.4 4 

3.0 0 

4.5 5 

6.0 0 

Vm"1] ] 
dd3333 at 100 K 

12CN"'] ] 

14(2) ) 

16(2) ) 

16(2) ) 

17(2) ) 

Sincee the quoted literature values for the da piezoelectric constant are obtained at room 

temperature,, a study of the temperature dependence of the piezoelectric constant was performed. 

Piezoelectricc tensor elements are, in principle, temperature dependent and show, in certain cases, 

largee anomalies around phase transitions, e.g. dv, of KH2PO4 (see Appendix B). The measurements 

weree performed at the RA (MOKOCI) on crystal (2) using an electric field of 6.710' Vm" . 
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Electricc field [Vm'] 

FigureFigure 4-9: Induced peak shift for the (0,0,36) reflection for crystal (2) at 100 K as 
aa function of applied electric field. 

However,, no anomaly in the da value was observed as can be seen in Table 4-2, which is related to 

thee fact that the transition at 150 K does not involve a change in symmetry. A least-squares fit of a 

linee to the temperature data gave a temperature dependence of dn of 0.001(0.01)10 " CN K . 

TableTable 4-2: The d  ̂ value of KTiOP04 crystal (2) at various temperatures with an 
electricelectric field of4.510 Vm' (o of da not available). 

Temperature e 

[K] ] 

100 0 

120 0 

140 0 

150 0 

153 3 

dd33 33 

[10 0 

15 5 

18 8 

16 6 

16 6 

16 6 

:CN~'j j 

Temperature e 

LKJ J 

157 7 

166 6 

180 0 

200 0 

220 0 

dd33 33 

[10 0 

17 7 

17 7 

17 7 

13 3 

18 8 

-CNN '| 

Notee that the results obtained are believed to be sample independent, since the same value for the 

djjdjj  constant was obtained for two different crystals, measured at two different sources. 

TheThe Ge-LIA detection system 

Sincee the Ge-detector gives a voltage output it can be readily used with a LIA to determine small 

changess in diffracted signal in perturbation experiments. The shifts of the diffraction peaks of a 

LiNbOii  crystal (§3.3) in an external electric field were measured110"1 using the Ge-detector and a 
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DLIAA (Stanford Research Systems. SR model 850), referred as Ge-DLIA. An electric field of 

3.8-li tt Vm ' was applied in a two-step modulation with a frequency of 33 Hz. The measurements 

weree performed at the RA. 

Figuree 4-10a shows a step scan of the (0,0,12) reflection where at each point of the scan the 

diffractedd signal corresponding to both the positive and negative electric field has been recorded 

withh a Nal scintillation detector (BEDE). The shift of the peak due the piezoelectric effect is clearly 

visible.. The dashed curve in Figure 4-10b gives the difference between the positive and negative 

signal.. The solid line in Figure 4-10b gives the change in the diffraction profile determined with the 

Ge-DLIA.. At each step of the scan a single reading was taken, with integration time of the DLIA set 

too 300 ms. It can be seen that the two results are in good agreement. 

Furthermore,, Figure 4-10b also shows that with the DLIA differences down to l l O ' photons s at 

17.455 keV can be detected using a time constant of 300 ms. This limit can be significantly reduced 

byy increasing the integration time of the amplifier. This will , of course, increase the data-acquisition 

timee per point and thus prolong the total scanning time per profile. 

Itt should be noted that when using a LIA , only information about differences between the two states 

off  the electric field is obtained (Fig. 4-10b), but no information about the individual peaks (Fig. 4-

10a).. To overcome this problem a Si-diode used in transmission can be mounted in front of the Ge-

detectorr in order to determine the average profile. Since the absorption of the Si-diode is very small 

att energies above 25 keV, the signal of the Ge-detector is not influenced significantly. 

CountingCounting versus Ge-DLIA detection 

Theoretically,, changes in integrated intensities determined either by a counting method (as is used 

inn the modulation method. Chapter 3) or by the LIA-Ge detection method should be identical. 

Thee changes in integrated intensity measured by means of the two-step modulation method can be 

definedd as 

wheree / runs over all N data points in the profile and L is the integrated intensity corresponding to 

thee rocking curve induced by a positive or negative electric field. After rearranging Equation 4-2 

onee obtains 

S ( / - - / ^ ^ 
v A i y y 5X.,+'-.,> > 

(4-3) ) 
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FigureFigure 4-10: Influence of an external electric field on the (0,0,12) reflection of 
LiNbOt.LiNbOt. a: Tlie two profiles corresponding to a positive and negative 
electricelectric field, determined with a scintillator detector, h: The difference 
betweenbetween the two profiles in la) (dashed line) and difference profile 
determineddetermined directly with the Ge-DLIA (solid line). 

whichh also represents the behaviour of the Ge-DLIA system. The DLI A internally determines the 

differencee of/+ and /. (i.e. a hardware determination), which is then integrated by software. For the 

countingg method software is used to calculate first the sum and then the difference. It should be 

notedd that a single-point measurement for both methods should also give the same change in 

integratedd intensity. 
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Too validate this hypothesis experimental data taken at the High-Energy X-ray Scattering beam-line 

withh the two-step modulation method, were evaluated for the (-4,10,-2) reflection of DKDP at one 

pointt only of the profile using an electric field of 1.3-101 Vm with a frequency of 30 Hz. The set-

upp consisted of two detection systems. The first detection system used the photon-counting mode of 

thee Ge-detector whereas the second system used the current mode. A digital volt-meter (DVM, 

Keithleyy K2001) and the DLIA were joined together for the current mode detection. Here the DVM 

detectss the average of the /+ and /. signal, giving /(). 

Thee values obtained for the changes in integrated intensity measured by the DLIA using a small 

timee constant r<300 ins do not correspond to the values measured by the counting method. This 

cann be understood as follows. Using a small time constant implies that the bandwidth of detection is 

largee and a limited sampling of the input-signal by the DLIA occurs. To illustrate this, a time 

constantt of 33.33 ms would sample only one period of the electric field, hence giving for each 

measurementt a different value for the change in integrated intensity. Using, however, a larger time 

constantt of, for example, 333.33 ms would result in a sampling of 10 periods and narrow bandwidth 

detection. . 

So,, taking a time constant of 10 s for the DLIA showed that the obtained values of changes in 

integratedd intensities agreed for both methods. The o/(AI/f) ratio for the DLIA values are about \%. 

Usingg time constants of 3 and 1 s showed that the ratio increased from =1.27 to =1.58%, 

respectively.. Decoupling the DVM and the RC filter (belonging to the Ge-detector) from the current 

modee detection system, showed that the ratios are about 0.6% for a time constant of 10 s. 

Sincee the Ge-DLIA detection method was developed for fast data collection, a time constant of 10 s 

iss obviously inappropriate. Therefore, taking the results discussed above into account, a time 

constantt of 300 ms should be a good compromise for both good counting statistics and fast data 

collection. . 

4.54.5 Conclusion 

Thee tested 403HS germanium detector has shown to be linear both in a low-flux counting mode (<1 

too 110̂  photons s ') and in a high-flux current mode operation (equivalent count-rate up to 110 

photonss s"!). The dead time in photon-counting mode is 1.9 p:s, which is comparable with a standard 

Nall  scintillator detector. There is sufficient overlap between the photon-counting and current mode 

forr scaling the two ranges together. This is especially true when the current mode is used in 

conjunctionn with a chopped signal and synchronous lock-in detection, in which case signals below 

110'' photons s ' can be measured for signal integration times of 300 ms. The detector has a time 

responsee in the order of I (is, making it a suitable detector for perturbation measurements in general 

andd for crystals in electric fields in particular. 

Ideally,, the detector should incorporate two preamplifiers. An electrometer optimised for low drift 

andd low noise for current mode operation with slowly varying signals, and a charge preamplifier 
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suitablee for post amplification by a high-rate nuclear-spectroscopy amplifier incorporating base-line 

correctionn for rapidly varying signals. This last option should be used either in photon-counting 

modee for weak X-ray fluxes, or in current mode at high fluxes using the lock-in amplifier technique 

too compensate for DC drift. The present detector provides a compromise solution between these two 

ideals,, offering a low-price system of wide dynamic range. 
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5,15,1 Introduction 

Thee previous two chapters discussed a modulation method based on a monochromatic beam. A 

monochromaticc beam is perfectly adapted for the determination of Ad and subsequently the 

piezoelectricc tensor elements. However, to obtain A/ by means of a modulation method using a 

monochromaticc beam is very time consuming, since scanning of the mosaic spread through the 

Ewaldd sphere is obligatory. Even with the newly developed detection system (Chapter 4) rocking 

curvee scans are needed, although the data-collection time is decreased slightly. 

AA solution is to modify the way of measuring by altering the X-ray beam characteristics. In order to 

eliminatee the need to perform rocking curve scans, a polychromatic X-ray beam can be used 

togetherr with the modulation method. This would permit very fast data acquisition. 

Thiss chapter wil l discuss a new method based on a broad-energy X-ray band, i.e. a polychromatic 

X-rayy beam (§5.2). To generate a broad-energy X-ray band beam two different types of X-ray 

optics,, a bent-Laue monochromator (Part A. §5.3-5.7) and a multi-layer (Part B, §5.8-5.15). were 

investigated. . 
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5.25.2 Broad-energy X-ray band 

Ass is clear from the previous chapters, measuring changes in integrated intensities for several 

hundredss of reflections consume a large amount of (precious) beam time at a synchrotron source. 

Ann experiment based on a monochromatic X-ray beam needs a rocking curve scan so that the 

integratedd intensity can be calculated. Obtaining the integrated intensity directly from an 

experimentt without measuring a rocking curve scan, and therefore decreasing the experimental 

data-collectionn time, would be strongly preferred. This is, however, not possible via a 

monochromaticc X-ray diffraction experiment, because a rocking curve is always required since the 

mosaicc spread of a particular reflection is, in general, larger than the thickness of the Ewald sphere. 

Consequently,, if the thickness of the Ewald sphere could be increased sufficiently (Ewald shell), by 

creatingg a broad-energy X-ray band by means of a polychromatic X-ray beam, the mosaic spread 

wouldd lie completely within the Ewald shell boundaries. As a result, the integrated intensity can be 

determinedd by a single data-point measurement. 

Figuree 5-1 shows the difference between the monochromatic and broad-energy X-ray band 

diffractionn technique. In the monochromatic beam technique the mosaic spread is scanned though 

thee Ewald sphere (Fig. 5-la) whereas for the broad-energy X-ray band technique a scan is 

performedd through the Ewald shell (Fig. 5-lb). The corresponding rocking curve profiles for both 

monoo and polychromatic beam techniques are shown in Figures 5-lc and 5-Id, respectively. To 

obtainn the integrated intensity from the rocking curve of Figure 5-lc an integration of the curve has 

too be performed. For the broad-energy X-ray band technique, the integrated intensity is given by 

pointt A since the whole mosaic spread lies within the Ewald shell. However, performing a rocking 

curvee scan results in a similar curve as in Figure 5-lc with the exception that the top part of the 

rockingg curve is flat. This is the 0 region where the mosaic spread is within the Ewald shell. For 

comparison,, the rocking curve profile of Figure 5-lc is inserted into Figure 5-Id and illustrates that 

thee integrated intensity of the curve of Figure 5-lc equals the intensity of point A. 

Itt should be noted that the flat-topped part of the rocking curve of Figure 5-Id occurs only under the 

conditionn that the Ewald shell has a homogeneous intensity distribution. Furthermore, a distinction 

hass to be made for both techniques concerning the intensity /. When a monochromatic technique is 

usedd the measured intensity has to be integrated in order to obtain the integrated /. whereas the 

measuredd intensity in the broad-energy X-ray band technique is actually the integrated /. 

5.2.11 Piezoelectric effect and broad-energy X-ray band technique 

Applyingg the broad-energy X-ray band technique to piezoelectric crystals in an electric field 

decreasess the data-collection time significantly when compared to the classic modulation method 

andd detection method (Chapter 3 and 4, respectively). This wil l be clear when continuing from the 

previouss figure. 

AA comparison of a two-step version of the modulation method using a monochromatic X-ray beam 

(Chapterr 3) and a broad-energy X-ray band beam is shown in Figure 5-2. Two rocking curves 
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correspondingg to the two states of the applied electric field are shown in Figure 5-2a and 5-2b for 

thee monochromatic modulation method and the broad-energy X-ray band modulation method, 

respectively.. Here, only two electric-field-induced effects. A/ and A0 are considered, since changes 

inn mosaicity (peak broadening) are assumed to be negligible when compared to the other two. 

Mosaicc spread w. 

Ewaldd sphere 

a a 

Mosaicc spread 

< < 

99 [Arb. U. 99 [Arb. U.] 

FigureFigure 5-1: Comparison of the diffraction technique using a monochromatic beam 
(a)(a) and a polychromatic beam (b). A scan of the mosaic spread of a 
particularparticular reflection through the Ewald sphere (a) and Ewald shell (b) 
resultsresults in a rocking curve profile (c) and (d), respectively. The flat profile of 
rockingrocking curve (d) is the region where any single measurement can be 
performedperformed to obtain the integrated intensity, giving the same result (point A) 
asas integrating the rocking curve profile of the monochromatic technique 
(inserted(inserted figure). 

Thee A/ curves, as shown in Figures 5-2c and 5-2d, can be obtained for both techniques. In the case 

off  the monochromatic technique, integration of the curve is imperative in order to obtain the change 

inn integrated intensity. Furthermore, the A/ curve of Figure 5-2d shows a flat region as in Figure 5-

2b,, where each point of the flat region represents the change in integrated intensity which is equal to 

thee integrated A/ curve of Figure 5-2c. From this it is clear that one single measurement at the flat 

regionn suffices to obtain A/ and reduces the data-collection time considerably. 
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field d field field 
field field 

99 [Arb. u.; 99 [Arb. U.] 

00 [Arb. U. 66 [Arb. U. 

FigureFigure 5-2: Comparison of the monochromatic modulation technique (a and c) 
andand broad-energy X-ray band modulation technique (b and d). The two 
rockingrocking curves corresponding to the two states of the electric field for both 
techniquestechniques (a and b) and their corresponding difference curves (c and d). 

