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During the last two decades, a number of X-ray diffraction studies on the
response of a crystal to an applied electric ®eld have been carried out. In a few
cases, the electron-density polarizations could be determined. The analysis of
the induced variations of the structural properties on an atomic scale are of
prime importance in order to acquire a better understanding of physical
properties like the piezoelectric and dielectric properties of crystals. This article
reviews the experimental technique used and the modelling methods of the
Bragg scattering variations induced by the ®eld. Some noteworthy results are
presented that illustrate the possibility of detecting subtle structural changes, for
example as small as 0.1 in bond angles arising from applying a strong ®eld,
10±40 kV cmÿ1, as well as the pitfalls of such an approach for clarifying the
relevance of the structural properties in physical mechanisms.

1. Introduction
From accurate X-ray diffraction data measured out to large
Ê ÿ1), a detailed description
momentum transfers (sin = = 1 A
of atomic structure, thermal vibrations and electron-density
distributions can be obtained. Beyond classical experiments,
where basic structural properties can be described, their
variation as a function of external perturbations is of prime
interest. By now experiments at different temperatures or
hydrostatic pressures can be done almost routinely. Nowadays,
more `exotic' perturbations are applied; laser irradiation or
electric ®elds, as illustrated by a number of contributions at
this workshop, all with the purpose of reaching a more
profound understanding of the physical properties of crystals
or, at least, of the correlations between structural and physical
properties.
We will focus on structural changes induced by an applied
electric ®eld. When a crystal sample is subjected to an electric
®eld, the Bragg scattering is affected: the expansion/contraction of the crystal lattice affects the Bragg angles and, in the
best cases, the atomic structure and the electron-density
polarization can be determined from intensity variations. This
information helps our understanding of dielectric and piezoelectric properties of crystals.
Pioneering work was carried out by Puget & Godefroy
(1975) and Fujimoto (1980, 1982). At present, three teams are
working systematically on developing the experimental techniques and applying them to semiconductors and standard
piezo- and ferroelectric crystals: H. Graafsma (ESRF), U.
Pietsch (University of Potsdam and HASYLAB), and our
³ Present address: Institut de Chimie MoleÂculaire et des MateÂriaux, FR 1577,
UniversiteÂ de Paris 11, 91405 Orsay CEDEX, France.
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group in Nancy (N. K. Hansen, P. Fertey, P. AlleÂ, R. Guillot &
C. Lecomte) with the collaboration of colleagues from LURE
and the French CRG at ESRF.
In this review, we shall ®rst recall basic properties of electric
®eld induced effects in crystals. We will then discuss the actual
experimental techniques employed and their limitations/
improvements in order to solve one of the major drawbacks:
the long measuring times necessary to acquire a suf®cient
amount of experimental data. The following part will focus on
computational problems in relation to the data analysis,
especially if one considers how to treat the weak Bragg
intensity variations induced by the applied electric ®eld.
Speci®c results will be presented to illustrate the state of the
art. Finally, we will give a rapid survey of the fundamental
dif®culties encountered in a theoretical approach when
attempting to relate the polarizations observed at an atomic
scale to macroscopic electric properties of materials. Theoreticians have shown that even the spontaneous polarization of
a crystal is not a simple ground-state electron-density property, and the same problem will evidently be encountered
when interpreting experimental results from X-ray diffraction.

2. General considerations
The effects of an electric ®eld on a non- (or weakly)
conducting single crystal may be considered on three different
scales: macroscopic, microscopic and atomic.
In text books, the dielectric theory is based on the idea that
a macroscopic polarization of the medium is induced or
modi®ed when an electric ®eld is applied. The manifestation of
the polarization is the appearance of a surface charge, which
can be measured as a current ¯ow if the crystal is placed
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between electrodes. Very often this polarization is described
using the ideas of a `molecular' solid, where each `molecule'
possesses its own dipole moment.
On a microscopic scale (nm±mm), phenomena like impurity
migrations, domain structure and dynamics of domain walls
(especially in ferroelectric crystals) have to be considered. An
experimental technique that can bring valuable help is X-ray
topography (e.g. Sebastian et al., 1988, 1992).
Using classical single-crystal X-ray diffraction, effects at a
truly atomic level can be studied. The effects of an electric
®eld in solids are atomic displacements, charge transfer among
atoms or ions, and bond polarization. These phenomena must
in some way be related to the overall macroscopic polarization, P, of a crystal. One might imagine that the polarization
can then be calculated from the knowledge of the deformed
atomic structure (i.e. atomic positions) and the electrondensity distribution, but this approach is too simple-minded as
we will discuss later.
The polarization of a material is an interesting property in
itself, but the way it varies as a function of external constraints
is even more revealing. Considering the linear response of a
material, several basic properties can be deduced. These are
described by:
a pyro-electric behaviour

dP=dT

a dielectric polarizability dP=dE
a piezo-electric behaviour dP=d;

1
2
3

where the actions exerted on the sample are dT, dE and d, a
temperature change, an applied electric ®eld and an applied
non-hydrostatic mechanical stress, respectively. It should be
remembered that in (1) and (3) the derivatives are only nonvanishing in certain non-centrosymmetric crystal classes (Nye,
1957). Information on the structural response can be obtained
by measuring the diffraction pattern under non-ambient
conditions. As has already been stressed, accurate diffraction
experiments may nowadays be carried out quite routinely at
different temperatures, but less so when changing the applied
electric ®eld or mechanical stress.
Piezoelectric materials bene®t from the converse effect,
which is described by the same constants as the direct one
(Nye, 1957):
d"=dE  dP=d

4

or in the Einstein notation
d"jk =dEi  dPi =djk ;