FlatFlat plateau 

Inn fact, the AÖ effect influences the measured AI when the central part of the rocking profile of 

Figuress 5-lb and 5-2b is not perfectly flat. In principle, the measured A/ consists of two intensity 

effects;; the real intensity effect caused by a change in the structure, and an intensity effect caused 

byy a change in the Bragg angle. Let it be assumed that the intensity profile of the broad-energy X-

rayy band is Gaussian shaped (curve A, Fig. 5-3), and that the Bragg angle of a certain reflection of a 

samplee is aligned in the centre. Applying the electric field onto the piezoelectric crystal causes a 

changee in the Bragg angle. Since the initial Bragg angle corresponded to the maximum intensity of 

thee broad-energy X-ray band (P), the new Bragg angle corresponds to a lower intensity (P') and 

causess therefore an A/ effect. On the contrary, it' the broad-energy X-ray band beam is flat (curve B, 

Fig.. 5-3) at the centre of the intensity profile, a A0 effect would not cause an A/ effect (P") under 

thee condition that the width of the flat region is larger than A0. Since the electric field alternates, the 

Braggg angle will alternate consequently about the centre of alignment. This invokes that the flat part 

shouldd also be horizontal so that no differences in intensity occur between either sides of the centre 

off  alignment. Furthermore, since small effects are to be measured, the fluctuations at the flat part 

regionn should be minimised, preferably to a level comparable to photon-counting statistics. 
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Finally,, having a flat part in the intensity spectrum of the broad-energy X-ray band beam thus 

allowss the separation of A/and A0. where A0can be determined at the flanks of the rocking curve. 

< < 

o„„  e„ 99 [Arb. u; 

FigureFigure 5-3: Necessity of a flat-topped broad-energy X-ray spectrum. A curved 
spectrumspectrum (A) results in a change of integrated intensity (Ale) when changing 
thethe Bragg angle (AO). while the integrated intensity of a flat-topped 
spectrumspectrum (B) does not change when a change in Bragg angle occurs. 

5.2.22 Generating a broad-energy X-ray band 

AA broad-energy X-ray band can be generated by means of a bent optical element, such as a 

monochromatorr in either Bragg or Laue reflection mode. The desired features like a large 

bandwidthh in conjunction with a homogeneous intensity distribution and focusing can be achieved 

easilyy for both reflection modes. In this work a bent monochromator in the Laue reflection mode 

(fromm now on: bent-Laue case) was selected because its larger angle of incidence offers several 

advantages: : 

1.. The power absorbed by the crystal is much lower, causing less crystal 

deformation,, and requires a less sophisticated cooling scheme and 

2.. The bending radius is smaller which significantly increases the tolerable slope 

error,, hence simplifying the bending and reducing the constraints on the 

crystal-thicknesss homogeneity. 

Thee generation and application of the bent-Laue case 

sectionn (Part A). 

bee discussed in detail in the following 
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Ann alternative technique to generate a broad-energy X-ray band, using a bent multi-layer, wil l be 

discussedd in Part B of this Chapter. 

Itt should be clear that the broad-energy X-ray band technique requires either a bending-magnet or a 

wigglerr source for their continuous energy spectrum (Fig. 2-8). Moreover, relatively high energies 

aree desired for electric field experiments, since thick samples are used with strong absorbing 

elements.. This allows the use of a Laue monochroinator, which for low energies would be too 

absorbing. . 
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Partt  A 

Bent-Laue Bent-Laue 

5.35.3 Theory 

Bent-crystall  optics has been proven to have distinct advantages over X-ray mirrors and flat-crystal 

monochromators.. The acceptance of X-rays can be considerably increased because of the much 

largerr Bragg angles On, while the bending simultaneously provides focusing and broadens the 

rockingg curves. It wil l be described first how crystal bending can be utilised to produce a broad-

energyy X-ray band-pass beam with a constant intensity distribution. 

5.3.11 Focusing 

Focusingg of X-rays by bent crystals is based on a change in the Bragg plane orientation. The focal 

distancess p (source to monochromator) and q (monochromator to focal spot) are related through 

" -- q,t (5-1) 
2 __ A i 

where e 

P„=pyP„=py ()() BB) ) 

4oo = P7k =pcos(x + 0B) 

aree those for monochromatic focusing[3'4]. The parameters y0 and yh denote the direction cosines of 

thee incident beam and the reflected beams, respectively, and the asymmetry angle % is the angle 

betweenn the Bragg planes and the surface normal of the crystal. Furthermore, the bending radius p 

iss positive when the beam is incident on the concave crystal surface, and p is positive for a real 

source. . 

5.3.22 Energy dispersion 

Thee bending of the crystal allows the energy dispersion to be increased or decreased for a given 

divergencee A0of the incident beam with respect to the flat-crystal case, i.e. AE/E = AÖcot 9B. In the 

focusingg Laue-case geometry, the beam impinges on the convex crystal side and the beam 
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divergencee and the angular change of the Bragg planes over the beam footprint have to be added. 

Forr a bent crystal in Laue geometry the energy dispersion is given by 

—— = co t0 „ -^ 
EE p 

P P 

P7„ „ 
(5-3) ) 

wheree y0-cos{xtOn) and h(l is the horizontal beam size. Thus, for a given beam-line geometry the 

energyy width or energy dispersion can be modified by adjustment of the width of the horizontal 

beamm size, the asymmetry angle and the bending radius. 

5.3.33 Rocking curve width 

Whenn the crystal is cylindrically bent the Bragg planes are curved and their spacing and orientation 

changee according to the elastic compliances. Several models exist for the theoretical description of 

X-rayy diffraction in distorted crystalsl>m|. In the geometrical theory outlined by Penning and 

Polder1"1,, the propagation of a ray in a crystal where the reciprocal lattice vector changes slowly is 

treatedd analogously to the propagation of light in an inhomogeneously diffracting medium. When 

thee deformation is not too strong, the X-ray wave fields adjust themselves to the slowly varying 

latticee parameters and their propagation can be described locally in terms of the dynamical theory 

forr perfect crystals. Penning and Polder demonstrated that the adjustment of the wave fields to the 

locall  lattice parameters is equivalent to a gliding of the tie-points along the dispersion surface. Since 

eachh tie-point represents a finite angular deviation from the kinematical Bragg angle, the shift 

correspondss to a broadening of the rocking curve by an amount given by 

A0„=-- TSmX 

PY,<PY,< cos0fi 
ll  + ̂ (cos2̂  + c o s 2 e j l - ^ ^^ (5-4) ) 

wheree 7" is the crystal thickness and s  ̂denotes the elastic compliance for the given crystal material 

andd orientation1'21. As a further consequence of the tie-point shift, the reflectivity of the bent-Laue 

crystall  increases. In general, it exceeds the value of 0.5 known for thick, flat crystals and is 

ultimatelyy limited only by anomalous absorption. When the bending radius is further decreased the 

creationn of new wave fields ' extracts intensity from the diffracted beam in such a way that for a 

stronglyy deformed crystal the integrated reflectivity approaches the kinematical limit . 

5.3.44 Energy band pass 

Bothh the energy band-pass due to divergence of the incident beam and the rocking curve of the bent 

crystall  are, in first approximation, box shaped. The resulting energy spectrum is therefore flat 

toppedd and its FWHM is given by the larger of the two terms, see Figure 5-4. 

Thee convolution of the two components contributing to the energy width helps to achieve a flat 

spectrumm as it averages spatially over intensity inhomogeneities of the incident beam as well as over 

thicknesss variations or other distortions of the crystal. 
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FigureFigure 5-4: Convolution of a bent-Lane crystal rocking curve (to the left) with an 
energyenergy band of 1 keV (vertical lines) as defined by Equation 5-3. 
Parameters:Parameters: Si(lll), E=40 keV, p=42.!3 m, q=-2.475 in, x=35.26° p=-6.2 
mm and T=l mm. Note that the rocking curve width of 235 furad exceeds that 
ofof the flat Laue crystal by a factor 35. 

Inn the convolution shown in Figure 5-4 it was assumed that the spectrum delivered from a bending-

magnett or wiggler would be perfectly flat and that the integrated reflectivity of the bent crystal 

wouldd be energy independent. In view of the very small differences of the integrated intensities that 

havee to be detected (A/// = 0.1%), this approximation is not fully justified. 

Ass stated in Chapter 2, the intensity distribution of the radiation fan emitted by a bending-magnet or 

wigglerr is determined by the electron-beam energy, the photon energy, the magnetic field strength 

andd the magnetic period of the wiggler as well as the angle of observation"4'151. Figure 5-5a depicts 

thee theoretical flux delivered by the wiggler installed at the ESRF Materials Science beam-line"61 

throughh a pinhole of 0.1x0.2 mm as a function of the energy and the horizontal position (upper 

abscissa).. Energy and position are related through Equation 5-3. The second curve in the plot shows 

thee integrated reflectivity of the bent-Laue crystal as function of energy. The convolution of these 

twoo curves yields the intensity distribution of the beam as reflected by the Laue monochromator, 

whichh is shown in Figure 5-5b. The spectrum is not perfectly flat. However, between 39 and 40 keV 

thee maximum intensity difference amounts to only 0.1% (crlms=0.031%). The remaining variation 

cann be compensated for by means of an absorber of appropriate thickness profile. Figure 5-5b 

showss the thickness profile of an Al absorber with an average transmission of 85%, which would 

yieldd a perfectly smooth spectrum. 
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FigureFigure 5-5: a: Flux delivered by the ESRF IDII  wiggler through a pinhole of 
0.1x0.20.1x0.2 mm2 as a function of energy and horizontal position {A} as well as 
integratedintegrated reflectivity of the Laue crystal monochromator (B) (same 
parametersparameters as in Fig. 5-4), b: Intensity distribution of the beam diffracted by 
thethe Laue crystal (C) together with the thickness profile of an Al absorber (D) 
whichwhich compensates for the variation of the former distribution. 

5.45.4 Optics Set-up 

Opticall  elements can be used to select, reflect, focus and collimate X-ray beams. They are often 

madee from Si crystals for its high purity. In mechanical sense, their robustness makes them easy to 

process,, i.e. to cut and polish. Three Si crystal wafers with a different cut and shape where used as 

monochromatorss in the bent-Laue experiments. 
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5.4.11 Triangular-shaped Si crystal wafer 

Obtainingg a broad-energy X-ray band-pass requires a perfectly bent monochromator crystal, which 

impliess that the bending should be cylindrically. For this a triangular-shaped crystal, shown in 

Figuree 5-6a, was chosen. A force transmitted onto the tip of the triangle causes a moment and 

results,, when the crystal end is fixed, into a bending of the crystal. Since the moment is linearly 

distributed,, the local height of the crystal compensates for the resistance of the local moment so that 

aa cylindrical bending wil l be accomplished. 

Twoo triangular-shaped monochromator crystals were developed. The first crystal was a S i ( l l l ) 

waferr with a thickness of 1 mm and an asymmetry angle of 35.3°, whereas the second crystal was a 

11 mm thick Si(311) wafer with an asymmetry angle of 59.8°. For both crystals the base and height 

off  the triangle was 40 mm and 90 mm, respectively. The bending mechanism consisted of a 

translationn stage, which transmitted a force, via a screw, onto the crystal. The crystal and the crystal 

mountt are depicted in Figures 5-6a and 5-6b, respectively. 
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FigureFigure 5-6: a: The triangular-shaped monochromator Si(lll) crystal wafer, b: 
CrystalCrystal mount. 

5.4.22 Rectangular-shaped Si crystal wafer 

Sincee a triangular crystal does not allow proper cooling by an InGa bath, a rectangular-shaped 

monochromatorr was also developed which implies a more complex bending. Since the width of a 

rectangularr crystal is always the same, a non-cylindrical bending would be obtained when a force is 

appliedd to one side of the crystal. A solution to this is the application of a torque. This can be 

obtainedd by applying a force to a Si-rod (Fig. 5-7), which is connected mechanically to the 

monochromator.. In contrast to the triangular type, this junction does not move and the 

monochromatorr wil l be bent cylindrically. 
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Thee rectangular-shaped monochromator crystal used was an optically polished Si(311) crystal wafer 

withh dimensions of 1x40x90 mm3 and an asymmetry angle of 25.24°. The bending mechanism 

consistedd of one translation stage, which transmits a force onto a Si-rod via a piece of Ag-foil . The 

crystall  and the crystal mount are depicted in Figures 5-7a and 5-7b. respectively. 

**  Pull 

X X 
A. A. 

Agg foil 
(001)) gum 1 mm thick Si crystal 

(110)¥¥
 A(113) Screw 

Si i 
All  holder 

< l l 0 ) **  > 
(001) ) 

~, ~, 
<<  90 mm 

700 mm 

FigureFigure 5-7: a: The rectangular Si(311) crystal wafer with holder for the bender, h: 
CrystalCrystal mount and bending system. 

5.4.33 Monochromator bender set-up 

Thee monochromator set-up is shown in Figure 5-8. A monochromator crystal is fixed at one side to 

thee bender set-up. The other side of the crystal is mechanically connected to a motor-controlled 

translationn stage. In the case of the triangular-shaped crystal the connection is a screw whereas for 

thee rectangular crystal the connection consists of a rod-type Si crystal and a strip of silver foil . Both 

connectionn systems are used to transmit the bending force and torque, respectively. A reservoir for 

coolingg by means of an InGa bath can be used. Two channels through the aluminium bottom piece 

off  the bender set-up can be used for additional cooling by water. 

5.55.5 Samples 

Severall  different samples were used to test the broad-energy X-ray band-pass technique. Some of 

themm were used as analyser crystals, whereas others were used for electric field experiments. The 

samplee preparation for electric field experiments is identical to that discussed in §3.3. Crystals ot 

Si(lOO),, SiC 1 10), AgGaS2 and LiNbCh were used as analyser crystals and the latter two samples 

weree also used for electric field experiments. 
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FigureFigure 5-8: The monochromator bending set-up; a: For the triangular-shaped 
crystalcrystal and b: For the rectangular-shaped crystal. 
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5.65.6 Electric Field and Gating System 

AA lock-in amplifier (Stanford Research Systems, model SR850) gives the signal for the high-

voltagee switches and receives the voltage output of the detector. The liquid-nitrogen-cooled high-

purityy germanium diode (Chapter 4) was used as a detector. A two-step modulation (Chapter 3) of 

thee electric field was applied with a frequency of 33 Hz. The generation of the electric field and 

gatingg system is shown in Figure 5-9. 
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computer r 
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Dataa storage 
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Highh voltage ' 
m,, switch box 0 
nVV  ^ 

 Trigger signal 

FigureFigure 5-9: The set-up used for applying an electric field and for synchronous 
measurementmeasurement of the changes in the diffracted signed. 

Itt should be noted that the response of the Ge-detector depends on the energy of the X-rays. 
Therefore,, all rocking curves presented in this work were corrected for the energy dependence of 
thee detector. 

5.75.7 Experimental Stations 

Thee fact that a white beam is needed to create a broad-energy X-ray band beam limits the number of 

beam-liness where experimental work can be carried out. This is due to the scientific research 

purposee of most beam-lines at the ESRF where a white beam in the experimental hutch is not 

neededd and thus not allowed by the ESRF safety regulations. However, a few beam-lines such as 

thee Materials Science beam-line, the High-Energy X-ray Scattering beam-line and the Optics beam-

linee are allowed to have a white beam. A discussion of the implementation of the broad-energy X-

rayy band technique in these beam-lines wil l be given in the following sections. 

5.7.11 Materials Science beam-line 

Thee properties of the wiggler source of the Materials Science beam-line, which are important for the 

generationn of the broad-energy X-ray band beam, are given in Table 5-2. 
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TableTable 5-2: Optical properties concerning the wiggler source of the Materials 
ScienceScience beam-line. 

Property y 

Magnett period 

Criticall  energy E, 

x x 

Fieldd Bmux 

Numberr of poles 

Minimall  gap size 

Sourcee size (hxv) 

Sourcee divergence (hxv) ) 

Peakk brilliance at 30 keV, 

Peakk total integrated flux, 

Powerr at 30 keV 

Powerr density 

100mA A 

100mA A 

Value e 

125 5 

29 9 

14.7 7 

1.24 4 

24 4 

20.3 3 

380x117 7 

2.2x0.11 1 

610] 7 7 

7-1016 6 

10 0 

20 0 

Unit t 

mm m 
keV V 

T T 

mm m 

Hm22 FWHM 

mrad22 FWHM 

phs"lmrad"2mnr0.1%BW W 
phs ' ,0 .1%% BW 

kW W 

Wmmm ~ 
hxvv = horizontal x vertical 

Thee beam-line was used in the white beam mode, which means that only the beam-line built-in 

absorberss are in the beam. Furthermore, two pairs of slits were used to set the size of the beam onto 

thee Laue-crystal. A horizontal beam of 7 mm was selected by the slits. A special Al absorber, 

similarr to the one as is described in §5.3.4, was inserted just before the monochromator to 

compensatee for the wiggler spectrum in the horizontal plane. For the monochromator, the 

triangular-shapedd S i ( l l l ) Laue crystal was placed in the experimental hutch, 42.88 m from the 

wigglerr source. The monochromator was mounted on an XYZd stage for positioning. No Xor 

y// adjustment was available. The crystal was cylindrically bent by application of a force on the tip 

off  the triangle so that the focal spot was at a vertically scattering four-circle diffractometer in Kappa 

geometryy . The 0 angle of the monochromator was calibrated using the absorption edge of Gd at 

50.2399 keV and the energy was set to 50 keV for the actual experiment. The Ge-detector (Chapter 

4),, a pair of slits and a photo diode were placed on the 20-arm of the diffractometer. A Pb beam-

stopp of 2 mm thickness was placed between the detector and the diffractometer into the direct beam 

off  the broad-energy X-ray band-pass. The bent-Laue set-up was fully shielded by a lead castle to 

lowerr the background radiation. A beam-stop consisting of large pieces of Pb and Cu was placed 

directlyy after the Laue crystal into the direct beam of the wiggler. A schematic overview of the 

experimentall  set-up is shown in Figure 5-10. 

ResultsResults and discussion 

AA rocking curve scan of the (12,0,0) reflection of the Si( 100) analyser crystal is shown in Figure 5-

11 1 revealing the profile of the beam. The FWHM is 0.6°, giving a resolution 

AftVö>=AA/A^3.9%,, corresponding to a band-width of 2 keV. This is in good agreement with the 

resultt that can be obtained from Equations 5-3 and 5-4 for a horizontal beam of 7 mm. The dip in 

thee middle of the flat part of the profile is due to a glitch caused by the monochromator crystal. This 

glitchh could have been removed by adding an (//adjustment table to the monochromator set-up. 
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FigureFigure 5-10: Experimental set-up at ID 11 for producing a broad-energy X-ray 
bandband beam. Note the energy distribution of the beam between 
monochromatormonochromator and sample. Dark gray denotes high X-ray energies 
whereaswhereas light grey denotes low X-ray energies. 

Thee resulting fine structure at the top of the curve is not related to counting statistical fluctuations, 

whichh are much smaller, but due to structure in the incoming beam, induced by phase contrast of 

thee Be windows and C absorber in the front-end11 '. An attempt to eliminate this phase contrast by 

insertionn of a random phase shifter, here a spinning wooden wheel just in front of the 

monochromatorr , showed some influence but no real improvement was achieved. Possible 

solutionss to reduce the fine structure of the incoming beam are: 

1.. Polishing all Be windows and replacing the front-end C absorber, 

2.. Insertion of a random phase shifter as far upstream as possible, close to the first 

Bee window and front-end absorber and 

3.. Using a different reflection and asymmetry angle in order to achieve a larger 

averagingg over the energy band of the incoming beam as given by Equations 5-

33 and 5-4, with the penalty of a larger focal spot'1"'. 

Unfortunately,, the first two solutions could not be applied since the beam-line components (vacuum 

tubes,, mirror vessels etc.) and front-end are not accessible for any changes. However, the third 

solutionn was applied at the Optics beam-line (§5.7.2). 

Thee general slope of the curve can easily be controlled by a combination of the wiggler gap, vertical 

slitt size and absorber material or thickness, see Figure 5-5b. 

Subsequently,, a piezoelectric AgGaS; crystal (Chapter 3) was mounted on the diffractometer and a 

rockingg curve scan of the (6,6,12) reflection was measured (Fig. 5-12a). The dip at the left side of 

thee peak is again due to the glitch of the monochromator (Fig. 5-11) and the structure at the top of 

thee peak is due to the structure of the incoming white beam. This time a smaller horizontal beam 

wass used. The influence of the structure in the incoming beam on the difference profile was 

measuredd for the (6,6,12) reflection for a field of 3.310'1 Vm '. In Figure 5-12b, the difference 
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profiless for five consecutive scans are given. The influence on the glitch is clearly visible, as well as 

thee other structure in the incoming beam, which gives rise to a high-frequency structure in the 

differencee profile. The excellent reproducibility of all details shows that this structure is not related 

too counting statistics. The influence of the high-frequency fluctuations can be reduced or eliminated 

inn the data treatment by smoothing or Fourier-filtering techniques. Figure 5-13 shows the central 

partt of the difference curve at various applied fields. Again, fine structure can be observed. 

--

600 0 

4000 -

200 0 

9[deg] ] 

FigureFigure 5-11: Rocking curve of the (12,0.0) reflection of the Si(lOO) analyser 
crystalcrystal at the ID 11 beam-line, using a triangular-shaped Si(lll) Laue 
monochromator. monochromator. 

Figuree 5-14 shows the difference curve of Figure 5-13 together with a plot of the measured phase 

signall  (cp in Fig. 4-7b). The figure reveals clearly that the phase does not remain constant during a 

scan.. The phase is maximal on the flanks of the rocking curve (Fig. 5-12a), and is about zero at the 

flatt part of the rocking curve. A hypothesis that this effect stems from peak deformation can be 

deducedd from the following. The experimental conditions, i.e. electric field. X-rays and detector, 

aree the same for each setting of 0, which indicates that the crystal causes the effect. As the 

applicationn of an electric field induces a change in integrated intensity and Bragg angle, both are 

assumedd to be instantaneous as compared to the 30 Hz modulation frequency. The third effect 

causedd by the application of an electric field is a change in the mosaicity that affects the peak shape. 

Twoo cases of 6 settings needs to be considered. Firstly, when the mosaic spread of the reflection is 

completelyy within the Ewald shell, no distinction can be made between either a change in mosaicity 

orr A0, since only changes in integrated intensities can be observed by the application of the electric 

field,, see Figure 5-15a. 
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FigureFigure 5-12: a: Rocking curve of the AgGaS2 (6,6,12) reflection, b: Difference 
curvescurves induced by an external electric field of 3.310' Vm for five repeated 
scans. scans. 
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FigureFigure 5-13: The central part of the difference curve in Figure 5-14b at different 
voltages. voltages. 
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FigureFigure 5-14: Plot of difference curve (solid line) and corresponding phase signal 
withwith an external electric field of 331(1' Vm'. 
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FigureFigure 5-15: Change in integrated intensity caused by a change in mosaicity. a: 
TheThe change in integrated intensity can not he observed due to its centered 
positionposition in the Ewald shell, b: Change in integrated in intensity caused by a 
changechange in mosaicity when falling out the Ewald shell. 

However,, in the second case where the mosaic spread is near the edge of the Ewald shell, an 

additionall  change in integrated intensity caused by peak deformation can occur, see Figure 5-15b. 

Lett it be assumed that initially no peak deformation is present for the mosaic spread belonging to 

thee positive state of the electric field. When the electric field changes to the negative field the 

mosaicc spread wil l shift (by A0 ) towards the Ewald shell edge. If no peak deformation occurs, the 

spreadd wil l still be in total reflection. However, when the mosaic spread is controlled by a peak 

deformation,, a part of the mosaic spread may fall outside the Ewald shell. As a result, partial 

reflectionn occurs and the absolute integrated intensity decreases. Since the LIA makes use of the 

absolutee intensity signal coming form the Ge-detector to detect A/ and cp, a change in <p would not 

bee observed when the peak deformation was on the same time-scale as the other electric-field-

inducedd effects. Yet, the fact that the (p signal is not constant indicates that the peak deformation 

occurss at a larger time-scale, for example because a change in mosaicity is induced by a slow build-

upp of space and surface charges. 

AA second piezoelectric crystal, LiNbOi (Chapter 3), was mounted onto the diffractometer and the 

rockingg curve of the (0.0,30) reflection is shown in Figure 5-16a. In this case, the band-pass was 

furtherr reduced by closing the slits in front of the monochromator (see Fig. 5-10) in order to 

eliminatee the glitch at the left and the structure at the right, visible in Figure 5-11. A slightly larger 
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verticall  beam size was used. The profile of Figure 5-16a shows a sloping top, giving a 2% intensity 

decreasee over 0.15°, which is due to an incorrect correction for the response function of the detector 

duringg the experiment. The programming error responsible for this was only noticed after 

completionn of the experiment. The influence of the remaining slope of the profile was calculated by 

simulatingg a difference profile from two shifted but undeformed peaks. The induced intensity effect 

duee to the non flatness of the peak proved to be negligible for shifts up to 4000 times the 

experimentallyy observed shifts. Therefore, the slope, although undesirable, has no significant 

influencee on the experimentally determined difference curves. The solid curve in Figure 5-16b gives 

thee measured difference profile for the (0,0,30) reflection for a field of 1 -10"s Vm"1. The dashed 

curvee in the same figure is a simulated difference profile obtained by taking the difference between 

thee original peak of Figure 5-16a and a peak shifted by 1.2-10"6° and decreased in intensity by 

1 1 0 %.. It is seen that the correspondence is generally very good. The largest differences occur at 

thee sides of the peak, which is related to the fact that no peak deformation is taken into account in 

thee simulation. Such a peak deformation would have no effect at the central part, where the full 

mosaicc spread is within the Ewald shell, but only at the edges. Peak deformation can have an 

indirectt effect on the intensity via modification of extinction effects. Because of the high correlation 

betweenn the peak shift and peak deformation at the sides, no accurate value can be obtained for 

these.. The change in integrated intensity, however, is given fully by the flat part in the middle. 

Thee relative change in intensity can be determined by either averaging over all points on the flat 

partt or by a least-squares fit of the difference curve to the unperturbed profile using a shift and a 

changee in intensity as refineable parameters. However, in the least-squares procedure, the intensity 

effectt wil l be influenced by the signal at the slopes and is thus correlated with both peak 

deformationn and peak shifts. The more accurate value is thus given by the average. A third solution, 

evenn much faster, is to take a single reading at the flat part instead of scanning the whole profile. In 

orderr to test the accuracy of the various methods, the field across the crystal was varied between 

5-100 and 4.3-10f1 Vm"1, and the response curve of the (0,0,30) reflection measured. Figure 5-17 

givess the intensity effect as a function of the applied field. The dash-dotted curve (stars) gives the 

intensityy effect as determined by the least-squares fit. The dotted curve (crosses) is the intensity 

effectt obtained by averaging over the flat part. It is seen that the qualitative agreement between the 

least-squaress and the result by averaging is excellent. The least-squares result is, however, 

systematicallyy lower than the result by averaging. This is due to the correlation between the shift 

andd the intensity effect at the edges. The dashed curve (squares) is obtained by performing a second 

voltagee scan but now taking only a single reading at the centre of the flat part. The correspondence 

betweenn this curve and the other two is good. 

Itt can be seen that the reaction of the crystal to the applied field is linear up to 2.7T06 Vm"1, after 

whichh it saturates at A/// =0.045(5)%. This value is about half the value obtained by Fujimoto"91, 

whoo found 0.12(6)% for an applied field of 5.15-106 Vm"1. However, the standard deviation in the 

lastt experiment is too large to make a direct comparison. The curve is reproducible over multiple 

voltagee scans. The intensity effect for the smallest field of 5104 Vm"1 is only 0.001% and still 

measurable. . 
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FigureFigure 5-16: a: Rocking curve of the LiNbO, (0,0,30) reflection, b: Difference 
curvecurve induced by an external electric field of 1 10' Vm . The solid line is the 
measuredmeasured curve, the dashed line is the simulated curve. 
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FigureFigure 5-17: The induced relative intensity change for the LiNbOj (0,0,30) 
reflectionreflection as a function of the applied electric-field. The dash-dotted-line 
(stars)(stars) corresponds to a least-squares fit of an intensity effect plus a shift, 
thethe dotted-line (crosses) corresponds to an averaging over the central part 
ofof the differences curve, the dashed curve (squares) corresponds to a single 
readingreading at the centre of the rocking curve. 

Thee data points for a single reading at the centre are obtained in 10 s. To put this into perspective, if 

ann intense synchrotron beam is used together with the conventional scanning method (Chapter 3), 

approximatelyy 20 min per data point are needed. If a similar curve were to be produced on a 

rotatingg anode, the measuring time would be several years per data point. 

5.7.22 Optics beam-line 

Inn order to reduce the fine structure of the broad-energy X-ray band (§5.7.1), a different 
monochromatorr reflection and asymmetry angle was used and applied at the Optics beam-line. The 
experimentall  set-up was as follows. 

Thee triangular Si(311) monochromator crystal mounted on XY6<p\j/ stage 40.5 m from the source. 

Ann energy of 57.45 keV was selected after an initial calibration of the 0 angle by means of the 

absorptionn edge of W at 68.5 keV. The triangular crystal was cylindrically bent by applying a force 

ontoo the tip, so that the focal spot was 2.86 in behind the monochromator. A two-circle 

diffractometerr with a horizontal plane geometry was placed at the focal spot. It should be noted that 

thee Optics beam-line is situated at a bending magnet, giving thus less flux than the wiggler of the 

Materialss Science beam-line. 
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ResultsResults and discussion 

AA rocking curve scan of the (660) reflection of a Si(110) analyser crystal was performed and is 

shownn in Figure 5-18. This figure shows a perfectly flat spectrum at the top, with the fine structure 

noww being due to pure photon-counting statistics. 

2.0x11 0 5 

1.CX105 5 

5.0x10^ ^ 

16.000 16.10 16.20 16.30 16.40 16.5C 

99 [deg] 

FigureFigure 5-18: Rocking curve of Si(660) analyser crystal at the BM5 beam-line, 
usingusing a triangular-shaped Si(311) Lane monochromator. 

5.7.33 High-Energy X-ray Scattering beam-line 

Anotherr broad-energy X-ray band experiment was performed at the High-Energy X-ray Scattering 

beam-line.. Here, the same experimental set-up. as discussed in §3.4.4 was used. The 

monochromatorr of the beam-line is a Laue crystal made of Si(001) with an asymmetry angle of 

2.5°.. A broad-energy X-ray band beam with a mean energy of 40 keV was selected using the (111) 

reflectionn and directed into the experimental hutch by fine-tuning of the Bragg angle. Furthermore, 

aa specially shaped Al absorber with a thickness of 3 mm was placed between the Be-window and 

thee first slits, both situated in the experiments hutch. 

ResultsResults and Discussion 

AA two-step modulation of the electric field with three different frequencies, 1000, 490 and 33 Hz 

wass applied to a KD :P04 (DKDP) crystal (S3.3) with an electric field of 1.33-10" Vra '. Figure 5-

19aa shows the rocking curves of the (2-6-2) reflection for different modulation frequencies. The 

figuree indicates that no significant changes occur when the frequency of the electric field 

modulationn is changed. The glitch coming from the monochromator is reproduced in each of the 

rockingg curves. 
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< < 

299 [deg] 

299 [deg] 

299 [deg] 

FigureFigure 5-19: Rocking curves for the (2-6-2) reflection at different frequencies for 
KD:PC>4KD:PC>4 with an electric field of 1.33-10 Vm . a: Rocking curves measured 
forfor 33, 490 and 1000 Hz, b: Corresponding difference cun'es and c: Phase 
curves. curves. 
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Similarr observations can be made from the measured difference curves at different modulation 

frequencies,, see Figure 5-19b. However, different phase (<p) curves were obtained as can be seen in 

Figuree 5-19c. 

Ass explained earlier in this Chapter, the change in (p is a result of peak deformation. This is 

confirmedd by the application of different modulation frequencies. These results indicate that at the 

flankss of the curve, where the mosaic spread is partly inside and partly outside the Ewald shell, the 

totall  signal (A/) needs a certain time {At) to stabilise. Figure 5-19c shows that this time is constant 

andd independent of the frequency v of the applied perturbation. The phase is defined as: 

A<pA<p = —, (5-7) 
r r 

wheree r equals to v '. Since A<p for 1 kHz is twice as large as for 0.49 kHz it indicates that A/ is 

constant. . 
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PartB PartB 

Multi-Layer Multi-Layer 

5.85.8 Theory 

Ann alternative, and more standard, way to generate a broad-energy X-ray band is by using a multi-

layer.. A multi-layer can be grown on curved surfaces to produce focusing elements, their thickness 

cann be graded in-depth and/or laterally, and the constituent materials can be varied over a wide 

rangee to achieve optimum performance for a given application. For reflection of X-rays, layers of 

highh and low Z should alternate with no interdiffusion between the layers. Furthermore, the two 

materialss must be chemically compatible and withstand the high power of synchrotron X-ray 

beams.. The main problems encountered are interface roughness and variations of layer thickness, 

whichh both affect the reflectivity and become very important when the ^/-spacing is decreased which 

iss necessary for monochromators for X-rays of higher energies. 

AA brief overview of the multi-layer theory wil l be given. 

5.8.11 Bragg's law 

Thee monochromator property of a multi-layer is governed by Bragg's law that, corrected for 

refraction,, is given by 

nAA = 2 J s i n f l J l -2 < a > , < a > " , (5-8) 
sin""  6 

wheree <o>, the deviation of the real part of the refractive index from 1, is the mean over the two 

componentss of the bilayer with thicknesses t,\ and tu 

ttxxaaAA +tBaH 
<a>=<a>=  ——- —-. 

Heree the aA and an are defined as 

r,,r,, , 
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withh Z, the atomic number, /,. the classical Thomson radius of the electron, N, the number of atoms 

off  type i per unit volume, and // the real part of the anomalous atomic scattering factor. The d-

spacingg corresponds to the local spacing between layer pairs of the multi-layer. 

However,, in practice Bragg's law is still applicable since the correction factor in Equation 5-8 is in 

generall  a few percent. 

5.8.22 Focusing 

Thee same focusing conditions as for mirrors apply'211. However, in contrast to the bent-Laue 

monochromator,, a multi-layer is bent elliptically. For focusing the local bending radius R is given 

by y 

RR =  lpq , (5-9, 
8(p8(p + q) 

wheree p and q are the source to multi-layer and multi-iayer to sample distances, respectively. 

Inn practice, the focus wil l be broadened. The perfection of the surface of the multi-layer is mainly 

limitedd by the polishing errors'"1' with typical slope errors of 1 (irad (r.m.s). 

5.8.33 Energy dispersion and rocking curve width 

Thee energy dispersion of the X-ray beam produced by a multi-layer scales approximately as 

A££ 1.8 

EE nm. 
(5-10) ) 

wheree m(,tt is the effective number of layer pairs participating in the reflection process. The half 

widthh of the Bragg peak is related to Equation 5-9 as 

A£ £ 
A0=<99 — . (5-11) 

E E 

5.95.9 Optics Set-up 

Thee multi-layer used consisted of alternating W and B4C (boron carbide) layers, with a laterally 

gradedd c/-spacing of 13% over 200 mm (average J-spacing: 25 A), on a pyrex wafer substrate. 

5.9.11 Multi-layer bender set-up 

Thee multi-layer is connected to the bender set-up by using weak-links as is shown in Figure 5-20 

Thee bending of the multi-layer is achieved by exerting a torque at both ends of the multi-layer. The 

wholee set-up rests on a tripod with two legs being fixed to translation tables. One translation table is 

usedd for a rotation in 6 while the other one can be used for horizontal alignment of the set-up. 
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Flexuree hinge 

Clamp p 

Multi-layer r 

l^m^^^^^^^m^^^^ M M 
Basee plate Sii  leaf 

spring g 

4 4 
Steppingg motor 

=DD * 
Micrometerr screw 

FigureFigure 5-20: The multi-layer bender set-up. It should be noted that the horizontal 
alignmentalignment system is not drawn (courtesy Dr U. Lienert). 

5.105.10 Software Development 

Obtainingg AI from the multi-layer method is less obvious than just measuring one point on the flat 

plateauu as in the bent-Laue method, since the broad-energy X-ray band produced by the multi-layer 

iss more or less Gaussian shaped and has thus no flat region. This means that one single 

measurementt can not give the A///. However, the A/// and AÖ can be calculated by a mathematical 

analysis. . 

Thee multi-layer wil l generate a Gaussian-like shaped broad-energy X-ray band-pass as is shown in 

Figuree 5-2la (solid line). When an electric field is applied, the same peak wil l be shifted by A0 with 

ann intensity effect of A/// (dashed line). Taking the difference between these two peaks gives a 

typicall  difference curve as would be measured by a LIA , see Figure 5-2lb. 

Accordingg to elementary mathematics, each point on the rocking curve satisfies 

rrdl,dl, \\ A/, , 

/, , 
nn + Ae 

do do i i 
(5-11) ) 

where e 

A// = / ; - / ; 

and d 
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FigureFigure 5-21: a: Plot of a typical rocking curve scan as would be obtained by 
meansmeans of an analyser scan (solid line) together with an electric-field-induced 
rockingrocking curve with a A6 and Al (dashed line), b: Plot of the difference curve 
asas would be seen bx the LIA. 

A/ / 

"=T--
/,, represents the measured intensity at point i on the rocking curve and /"",- is the measured intensity 

att point;' on the rocking curve corresponding to the positive/negative state of the electric field. 

Fromm the observed data points /+, and r, a linear fit of A///, versus (dljd0i)lf can be applied, 

allowingg the calculation of X] and A0 as the abscissa at (3/,/30,)//, =0 and the slope, respectively. 

Notee that, since the experiment uses a broad-energy X-ray band beam, all measured values of I, are 

inn fact integrated values. 

Forr the data analysis a background correction was applied to the measured rocking curves /+ and T, 

i.e.. the background was subtracted. In order to obtain values for 3/,/30„  the IDL internal derivation 

functionn Deriv was used, whereas Poly_fit was used to calculate a linear fit. Furthermore, in 

principlee A0 can be determined with the highest accuracy on the edges of the rocking curve 

whereass r\ can be determined with the highest accuracy at the top of the rocking curve. However, 

thee objective of this experiment was to test whether the r\ can be obtained in a fast way so only the 

topp part of the rocking curves were used. 
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AA simulation for a two-step modulation experiment was performed on the Gaussian shaped rocking 

curvee (solid line) of Figure 5-2la. In the same figure is shown a plot of a shifted rocking curve (A0 

=33 arb.u.) with an r\ effect of 5.6% (dashed line). A line was fitted through the data points of A/,//, 

versuss (3/,/30,)//„  as can be seen in Figure 5-22. The determined values of A9 and r/ are 3 arb.u. and 

5.6%,, respectively. 

0.15 5 

--
< < 

0.100 -

0.05 5 

-0 .05 5 
-0.0300 -0.020 -0.010 0.000 0.010 0.020 0.030 

(öi/öe.yi, , 

FigureFigure 5-22: Plot of A1J], versus (dl/dOJ/I, (asterisks) and the linear fit (solid 
line). line). 

5.115.11 Experimental Station 

Thee multi-layer experiment was performed at the Optics beam-line of the ESRF. The multi-layer 

wass placed in the beam 39 m from the source. The generated broad-energy X-ray band beam, as set 

byy the fixed parameters of the multi-layer, had a mean energy of 68.5 keV with an energy width of 

1.4%.. The set-up allowed focusing in the vertical plane, while the scattering by the sample was in 

thee horizontal plane. The multi-layer to sample distance was 4.2 m. After the multi-layer and 

betweenn the diffractometer and detector, slits were installed. The multi-layer remained unshielded. 

Thee electric field and gating system were similar to the one used in the bent-Laue method (see 

§5.6). . 

Thee experimental set-up of the multi-layer is shown in Figure 5-23. 
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FigureFigure 5-23: The experimental set-up of the multi-layer. 

Synchrotron n 

5.11.11 Results and discussion 

Thee multi-layer was used in electric field experiments on a AgGaS; crystal (Chapter 3). Both 

effects,, A0 and t], were determined for two different sets of reflections, the (h,h,2h) and (/;/;0). and 

theirr predicted linear behaviour versus the applied electric field was investigated. Furthermore, the 

piezoelectricc constants for the [221] and [110] directions were determined. 

LinearLinear behaviour of r]  and A9 versus electric field 

Variouss electric fields (0.3-106, 0.6-106 and 1.2-106 Vm "') were applied to the crystal in order to 

studyy the (linear) behaviour of X] and A0 for the (448) reflection. The r\ and A0 values were 

determinedd from the rocking curve scans. Figure 5-24a shows the plot of r\ versus electric field, 

whereass Figure 5-24b shows the plot of A0 versus the electric field. 

Thee theoretically expected linear behaviour is shown in Figure of 5-24a and 5-24b by the linear fit 

(solidd line). When extrapolating to 0 Vm"1, the value for ï]  is about zero, whereas AÖ deviates 

significantlyy from zero. This deviation may be caused by using only data from the top part of the 

rockingg curve for the determination of AÖ (§5.10). 

DeterminationDetermination of piezoelectric constants 

Scanss were recorded for the (h,h,2h) reflections, with /i=4, 5, 6, 7, with an electric field of 2.6-101 

Vm"1.. In Figure 5-25 the A0 obtained from Equation 5-6 is plotted versus tanö (line A). This plot 

showss that the fit is rather poor. The piezoelectric constant for the [221] direction was determined to 

be6.9(5)10"CN" '. . 

However,, when rejecting the AÖ value of the (448) reflection as being an outside acceptable values, 

thee Barsch plot of the (5,5,10), (6,6,12) and (7,7,14) reflections is as shown in Figure 5-25 (line B). 

Fromm this figure, the piezoelectric constant was determined of 4.8( 1)10 CN . 
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FigureFigure 5-24: The linear behaviour of r\ and A0 versus electric field for the (448) 
reflectionreflection of AgGaS?, a: Plot of r]  versus electric field and b: Plot of AQ 
versusversus electric field with their respective linear fit. 

FigureFigure 5-25: Barsch plot for the reflections (448), (5,5,10), (6.6,12) and (7,7.14). 
LineLine A (dashed) represents a least-squares fit through all data points, 
whereaswhereas line B (solid) is a fit through the (5,5,10). (6.6.12) and (7.7,14) data 
points. points. 
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Sincee this piezoelectric constant of the [2211 is a linear combination of the piezoelectric tensor 

elementss dM and d36, i.e. 20.\9ldN+Q.\9\d.<6, a value of 4.8(5)-10 ' : CN"1. calculated from the dI4 

andd ds6 values1"1 (8.8(9)-10 '2 and 7.6(1.8)10~12 CN~', respectively), is expected. It is clear that the 

piezoelectricc constant for the [221], determined from Figure 5-25 (line A), does not agree to the 

reportedd value of Graafsma et al. Unfortunately, these discrepancies still remain unclear. 

Too determine the piezoelectric constant of the [110] direction, i.e. dj6, the (220), (440), (660) and 

(880)) reflections were measured with an applied electric field of 2.6-106 Vm '. Figure 5-26 shows 

thee Barsch plot and the linear fit through the data points. The piezoelectric constant da, based on 

linee B of Figure 5-25, is 8.9(9)-10"12 CN"1, which agrees well with the value of 8.8(9)-10 l2 CN ' 

foundd by Graafsma et al.[22] 
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FigureFigure 5-26: Barsch plot for the (220), (440), (660), and (880) reflections. The 
solidsolid line represents a least-squares fit through the data points. 

FineFine structure 

AA plot of the measured difference curve (solid line) of the (5,5,10) reflection with an electric field 

off  2.6-10 Vm is shown in Figure 5-27. In the same figure a simulated difference curve is plotted 

(dashedd line) using the ï]  and AÖ values of 8(3)-10" and 2.3(1) |arad, respectively, which were 

determinedd by least squares. Although the general shape of the simulated curve is in agreement with 

thee measured difference curve, some structural irregularities can be observed which can not be 

reproducedd by the simulation. This kind of fine structure was visible in many other difference 
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curvess of different reflections. Furthermore, the effect was reproducible for a set of scans of the 

samee reflection. 

• • 
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- 1 .0x10 0 

-2 .0x10 0 

8.100 8.20 

6[deg] ] 

FigureFigure 5-27: The measured and simulated AI curve of the (5,5,10) reflection of 
AgGaS2AgGaS2 with an electric field of 2.610 Vm' . 

Too comprehend this phenomenon a hypothesis was put forward that a fine structure may be present 

onn the rocking curve. Figure 5-28a shows a simulated rocking curve with fine structure (solid line). 

Thiss curve has been constructed by adding to a large Gaussian peak (A) two smaller Gaussian-

shapedd peaks (dotted lines) with their maxima being displaced equally to either side of the main 

maximum.. The dashed line represents the rocking curve after application of an electric field, i.e. a 

changee in Bragg angle and a change in integrated intensity. Figure 5-28b represents the difference 

curvee (solid line) of the rocking curves with fine structure (B and C) of Figure 5-28a. Evidently, the 

finee structure of the rocking curve causes a fine structure in the difference curve of Figure 5-28b. In 

contrast,, the dotted-line curve of Figure 5-28b would be the difference between the rocking curves 

withoutt any fine structure. 

Figuree 5-29a shows the fine structure on the measured rocking curve (dotted line). From this figure, 

thee fine structure is hardly visible in comparison to the simulation of Figure 5-28. In order to obtain 

thee fine structure a Gaussian curve (solid line) was fitted through the observed data points (dotted 

line),, as is depicted in Figure 5-29a, and the difference between the two curves was calculated 

whichh is shown in Figure 5-29b. From this plot it can be concluded that the fine structure on the 

measuredd difference curve of Figure 5-27 originates from a fine structure on the rocking curve. 

Measured d 
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FigureFigure 5-28: a: Construction of a rocking curve with fine structure (solid line) and 
aa displaced one (dashed line), by summation of a Gaussian-like curve with 
twotwo smaller Gaussian-like curves (dotted lines), b: The difference curves of 
thethe two fine structured curves (solid line) and ideal curves (dashed-line). 
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FigureFigure 5-29: a: Fine structure on the measured rocking curve (dotted line) of the 
(5,5,10)(5,5,10) reflection of AgGaS2 and the fitted gauss curve (solid line), b: The 
differencedifference plot of the measured rocking curve and the fitted Gaussian curve 
showsshows the fine structure in detail. 

Thee simulated fine structure found in Figure 5-29b was applied to the simulated difference curve of 

Figuree 5-27. Combining a normal (Gaussian) rocking curve (Fig. 5-29a) with the determined small 

Gaussiann curves (height, width and position determined from Fig. 5-29b) and the effect of the 

appliedd electric field (AÖ and rj), results in a rocking curve with fine structure as is shown in Figure 
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5-30a.. Although the obtained fit (solid line) resembles the general shape of the measured rocking 
curvee (dotted line), no perfect overlap is achieved. 
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FigureFigure 5-30: a: New simulated difference cur\>e (solid line) containing a fine 
structurestructure caused by addition of small Gaussian shaped peaks using the same 
determineddetermined r) and A6 values of Figure 5-26b, b: Allowing a different A8 for 
thethe small cun'es. 

AA second hypothesis has been investigated also, in which the fine structure has a different A0 than 

thee one of the main reflection. Figure 5-30b shows an improved agreement between the measured 

curvee (dotted line) and the simulated curve (solid line) using different values Ad for the fine 

structuree and the main peak. Likewise, a fine structure was observed in the corresponding phase 

signal,, as is shown in Figure 5-31 (solid line). For comparison, the fine structure on the difference 

curvee (squares) is plotted in the same figure. As can be seen, both fine structures appear to be 

relatedd to each other and a phase jump of 180°, where A/=0 V, is clearly visible at 9= 8.22°. 

AA possible source of the fine structure on the measured rocking curves may stem from 

imperfectionss within the crystal that somehow react differently to the electric-field, in speed as well 

ass in change of Bragg angle, than the bulk of the crystal does. A similar effect was found by Stahl et 

al.[2311 in a stoichiometric LiNbO, sample, where surface layers under the Al electrodes differ in the 

c-axiss by 610" Aclc from the bulk. 
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Itt should be noted that as long as the fine structure on the A/ curve remains small, no problems in 

thee determination of the ;j and AÖ are to be expected. However, a large fine structure may be a 

sourcee for systematic errors in the determination of r) and A0. 

66 [deg] 

FigureFigure 5-31: Fine structure on the phase signal (solid line) and projection of the 
finefine structure (squares) on the difference curve. 

5.125.12 Conclusion 

Itt has been shown that the combination of a white-beam source, such as a bending-magnet or 

wiggler,, with a bent-Laue monochromator crystal and correct absorbers can give a broad-energy X-

rayy band-pass beam sufficiently flat for diffraction experiments on a crystal subjected to an external 

electricc field. The general slope of the intensity distribution can be controlled easily by adjustment 

off  the wiggler gap, vertical beam size and absorber thickness. Beam-line components, i.e. 

unpolishedd Be windows and C absorbers, wil l give a fine structure in the beam due to phase 

contrast.. This fine structure can be reduced by using a reflection with a wider reflection curve 

(spatiall  averaging). The combination of this wide-band-pass beam with a high count-rate detector 

andd a sensitive lock-in amplifier permits the measurements of changes in integrated intensity less 

thann 0.001% within seconds. The difference profiles obtained with the wide-band-pass beam also 

containedd information on peak shift and peak deformation, although in a less direct way than for 

classicall  measurements, with a high degree of monochromaticity. The increase in measurement 

speedd is two orders of magnitude, making a full structural study possible within a reasonable time. 

Thiss opens the way to a wide range of new experiments, where small changes in diffracted intensity 

aree induced by external perturbations, not limited to electric fields. The broad-energy X-ray band-

passs monochromator could also be used for standard structure determinations, where one is merely 
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interestedd in integrated intensities. In this case, however, background subtraction needs special 
attention. . 

Onn the contrary, the multi-layer generates a broad-energy X-ray band without a flat region. Hence, 

noo direct distinction can be made between A/ and A9 {and/or peak deformation), implying that both 

effectss have to determined by analytical methods so that a (partial) profile scan is needed. The 

multi-layerr method is less versatile in its application, i.e. only a few parameters can be adjusted 

(suchh as the Bragg angle) and the absence of a flat-topped profile makes it less suited for 

perturbationn experiments. 

Forr both methods the initial objective of measuring one single data point could not be met since 

phasee contrast was observed in the bent-Laue method and no flat plateau could be generated by the 

multi-layerr method. 
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ApplicationApplication of the Broad-
EnergyEnergy X-ray Band Method 

6.16.1 Introduction 

Inn this chapter the broad-energy X-ray band method, utilising a bent-Laue monochromator''' 

(Chapterr 5, Part A), is further developed. A test experiment to determine the structural changes in a 

LiNbO}}  crystal upon application of an external electric field was performed. 

AA discussion of the theory of refinement is presented together with the development of a refinement 

programm based on relative changes in integrated intensities (§6.2). Followed by a discussion of the 

experimentall  conditions (§6.3), data reduction and results for LiNbCh (§6.4 and §6.5, respectively). 

6.26.2 Refinement 

Standardd structure-refinement programs, like SHELXL93l2] and XTALm, use integrated intensities / 

too refine a model structure. However, these programs are not suited for a refinement of structural 

parameterss when relative changes in integrated intensities are experimentally observed, as is the 

casee for the broad-energy X-ray band method, even though the strategy of refinement is not much 

different. . 

6.2.11 Theory of refinement 

Thee refinement procedure141 is the iterative process of applying small changes to the atomic 

parameterss of the used structure model in such a way that the calculated intensities approach the 

observedd ones. In order to keep conformity with crystallographic practice, the refinement wil l be 
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discussedd in terms of changes in structure factor instead of intensities (where both relate via Eq. 2-

13). . 

Thee agreement between the observed (AFobs) and calculated difference structure factors (A/\ai,) is 

expressedd in the /^-factor and is defined as 

Y | A F ,, |-Jt|A/\aJ 
RR = JÉL ==n : XlOO^r, 

XIAf U U 
(6--

wheree hkl is the whole set of measured reflections and k is a scaling factor. The tf-value wil l be low 

whenn the calculated difference structure factors approach the observations as closely as possible. 

Hence,, the refinement should result in a low /?-value. 

AA common refinement strategy is to minimise a function like Q, 

ÖÖ = J w(hkl) {\AF^(hkl) | -|AFcak (hkl) \f (6-2) ) 

ass a function of the structural model by means of the method of least squares. The weight factor 

w(hkl)w(hkl) of the observations (AF(,bs) is defined in terms of the standard deviation a(hkl) of AFohs, 

w(hkl)=l/a\hkl).w(hkl)=l/a\hkl). Here, the scale factor k is omitted for reasons that wil l become clear later. 

Thee minimum of Q can be obtained by varying the shift in atomic parameters AM, that define the 

|AFC;I|C(/J&/)|,, by setting the differentials of Q with respect to all AM, (withj=l,.. .n) to zero: 

dQld{AudQld{Au}}  )=0 or 

TT w(hkl){\AFh (M/) -AF.,,.(/»*/)}  ' " ' = 0. 
mm ' ' 3(A«,) 

(6-3) ) 

Inn this equation each \AFCdk(hk!)\ depends on the shift in atomic parameters AM, and |AFoh,(M/)| is a 

constant.. A solution can be found by expanding to a Taylor series, expressing |AFUik(M/)| into 

|AF ; I I C (M/ ;AM )) | = |AFt.ak.(M/;A«() | + ^ e , 
3|AF1 I LL (/?*/; AM) 

3(AM,, ) 

_ __ 3 A F I ] L ( M / ; A M ) 
++ T > > £ £ — : +

,, , 8 ( A W , ) 3 ( A M , ) 

(6-4) ) 

wheree \AF,dk(hkl; u)\ indicates that the |AFtaiJ depends on the parameter AM. The starting values of 

AMM are AM, and are changed by a small amount of £, giving for the parameter AM, =£,+AUL,. The 

differentiall  of |AFc;ik(/j/t/; Aw)| with respect to AM,, calculated at the starting value AM, is given by 
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3|A/\.ak(M/;; Au)\/d(Aut). If the e-values are small, the second and higher order terms can be 
neglected. . 

Substitutionn of Equation 6-4 into 6-3 gives the so-called normal equations: 

a|AFcak(M/;Aw) | | 
££ w (hkl) {\AFltiK (hkl) | - |AFt.ali. (hkl\Aus) | } 

d(Aud(Au,) ,) 

givingg n equations (j=\,...n). 

Abbreviatingg Equation 6-5, 

aauu =%w(hkl) 
hkl hkl 

and d 

d|AFalc</ïW;Aw) ) 

d(d(AM,AM,  ) 

d\AFd\AFc:iWc:iW(hkl;Au) (hkl;Au) 

d(Aud(Autt) ) 
== 0, (6-5) 

d|AF.ak(M/;Aw ) ) 

99 (AM,. ) 

d\AFd\AFcalLcalL(hkl;Au) (hkl;Au) 

bjbj = £w (hkl) { | A/ V (hkl) | - |AFca]t.(M/; Aw,) | } 

d(Auj) d(Auj) 

d\AFd\AFcakcak(hkl\Au) (hkl\Au) 

d(Ad(AUjUj) ) 

thee normal equations can be expressed, 

5 > A , = ^ ^ 

(6-6) ) 

(6-7) ) 

(6-8) ) 

orr by a matrix, [A][f]=[B] , 

or,,, a,, «„ 

£,-,, ai ; a,-, 

a,,, a,, a„ 

'e ,11 ft, 
££22 b2 

e,e, = b, 

_e,\_e,\ b. 

(6-9) ) 

wheree [A] is the normal matrix, which is a square and symmetric matrix, since *' andy' both run from 

II  to n parameters. By applying the basic rules of matrix multiplication for a square matrix one can 

obtain n 

[£][£] = [\]i[b]. (6-10) ) 
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Thesee equations can be solved and the resulting e-values must be back-substituted into the variables 

AM.. Because of the truncation of higher order terms in the Taylor series the final values of AM are 

approachedd by iteration. In other words, in the next cycle of refinement the process is repeated until 

convergencee is reached. For each cycle, new values of \AFc:lk(hkI; Au)\ and its derivatives with 

respectt to AM,- are calculated. 

Afterr the final convergence, the new obtained parameter value AM can be used to estimate the 

standardd deviation of the parameter Aw, with the cijj  of the inverse matrix [A]" ' as follows 

aa (Auj) = ajJ 

2>,({A(AF ;,)}
2 2 

p-n p-n 
(6-11) ) 

wheree p is the number of independent reflections, n is the number of parameters, and 

A(AFA(AFhh)=\AF^(hkl)\-\AF)=\AF^(hkl)\-\AFcc,,kk(hkl)\. (hkl)\. 

Ann illustration of the least-squares refinement procedure is shown in Figure 6-1. A derivative 

calculationn is performed for the initial parameter AM(). The intersection between the derivative and 

AFobss gives the new setting of AM,, that is AM',, and AF'c:l|c can be calculated. At this point, the 

proceduree repeats until AFca]c'" approaches (or agrees to) the AFobs. The change in parameter An is 

thenn the difference between the start AM0 and final values of A M ' , . Of course there are more 

observationss than variables so that the individual observations cannot be fitted exactly. 

Itt should be noted that the refinement procedure, in fact, approximates a non-linear function by 

usingg a linear least-squares operation. 

cc F (M7;A»)/(?(A«„) 

 ;Au)|/ ö(Aw,)' 

AFC*=AF* * 
AF F 

\u u \u u Au u \u u 

FigureFigure 6-1: Visualisation of the linear least-squares refinement procedure of a 
non-linearnon-linear function. 
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Inn principle, the refinement procedure of the data obtained by the broad-energy X-ray band method, 

cann be achieved in two different ways. The first consists of a direct refinement of the changes in 

integratedd intensities (A/), whereas the second refines both the total integrated intensities /,,+A/ and 

/o.. However, the first refinement procedure is used since the obtained structural changes are more 

accuratee than the ones obtained by taking the difference of the refined absolute structures of the 

secondd procedure, see also §3.2.1. This is why standard structure-refinement programs like 

SHFLXL93SHFLXL93 and XTAL could not be used and a special program had to be developed. 

Inn a classic X-ray diffraction experiment / is observed which scales to |/\.ak|" hy a factor k (Eq. 2-

13),, which is refined together with the structural parameters. In the perturbation experiments the 

observedd quantity is A///,, and the scaling is automatic and not needed; 

(( M_\ _k[\F^( + )\--\F. 

I I 
I"' } } (6-12) ) 

;./.. . *|f\.,/,<0>|" " 

Sincee |/,c;,ic(0)|2 is a known quantity the observables can be defined more conveniently as 

A..,... = 
A/^ ^ 

II ƒ-;,„ , (0)| (6-13) ) 

soo Equation 6-12 becomes 

Onn the basis of Equation 6-14 the least-squares object function Q can be defined as 

00 = XU^{|A.,J-| |FN / , (+)|: , f-)|:|}  . (6-15) 

Assumingg that 

\\FF..,ij+i'..,ij+i'  =\F„,,j Qi ++  -/SÏF 
-y-y I  " 

(6-16a) ) 

ind d 

Equationn 6-15 reduces to 

\F„,,(-)[\F„,,(-)[  = |F.,. (Of - - A | F (6-16b) ) 

Q Q =Sw ,«-{ i A - i -h^. . . j : i } } (6-17) ) 
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Thiss implies that in the normal equations (Eq. 6-5 - 6-11) as calculated in practice, the A/\,bS is 

replacedd hy Aohs and the A/\ak by A|FLaiJ
2. 

Thee refinement program {REFINE) was developed in the IDL 1 ' environment using SHELXL93 for 

thee calculation of the structure factors, whereas the calculation of derivatives is performed 

numericallyy by REFINE. 

Solvingg the normal equation is performed by the built-in IDL procedure called Single Value 

DecompositionDecomposition (SVDC), which is based on the routine SVDCMP as described in Numerical 

Recipess . 

Thee refinement software was tested extensively by using a simulated data set of LiNbCh and proved 

too be working correctly for a shift in atomic positions up to ~1 10" A. which is acceptable since the 

expectedd shifts are in the order of — 110 4-110^ A. 

6.36.3 Experimental 

Thee experimental work was performed at the Materials Science beam-line (§3.4.2) using a bent-

Lauee optics set-up generating a broad-energy X-ray band-pass (Chapter 5, Part A). The 

monochromatorr set-up consisted of a rectangular Si(311) crystal with an asymmetry angle of 25.24° 

(§5.4).. Furthermore, a tilt—stage was built into the set-up to allow for corrections in y/. To obtain a 

loww background, the monochromator set-up was shielded by a castle made of 5 cm thick lead. The 

Ge-detectorr (Chapter 4) and a pin-diode were positioned together with a pair of slits on a 4-circle 

diffractometerr (Huber 511.1). The application of the electric field and gating was identical to that 

describedd in §5.6. 

Thee sample was a 1 mm thick plate like shaped (7x5 mm") LiNbCh crystal with Al electrodes 

evaporatedd on both the large surfaces (§3.3). The experiment was performed with a broad-energy 

X-rayy band beam of 44 keV (mean energy) and AE/E of 1.8%. The applied electric field was 

1.5-- 10h Vm with a frequency of 33 Hz. Rocking curve scans were performed in order to be able to 

correctt for the phase contrast (§5.7.1) in the broad-energy X-ray band beam. The scan range was 

0.00156+0.00895*tanöö about the peak position 0, and the rocking curve contained 100 data points 

eachh measured 0.1 s. 

6.46.4 Data Analysis and Reduction 

Thee data has to be analysed in order to determine A, and A/, as follows. 

6.4.11 Determination of Z(> 

Thee rocking curve scans, which were needed to account for the phase contrast in the X-ray beam, of 

/oo (see for example Fig. 6-2c) were corrected for the background by the IDL based program 

ANALYSER.ANALYSER. This correction consisted of linear fit through the points B with 
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B<fi mil ll +0.05(PnMX -Bmin), (6-18) 

wheree flmin is the lowest point in the left and right tail of the rocking curve, respectively and Pmax is 

thee maximum of the rocking curve. The flat region of rocking curve was selected by 

P>0.95PP>0.95PmMmM,, (6-19) 

wheree f is a point on the plateau and FnvdX is the maximum of the rocking curve after background 

correction. . 

6.4.22 Determination of A/ 

Thee same points P on the /n plateau were selected on all the curves measured by the DLIA (x-vat, y-

valval and r-val, §4.3.2). The average of the points P on the r-val curve determined A/, whereas the 

signn of AI was determined by the average of points P on the x-val curve. It should be noted that no 

backgroundd correction was necessary for the determination of A/. 

Thee IDL-functions, Poly Jit, Total and Moment, where used to fit a line for the background 

correctionn procedure, for calculating the average of AI and IQ, and the standard deviation, 

respectively. . 

Thee reflections were selected manually using the following criteria: 

1.. The peak intensity of /() must be high (> 1  10 ph s ), 

2.. The x-val must show the theoretical expected profile of Figure 6-2c, 

3.. The y-val must be significantly smaller than x-val and 

4.. The flat part of all curves should consist of at least 5 points. 

Finally,, the selected reflections where merged by SORTAV1^ and the resulting data with \AJ/I\ > 3<7 

weree used for the refinement procedure. 

6.56.5 Results and Discussion 

Figuree 6-2 shows typical profiles of the experiment. Here the profiles of the (1-29) reflection are 

shownn for the x-val, r-val and diode signal (Fig. 6-2a, b and c, respectively). 

Inn total 55 measured reflections fulfilled the given criteria of acceptance and were merged by 

SORTAV,SORTAV, which gave 16 unique reflections with internal Rj and /?„  values of 39% and 69%, 

respectively. . 

Thesee 16 reflections were used to refine the structural parameters of LiNbCK The crystallographic 

parameters,, based on the parameters of the congruent phase obtained by Abrahams and Marsh1*1, are 

listedd in Table 6-3. The congruent LiNbOi satisfies the formula fLij.s, Nb>v] Nb[.4., O3 with 

.v=0.0118,, which corresponds to an overall charge neutrality. All relevant atomic/ionic factors such 
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ass scattering factors are taken from the SHELXL93 package. Since the applied electric field along 

thee r-direction of the crystal does not break the symmetry, the refinement was performed in the 

samee space group settings, i.e. R3c. 

66 [deg] 6 [deg] 

aa b 

99 [deg] 
C C 

FigureFigure 6-2: Typical profiles: x-val (a), r-val (b) and diode signals (c) of (1-29) 
reflection. reflection. 

Thee Nb(2) atom was selected to be the fixed origin'9' because of its special position at (0,0,0). A 

correctionn for the induced change in the unit cell parameter c (Ar=0.000156 A) was applied by 

usingg the c/33, as was determined in §3.6.1. Since the x- and y-parameters of the Li(l ) and Nb(l) 

atomm are fixed (special position (6a) in R3c), only the c-parameter was allowed to change 

unconstrained.. Furthermore, the positional parameters of 0( 1) atom were allowed to change since 

thee atom lies on a general position (18b). The anisotropic atomic displacement factors and the 

occupancyy were not refined. If the latter would be allowed to change, it implies that the electric 

fieldd induces site-hopping of atoms, which is unlikely. So, a total of five parameters were used in 

thee refinement procedure. The final /{-factor was 83% (RK~92%) using a weighting scheme based 

onn the experimentally obtained standard deviation, where /{„.-factor is defined as 
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^w{M/)||A/ i ihJ-Jt|A/t.atL.|| | 

/?.. =— ^ n : x l 00%. (6-20) 

idid i 

Tabless 6-4 and 6-5 list the final refinement results of the changes in A/// and positional parameters, 
respectively. . 

TableTable 6-3: Structural parameters for the congruent LiNbO* with space group R3c 
andand unit cell parameters ofa-b-5.150523(45) A and c= 13.864961(21) A. 

Atomm £ _ _ ____y ^ occ 

Li(l )) 0 0 27909(53) 0.313729 

Nb(l)) 0 0 27909(53) 0.0196706 

Nb(2)) 0 0 0 0.31773 

O(l)) 4790(12) 34299(12) 6385(9) 1.0 

Atomm Uu U22 UH U\2 Un U2} 

Li(l )) 2558(157) 2558 3092(223) 1279 0 0 

Nb(l)) 448(5) 448 359(5) 224 0 0 

Nb(2)) 448(5) 448 359(5) 224 0 0 

0(1)) 777(17) 593(13) 761(10) 339(15) -134(15) -228(10) 

TableTable 6-4: The refinement results for AI/1. 

h h 

0 0 
0 0 

2 2 
2 2 

2 2 
2 2 
3 3 
3 3 
4 4 

k k 

0 0 
0 0 

2 2 
3 3 
1 1 
2 2 

2 2 
3 3 
1 1 
2 2 
2 2 

/ / 
12 2 
18 8 
0 0 
9 9 
12 2 
15 5 
18 8 
20 0 
16 6 
10 0 
0 0 
18 8 
20 0 
20 0 
16 6 
20 0 

A///,,, ,,  [%] 

3.002 1 1 

-1.2966 6 6 

-0.2500 5 5 

0.876 9 9 

1.480 0 0 

0.877 5 5 

-0.415 8 8 

1.004 1 1 

0.992 9 9 

-0.973 1 1 

-0.608 0 0 

-0.666 4 4 

1.921 2 2 

0.048 6 6 

0.654 3 3 

0.733 4 4 

A//U. SS [%] 

4.319 3 3 

3.276 3 3 

-4.34 2 2 

1.321 3 3 

3.862 8 8 

0.701 9 9 

3.333 7 7 

3.478 6 6 

3.030 0 0 

5.791 4 4 

-4.215 3 3 

2.511 5 5 

1.892 3 3 

2.205 4 4 

3.989 0 0 

2.829 5 5 

aubs [%] ] 

0.546 0 0 

0.461 4 4 

0.502 5 5 

0.498 0 0 

0.364 1 1 

0.457 3 3 

0.880 1 1 

0.992 3 3 

1.469 2 2 

0.603 4 4 

0.661 4 4 

0.367 2 2 

0.580 8 8 

0.436 6 6 

0.411 6 6 

0.527 1 1 
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Thee obtained refinement results are shown to be significant, although the changes are larger than the 

oness observed by Fujimoto'1"1. Unfortunately, Fujimoto gives no information on the sample 

composition.. Furthermore, the refinement may indicate that the Li( 1) atom moves more than the 

Nb(( 1) or 0{  1) atoms. 

However,, it should be noted that these results must be approached with caution since the listed 

valuess in Table 6-5 are close to the limit of the refinement procedure ( -110" A) and the Af-factor is 

high. . 

TableTable 6-5: Refinement results of LiNbOt upon application of an external electric 
fieldfield of 2.6-1 <f'  Vm1 along the c-direction. 

AvLJ£^A ] __ Ay [10 "A ] 

Li(l ) ) 

Nb(( 1) 

O(l)) -27(7) -30(11) 

6.66.6 Conclusion 

Thee developed refinement program proved to refine a test model correctly, with the limit for 

refinementt of changes in the atomic positions of -1-10"" A. Furthermore, it was shown that in the 

future,, a small data set can be measured easily using the broad-energy X-ray band method. 

AA refinement of a LiNbCh data set showed large changes in the atomic parameters. However, these 

resultss should be taken with caution since the ^-factor (83%) is, of course, much too high and even 

higherr than expected based on the merging statistics (/?M-„, =39%). The fact that the ^-factor is high 

indicatess that either the data contain (systematic) errors, or that the used model is insufficient or 

incorrectlyy describes the data. One known problem is the phase contrast, which introduces rather 

largee uncertainties in the data. Possible absorption and extinction effects might occur because of the 

largee and relatively perfect LiNbOt crystal sample which was used. Furthermore, the refinement 

wass carried out with a very limited set of reflections, whereas the total number of refinement 

parameterss was relatively large. 

However,, it should be stressed that the primary purpose of the experiment was to test the 

experimentall  procedures needed to perform an automatic collection of an extended data set, as well 

ass to develop and test the data reduction and data refinement algorithms. Therefore less emphasis 

wass placed on the accuracy of the data, which would be an issue in future experiments. 
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Summary y 

Experimentall  studies of the underlying microscopic effects in piezoelectric crystals have long been 

limitedd to select cases and were, in general, not complete, mainly due to large data-collection times. 

Thiss thesis describes the development of new experimental methods for perturbation 

crystallography,, opening the possibility to perform faster, more complete studies. These methods 

havee been tested and applied in single-crystal X-ray diffraction studies on piezoelectric crystals in 

quasi-staticc electric fields. 

AA general overview of piezoelectricity, its properties in relation to X-ray diffraction as well as the 

theoryy of X-ray sources, in particular the ESRF, are given in Chapter 2. Here, the direct and 

converseconverse piezoelectric effects are discussed with their tensor and matrix notations. The application 

off  an external electric field upon a piezoelectric crystal induces three distinct effects, i.e. a change 

inn unit-cell parameters, a change in the crystal structure and a change in crystal perfection. These 

threee effects can be observed in a X-ray diffraction experiment as an alteration in the Bragg angle, 

changess in integrated intensities and changes in the width of a rocking curve profile, respectively. 

Thee conventional X-ray diffraction method to study the piezoelectric induced effects is introduced 

inn Chapter 3. This method is based on a synchronous modulation-demodulation technique which 

hass the property that the modulation frequency is singled out (lock-in detection), eliminating the 

influencee of fluctuations at different frequencies in the experiment. The used modulation may be 

eitherr a two or three-step modulated wave. The method was used successfully for the determination 

off  the piezoelectric constants of LiNb03 (^33=7.5(2)-10 12 CN '), AgGaS2 (d|2:j,=4.8(3H0~12 CN"1), 

KH2PO44 (</36=20.9(3)-10 l2 CN"1) and KD2P04 (^6=53(3)1012 CN"1) which are in agreement with 

piezoelectricc constants determined either by a conventional mechanical manner or by previous X-

rayy diffraction experiments. A study of the change in integrated intensity was performed on AgGaS2 

forr the (-2-2-4) reflection using a rotating anode. The A/// effect was of the order of 0.1%. 

However,, the experiment showed that to obtain good counting statistics, repetitive scans for about 

300 hours are needed per reflection, which limits the application of the method. 

AA modulation method based on a new detection system, a Ge-detector combined with a lock-in 

amplifier,, is addressed in Chapter 4. The new detection system allows the measurement of changes 

inn the Bragg angle and in integrated intensity much faster than the conventional modulation method. 

Thiss detection system, an IR detector based on a cooled germanium photo detector, has been tested 

forr application in perturbation crystallography. The detector can be used simultaneously in photon-

countingcounting mode and current mode giving a dynamic range from <1 to 110M photons s'1. Since Ge is 

usedd as the photon detector, its efficiency at energies above 25 keV is much better than the silicon 

equivalents.. The detector proved to be highly linear both in the low-flux region (<M05 photons s"') 

wheree photon-counting can be used and in the high-flux region (>1105 photons s 'j where the 
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detectorr is used in current mode. The response time of the detector is of the order of 1 |is whereas 

thee dead time of the detector is 1.9 (is, making it suitable for studies in perturbation crystallography, 

especiallyy when coupled to a lock-in amplifier. The detection system was tested in the 

determinationn of the temperature dependence (between 100 and 220 K) of the piezoelectric constant 

off  KTiOP04. The d  ̂ was found to be 15(2)10 12 CN ' at 100 K and no anomaly in the d  ̂ tensor 

elementt is observed at the insulator to conductor transition at 150 K. A feasibility study, concerning 

thee changes in integrated intensity, was performed on a KD2PO4 sample. 

Chapterr 5 discusses a newly developed diffraction technique based on a broad-energy X-ray band 

beam,, allowing changes in integrated intensities to be measured more quickly than with previous 

techniques.. The broad-energy X-ray band beam generates a thick Ewald sphere, i.e. Ewald shell. If 

thee mosaic spread of a particular reflection lies completely within this shell, one can obtain the 

integratedd intensity from a single data-point measurement, hence eliminating the necessity of 

performingg rocking curve scans as in the case of monochromatic X-ray diffraction experiments. To 

generatee a broad-energy X-ray band beam, a wiggler or bending-magnet source is needed together 

withh a curved Si monochromator. The monochromator can either be in Bragg or in Laue geometry. 

However,, the latter geometry has been used because of its larger angle of incidence, which offers 

severall  advantages, including less power absorption by the monochromator crystal and a smaller 

bendingg radius. Energy analyser scans revealed that phase-contrast was present in the broad-energy 

X-rayy band, when the method was used at the Materials Science beam-line of the ESRF. However, 

thee phase-contrast can be eliminated in principle by changing some of the beam-line components 

suchh as using polished, instead of unpolished, Be-windows and removing the C absorber. The 

broad-energyy X-ray band beam had an AE/E of 1.8%, which can be adjusted easily by selecting a 

differentt part of the white beam by changing the slit size and/or slit position. 

Inn order to measure the changes in integrated intensities the newly developed detection system was 

incorporatedd into the method. Instead of taking a single data-point, rocking curve scans were 

performedd in order to account for the statistical errors induced by the phase contrast. Several 

experimentss with piezoelectric crystals showed that the method performed well in obtaining 

changess in integrated intensities, down to 1-10 Vo for the (0,0,30) reflection of LiNbCh upon 

applicationn of an electric field of 5104 Vm'. The speed and accuracy of these measurements were 

increasedd by more than two orders of magnitude compared to the conventional (monochromatic) 

modulationn method. 

Furthermore,, a change in mosaicity was observed in a KD2PO4 sample, which occurred at a longer 

time-scalee than the other electric-field-induced effects. 

AA second method for generating a broad-energy X-ray band beam is based upon multi-layer optics 

inn Bragg geometry. Although the broad-energy X-ray band is in the order of 1% (AE/E), the method 

iss less flexible in its application, for example when changing the AE/E. However, the multi-layer 

methodd allowed the determination of piezoelectric constants as well as changes in integrated 

intensities.. The piezoelectric constants of AgGaS: corresponding to the [221 j direction and d  ̂ were 
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determinedd as 4.8( 1)-10 !1CN"! and 8.9(9)10 l 2CN ', respectively. The ^221] is 10 times larger than 

aa previously determined value, whereas the d  ̂ agrees well to the reported literature value. Fine 

structure,, present on the difference curves, implied that a change in mosaicity occurred. 

Thee broad-energy X-ray band method generated by a bent-Laue monochromator was applied to 

determine,, via a refinement procedure, the structural changes in a LiNbOi crystal with an electric 

fieldfield of 1.5-10' Vm (Chapter 6). The theory of refinement is briefly discussed and the results of the 

refinementt are presented. However, since only a few reflections were measured, no significant 

physicall  conclusion can be drawn. 
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Samenvatting g 

Hett onderzoek naar de fundamenteel fysische processen die ten grondslag liggen aan piézo-

elektriciteitt werd, tot voor kort, belemmerd door veelal incomplete experimentele studies als gevolg 

vann de vaak lange meettijden. Om sneller en meer volledige studies uit te kunnen voeren zijn 

nieuwee experimentele methoden ontwikkeld, die niet alleen toepasbaar zijn in het onderzoek naar 

piëzo-elektriciteit,, maar ook meer algemeen in de perturbatie- kristallografie. Deze methoden, zoals 

behandeldd in dit proefschrift, zijn zowel uitvoerig getest op, als toegepast in één-kristal 

Röntgendiffractie-studiess aan piëzo-elektrische kristallen in quasi-statische elektrische velden. 

Hoofdstukk 2 geeft in het kort een algemeen theoretisch overzicht van piëzo-elektriciteit. De 

zogenaamdee directe en converse piëzo-elektrische effecten kunnen mathematisch beschreven 

wordenn met hun tensor- of matrixnotatie. 

Verderr worden de eigenschappen van piëzo-elektrische kristallen in een extern elektrisch veld 

(converss effect) in relatie gebracht met Röntgendiffractie. Het extern elektrisch veld kan in een 

piëzo-elektrischh kristal drie effecten induceren, namelijk veranderingen in de eenheidscel-

parameters,, de interne kristalstructuur en de kristalperfectie. Deze effecten kunnen waargenomen 

wordenn in een Röntgendiffractie-experiment als veranderingen in respectievelijk de Bragg-hoek, de 

geïntegreerdee intensiteit en de piekbreedte. 

Dee voor dit onderzoek benodigde Röntgenstraling wordt toegelicht, met de nadruk op de 

synchrotronn Röntgenbron van het European Synchrotron Radiation Facilit}'  waar al het 

experimentelee werk werd uitgevoerd. 

Hoofdstukk 3 behandelt de conventionele Röntgendiffractie-methode die tot nu toe gebruikt werd om 

dee door het elektrische veld geïnduceerde effecten te bestuderen. Deze methode is gebaseerd op de 

zogenaamdee synchrone modulatie-demodulatie techniek, met als eigenschap dat de 

modulatiefrequentiee wordt geselecteerd (lock-in detectie) waardoor de invloed van fluctuaties in 

anderee frequentiegebieden geëlimineerd wordt. De gebruikte modulatie kan bestaan uit zowel een 

twee-stapss als een drie-staps golf. De methode is met succes toegepast voor de bepaling van de 

piëzo-elektrischee constanten van LiNbCh (^3=7,5(2)10 i : CN1), AgGaS2 (J,22ip4,8(3)10~12 

CN"1),, KH2P04 (üf3f,=20,9(3)-l O"12 CN"1) en KD ;P04 (rf3f,=53(3)-10 | : CN"1), en geeft resultaten die 

inn goede overeenstemming zijn met de piëzo-elektrische constanten, zoals die bepaald zijn via 

mechanischee methoden, dan wel via eerder uitgevoerde Röntgendiffractie-experimenten. 

Tott slot beschrijft Hoofdstuk 3 een testexperiment uitgevoerd op een roterende anode Röntgenbron 

mett als doel het meten van de verandering in geïntegreerde intensiteit van de (-2-2-4) reflectie van 

eenn AgGaS2 kristal. Het A//7 effect was in de orde van grootte van 0,1%. Uit dit experiment werd 
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duidelijkk dat voor een goede telstatistiek een meettijd van ongeveer 30 uren per reflectie vereist is, 

hetgeenn een beperkende factor is voor de toepasbaarheid van deze methode. 

Inn Hoofdstuk 4 wordt de ontwikkeling besproken van een nieuwe modulatie-methode. Deze is 

gebaseerdd op een nieuw detectiesysteem, bestaande uit een germaniumdetector en een lock-in 

amplifier.amplifier. Met dit nieuwe detectiesysteem kunnen de veranderingen in de Bragg-hoek en de 

geïntegreerdee intensiteit veel sneller gemeten worden dan met de conventionele modulatie-methode 

mogelijkk is. Een IR detector, gebaseerd op een (gekoelde) germanium fotodiode, werd getest voor 

toepassingsdoeleindenn in de perturbatie kristallografie. Deze detector kan simultaan in de photon-

countingcounting mode en in de current mode gebruikt worden. Het dynamische bereik ligt in het gebied 

vann <1 tot 110 fotonen s '. Aangezien germanium gebruikt wordt als detectormateriaal is de 

efficiëntiee voor hoge energieën (> 25 keV) hoger dan die van vergelijkbare silicium detectoren. De 

detectorr blijkt in hoge mate lineair gedrag te vertonen, zowel in het lage-flux gebied <<110̂  

fotonenn s ), waar de photon-counting mode gebruikt kan worden, als in het hoge-flux gebied 

{>1100 fotonen s" ), waar de current mode gebruikt kan worden. De gunstige reactietijd (1 (isec) en 

dead-timedead-time (1,9 |isec) van de detector maken dat deze zeer geschikt is voor toepassingen in de 

perturbatie-kristallografie,, wanneer een koppeling plaats vindt met een lock-in amplifier. Dit 

detectiesysteemm werd getest voor de bepaling van de piëzo-elektrische constante van KTÏOPO4 als 

functiee van de temperatuur (100-220 K). Het d  ̂ tensor-element werd bepaald op 15(2)-10 '2 CN ' 

bijj  100 K. Verder werd geen anomalie in de waarde van het d  ̂ element rond de fase overgang bij 

1500 K gevonden. Een haalbaarheids-experiment met betrekking tot het meten van veranderingen in 

geïntegreerdee intensiteit werd uitgevoerd met een KD2PO4 sample. 

Hoofdstukk 5 beschrijft een nieuw ontwikkelde diffractie-techniek, die gebaseerd is op een brede-

energiee band Röntgenbundel, waarbij de meting van de veranderingen van de geïntegreerde 

intensiteitt sneller verloopt dan bij de bovengenoemde technieken. De brede-energie band 

Röntgenbundell  genereert een brede Ewald bolschil (Ewald shell). Als de mozaïekspreiding van een 

bepaaldee reflectie volledig binnen deze Ewald bolschil ligt, dan kan met een enkele meting de 

geïntegreerdee intensiteit bepaald worden. Hierdoor kan de rocking curve scan, zoals die gebruikt 

wordtt in een (conventioneel) Röntgendiffractie-experiment met monochromatische straling, 

geëlimineerdd worden. Voor het verkrijgen van een brede-energie band Röntgenbundel is een 

wigglerwiggler of een buigmagneet nodig in combinatie met een gebogen Si monochromator. Een 

monochromatorr kan zowel in de Bragg- als in de Laue geometrie gebruikt worden. In de 

experimentenn is hoofdzakelijk de Laue geometrie gebruikt vanwege de grote invalshoek, hetgeen 

verschillendee voordelen heeft, zoals minder warmte-absorptie in het kristal en een kleinere 

buigstraall  in vergelijking met die van een kristal in de Bragg geometrie. De gemeten brede-energie 

spectraa tonen de aanwezigheid van fasekontrast aan in de Röntgenbundel van de Materials Science 

bundellijn.. Dit kontrast kan in principe geëlimineerd worden door verandering aan te brengen in 

enkelee bundellijncomponenten, zoals het polijsten van het Be-venster en het verwijderen van de C-

absorber.. De brede-energie band Röntgenbundel had een AE/E van 1,8% welke gemakkelijk 

aangepastt kan worden door het selecteren van een ander gebied van de witte bundel door middel 

vann een andere slit opening en positie. Om de veranderingen in geïntegreerde intensiteiten te 
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kunnenn meten werd gebruik gemaakt van het nieuwe detectiesysteem. In plaats van e'én-

puntsmetingenn werden rocking cur\-e scans uitgevoerd, ter correctie van de statistische fouten die 

geïnduceerdd worden door het fasecontrast. Uit verschillende experimenten met piëzo-elektrische 

kristallenn blijkt duidelijk, dat de methode toepasbaar is voor de bepaling van veranderingen in 

geïntegreerdee intensiteit, zelfs zo klein als 1-10 Vc voor de (0,0,30) reflectie van LiNbCh voor een 

elektrischh veld van 5104 Vm"1. De snelheid en de nauwkeurigheid worden met deze methode met 

eenn factor 100 verhoogd in vergelijking met de conventionele monochromatische modulatie-

methode.. Verder werd in een KD2P04 kristal een verandering in de mozaïekspreiding waar-

genomen,, welke zich manifesteert met een grotere tijdsschaal dan de andere door het elektrische 

veldd geïnduceerde effecten. 

Eenn tweede methode om een brede-energie band te creëren is gebaseerd op een multi-layer in Bragg 

geometrie.. Alhoewel de brede-energie band in de orde van 1% (AE/E) is, is de methode in de 

praktijkk minder flexibel gebleken, met name wat betreft het veranderen van de energiebreedte AE/E. 

Desondankss kan de methode gebruikt worden voor de bepaling van de piëzo-elektrische constante 

{enn de verandering in geïntegreerde intensiteit). De piëzo-elektrische constanten (i\zi\\ en d^ van 

AgGaS22 zijn respectievelijk 4,8(1)-10"" CN ' en 8,9(9)-10"12 CN '. De d[2i\\ is 10 keer groter dan de 

waardee gevonden in Hoofdstuk 3, terwijl de d.v, overeenkomt met de literatuurwaarde. De 

aanwezigee fijnstructuur op de verschilcurven laat duidelijk zien dat er veranderingen plaatsvinden 

inn de mozaïekspreiding. 

Hoofdstukk 6 behandelt een nieuwe kleinste-kwadraten-procedure voor bepaling van structuur-

veranderingen,, die optreden ten gevolge van een extern elektrisch veld. De verfijning gebruikt 

geobserveerdee AIII waarden, zoals die verkregen zijn met de brede-energie band Röntgenmethode 

mett een gebogen monochromator in de Laue geometrie. De theorie van het kleinste-kwadraten-

verfijningsprocess wordt kort besproken. 

Al ss eerste toepassing zijn de structurele veranderingen bepaald, die optreden in een LiNbO, kristal 

bijj  een elektrisch veld van 1,5-10" Vm'. Doordat slechts een klein aantal reflecties gemeten is. 

kunnenn seen definitieve conclusies getrokken worden. 
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Appendixx A 

PiezoelectricPiezoelectric Moduli 

Thee piezoelectric tensor can be written in a matrix form as is discussed in §2.2. The matrix notation 

off  all the crystal classes are listed in Table A -1. 

TableTable A-l: Crystal classes and their piezoelectric moduli represented in matrix 
notationnotation d:j (from Nye ) 

® ® 

FormForm of the (<£tf) matrix 

KEYY TO NOTATION 
zeroo modulus 
non-zeroo modulus 

11 equal moduli 
>> moduli numerically equal, but opposite in sign 

aa modulus equal to minus 2 t imes the heavy dot modulus 
too which i t is joined. 

CentrosymmetricatCentrosymmetricat classes 
Al ll  moduli vanish 

Non-centNon-cent rosy mtnetrtcal classes 

2\\x2\\xt t 

(s tandard d 
or ientat ion) ) 

(s tandard d 
or ientat ion) ) 

G G 
C C 
/

v . . 

( : : 

Classs 2 

Classs m 

Classs 222 

Classs 4 

::  :x 
V...

T R I C L I I 

Class s 

NN IC 

1 1 

MONOCLINIO O 

J J 

) ) 
7(io) ) 

mj_x3 3 

O R T H O R H O M B IC C 

\ \ 
1 1 

) ) 

T E T R A G O N A L L 

) ) 
) ) 

( i s s 

c c 
( : : 

/

v. . 

Classs 2 

 -

Classs m 

Classs mm2 

Classs 4 

::  :X 
W ««

./ / 

N N 

\ \ 

) ) 

\ \ 

(8) ) 

(10) ) 

(5) ) 

{*) {*) 
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TableTable A-l continued 

Reference Reference 

Classs 4n 

: \ \ :x x 
. // (3) 

\ \ 
•• / (-) 

Classoss 43m and 23 

(0) ) (1) ) 

Al ll  moduli vanish 

Classs ,32 

. // (6) 

Classs 3m 

H E X A G O N A L , , 

(4) ) 

Classs 6mm 

•• • • • • / < : 

samee as class 4mm 

Classs 6 

1111 "Physical properties of crystals. Their representation by tensors and matrices." J. F. Nye. 
Clarendonn Press. Oxford. Fourth edition, 1995. 
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Appendixx B 

PiezoelectricPiezoelectric Materials Used 

Thee developed methods were tested and applied to the following piezoelectric crystals: LiNbO^, 

KT1OPO4,, AgGaS2, KH2PO4 and KD2P04. A short description of the properties and main physical 

interestt is given for each material, followed by a focus on the piezoelectric issue. The 

crystallographicc data of these materials can be found in Table B-l . 

LiNbO.i i 

Lithiumm niobate or LiNbCh is a high-quality single-crystal material which is used in many 

electronicc and electro-optic applications'11. It has a congruent melting point at 1513 K which 

dependss on the chemical composition'21. Stoichiometric crystals can be obtained by lithium vapour-

phasee equilibration at 1373 K131. Furthermore, the physical properties of LiNbO.i also depend on the 

composition.. For example, the congruent phase has a ferroelectric Curie temperature Tc of 1402 K, 

whereass the stoichiometric phase has a 7;. of 1471 K |4]. A detailed study of both the congruent and 

stoichiometricc crystal structures has been presented by Abrahams et al.'"'1' 

Fujimoto'6'' determined the piezoelectric tensor elements (rf?/=-0.77-10"12 CN-1 and ^=8 .4 -10 '2 

CN"" ), but it is unclear whether the sample was stoichiometric or congruent. Several other studies 

reportedd values for the piezoelectric constants'7' to be in the range of 6-910 l2 and 16-1910 12 CN"1. 

Furthermore,, Stahl et al."' showed that the stoichiometric crystals have surface layers that differ in 

thee r-axis when an electric field is applied. 

Itt should be noted that the LiNbOi samples used for this work have a congruent composition. 

KTiOP04 4 

Potassiumm titanyl phosphate or KT1OPO4 (KTP) is a compound with large second-order dielectric 

constants'*'' and is, because of its low thermal expansion coefficients and the slow variation of its 

opticall  constants with temperature, often used as a second-harmonic generator of near-infrared 

laserr light'4' and the preferred material for electro-optic applications"01. It is also a quasi one-

dimensionall  ionic conductor above 150 K [l1 '12' due to the high mobility of the potassium ions. The 

crystall  structure of KTP was first determined by Tordjman et al.|L,] An extensive review of the 

crystall  structure and the physical and chemical properties of KTP has been published by Stucky et 

al."4',, whereas Thomas et al."'1' reanalysed the structure. A detailed analysis of the electron-density 

distributionn was carried out by Hansen et al."617', who discuss the relations between the crystal 

structuree of KTP, the optical properties and the electron-density distribution from X-ray diffraction 

data.. On the basis of diffraction experiments at several temperatures between 10 and 1100 K ilx ', 
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studiess on the formation of ferroelectric domains as well as poling experiments, have been carried 

out119"21'.. In recent years, there has been a growing interest in the technique of periodic domain 

inversionn (PDI) to achieve quasi-phase-matching (QFM), a procedure to introduce an array of 

domainss of alternating structural polarity into a polar crystal . 

Twoo publications have appeared in which the full piezoelectric tensor is given. However, the two 

resultss show large discrepancies for almost all the tensor elements. For the piezoelectric constant 

,, SiFvestrova et al.124' determined a value of 25.8-10 '2 CN"1, whereas Chu ct al.'2"' report a value 

off  10.4-10 "12 CN"1. Similar differences are found for d.u and di2, with the value of Chu et al. always 

beingg lower. Both groups performed the measurements at room temperature and used the direct 

piezoelectricc effect but, unfortunately, give no indication of the precision of their results. 

AgGaS: : 

Silverr thiogallate or AgGaSj is a member of the A[BniC2vi family of compounds with a 

ehalcopyritee structure. A detailed study on the atomic arrangements was performed by Abrahams et 

al.|2fl'' Furthermore it shows non-linear optical properties 

Abrahamss et al.1291 determined the absolute sense of the piezoelectric constants d]4 and d}b, being 

bothh positive, by means of the X-ray absorption edge method'101. Graafsma et al. determined both 

valuess by single-crystal X-ray diffraction (8.8{9)1012 and 7.6(1.8)10 l2 CN1, respectively). 

Furthermore,, they found by means of a structural refinement procedure, that the changes in the 

positionn of Ag agreed to their calculated values whereas the observed shift in Ga was 10 times 

largerr than the calculated one and had a larger shift than Ag. 

KFFPO44 and KD :P04 

Potassiumm dihydrogen phosphate (KDP) exhibits a phase change at low temperatures (123.5 K), 

weree the tetragonal (142d ) form goes into the ferroelectric orthorhombic (Fdd2) structure'1"1 with a 

polarr axis along the original tetragonal r-axis. KDP is well known for its non-linear optical 

properties,, like second-harmonic generation, and has a profound pyroelectric behaviour. The phase 

transitionn has been theorised["'>41 and studied extensively as function of temperature "'" ' and 

pressure13'4'.. Recently, surface atomic structure studies on KDP in its growth solution are 

becomingg available' . 

Thee piezoelectric constants t/]4 and rf^ at room temperature have been determined by Mason et 

al.14111 (1.3-10 '2 and 2110 '2 CN"1, respectively) and 30 years later by Zaitseva et al.'42' (4(2)10 12 

andd 22(1)10 l2 CN"', respectively). Both found that the piezoelectric constant d<f>  is temperature 

dependentt and shows a marked anomaly at the phase transition temperature as is shown Figure B-

la.. On the contrary, the dl4 changes by less then a factor of 10 as the temperature approaches the 

phasee transition point (Fig. B-lb). A study of A///(, effects in KDP upon application of an electric 

fieldd (DC) was performed by Trushin et al.141' using X-ray diffraction. They showed that ammonium 

dihydrogenn phosphate has in general larger A///n values than KDP in a comparative analysis using 

crystalss of approximately equal size and the same electric field strength. 
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FigureFigure B-l: Piezoelectric moduli of KH2P04 as a function of temperature, a: The 
dd3636 according to measurements of the direct effect (triangles) and the 
converseconverse effect (open circles) (from Bantle and Caflish44 and von Arx and 
BantleBantle , respectively) and, b: The d,4 (from Ess4''}. 

Thee substitution of deuterium for ordinary hydrogen in KDP i.e. KH:.vDi tP04 with A>0.95 (DKDP) 

iss known to cause a remarkably large shift1321 in the Curie point which is 213 K. Sliker and 

Burlagee found a Tc of 222( 1) K and concluded that the samples used by earlier workers were less 
[48-51 1 

on n completelyy deuterated. Several studies have been performed on the effects of deuteration 

thee crystal structure of KDP and showed that a reversible transition between two phases, tetragonal 

andd monoclinic. exist. The same temperature dependence of the dif, of DKDP can be observed as for 
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KDP.. However, at room temperature the dif) of DKDP was determined by Sliker and Burlage14 ' as 

beingg 58(2)-10, : CN"1, so twice as large as the d  ̂ of KDP. 

Itt should be noted that the DKDP samples used in this work are deuterated for 989< and that the 

crystall  is tetragonal. 

TableTable B-l: Crystallographic data of used samples at room temperature. 

Material l 

LiNbOj j 

AgGaS2 2 

KH:P04 4 

KD2PO4 4 

KTOPO4 4 

Crystal l 

class s 

Hexagonal l 

Tetragonal l 

Tetragonal'4* 1 1 

Tetragonal l 

Orthorhombic' '̂ ' 

Space e 

group p 

R3c c 
I42d d 

I42d d 

I42d d 

Pna2, , 

aa [A] 

5.1505 5 

5.75722 2 

7.4521(4) ) 

7.4690(5) ) 

12.814(6) ) 

MA] ] 

5.1505 5 

5.75722 2 

7.4521(4) ) 

7.4690(5) ) 

6.404(2) ) 

r [A l l 

13.865 5 

10.3036 6 

6.974(2) ) 

6.975(2) ) 

10.616(5) ) 
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