5

where "jk and  jk are the strain and stress tensor elements,
respectively, and Pi are the components of the polarization in
an axis system linked to the crystal. If the strain is homogeneous throughout the sample, it will manifest itself by a
change in the crystal lattice parameters, thus small Braggangle variations will be observed. In the case of an inhomogeneous strain, the intrinsic widths of the diffraction pro®les
will be enlarged when the electric ®eld is applied.
Equation (4) implies that we may determine the piezoelectric constants from different diffraction experiments but it
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does not mean that the same ®nal state may be obtained,
either from applying an electric ®eld or from a mechanical
stress. In both cases, the ®nal state depends on the piezoelectric properties but in the former it also depends on the
dielectric polarizability whereas it depends on the elastic
constants in the latter, and these two properties are not related
in any simple way.
From here on, we will limit ourselves to the effects of an
electric ®eld on the Bragg scattering.
The converse piezoelectric effect leads to changes in the
Bragg angles from which the piezoelectric tensor can be
determined. Furthermore, the dielectric polarizability mainly
leads to variations of the Bragg intensities due to relative
displacements of the atoms within the unit cell and to
polarization of the valence-electron density. These two effects
are sometimes referred to as external and internal strain,
respectively. For a diffraction experiment, this is a convenient
classi®cation which however does not imply a `cause-andeffect relationship' between the two phenomena, especially
not in the sense that the second is a consequence of the ®rst as
has been stated by Paturle et al. (1991). This would mean that
an electric ®eld only induces internal strain in piezoelectric
crystals; this would completely neglect a direct effect of the
electric ®eld on the interatomic distances through a direct
polarization of a structure composed of more or less strongly
charged atoms or molecules.
An intuitive way of understanding the relationship between
the internal and external strain is to consider a crystal as
composed of bonds, each carrying an electric `dipole moment'.
For a polar bond, the dipole moment will depend on its length.
Therefore, for a crystal under stress, the dipole moments of all
of the bonds will change. The stress-induced polarization will
be the sum of all bond moments. For a centrosymmetric
structure, their sum will cancel. For a non-centrosymmetric
sample, this may not be the case and the strength of the total
induced moment will depend not only on the polarizability of
the individual bonds but also on their relative orientation
within the crystal. For the converse piezoelectric effect, an
electric ®eld will modify the bond distances of polar bonds.
However, in the linear regime, the net effect for bonds related
by a centre of symmetry will be cancelled by opposite
contributions, and therefore will not, to ®rst order, have an
effect on the macroscopic (external) strain.
The above description is of course oversimpli®ed. Within
the same spirit, one must also take into account valence- and
conformation-angle changes. However, the general reasoning
is the same.
It should be stressed that the diffraction experiment
distinguishes the two phenomena in a natural way, but it does
not explain their interdependency. For this, appropriate
theories must be developed.

3. Experimental techniques
Puget & Godefroy (1975) were the ®rst to publish an extensive
study of the effect of an electric ®eld on a crystal of rutile
(TiO2) by diffraction of X-rays. Their efforts were only
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partially successful, to a large part because they only had
access to a sealed-tube X-ray source with limitations on the
intensity of the incident beam and working at quite a long
Ê ). However, the general outline of
wavelength (Cr K , 2.29 A
their technique has inspired most of the more recent work: an
alternating electric ®eld in the form of a square wave is applied
to a crystal plate while the re¯ection pro®les (rocking curves)
are recorded in a step-scan mode. The periodic reversal of the
direction of the ®eld is the key point to avoid irreversible
effects that may mask the response of the crystal. In this socalled ®eld switching (or modulation±demodulation) technique, for each orientation of the crystal, the pulses from a
point detector are counted in separate channels synchronized
with the particular ®eld strengths. In the experiment by Puget
& Godefroy (1975), the ®eld was alternately applied in one
direction and the opposite. Our group and others have
inserted a zero ®eld level between the extreme levels, as
shown in Fig. 1 where a four-stage square wave is represented
as well as typical time duration of a particular ®eld strength
(Guillot et al., 2002).
For a given orientation of the sample, the basic period of the
®eld wave is repeated a large number of times in order to
improve the signal-to-noise ratio. The diffraction pro®les
obtained for the different ®eld strengths are therefore
measured quasisimultaneously, which means that most
systematic errors, such as rapid or long-term incident intensity
variations, scaling and absorption by the sample, will cancel
when analysing intensity variations. This presents a second
advantage of the switching method over a static ®eld application.
Each rocking curve is remeasured several times in order to
verify the reproducibility of the Bragg-angle shifts and
intensity variations. As a consequence, measuring times
become very long ± typically several hours per re¯ection when
conducting the experiment at a synchrotron beamline. In
order to improve on this, different techniques have been tried.
van Reeuwijk, Vonk, Puig-Molina & Graafsma (2000) used
a two-dimensional detector. The ®eld modulation was
synchronized with a mechanical chopper system in such a way
that the diffracted intensities corresponding to a single ®eld
value are detected. A new experiment has to be performed in
order to analyse the response of the crystal for the other ®eld
strengths. With this method, one loses the advantage of the
quasisimultaneous detection for the different ®eld values but
increases considerably the number of measured re¯ections
within a given time. Cousins (1988) proposed the use of an
energy-dispersive Laue technique, allowing the simultaneous
measurements of a re¯ection and its harmonics. However,
only a few results have been reported (Hamichi et al., 1994;
Addison et al., 1995).
Some groups have also used a multiple diffraction technique, which is inherently very sensitive to subtle changes in
lattice geometry of single crystals when submitted to external
perturbations (Avanci et al., 1998). Multiple diffraction arises
when an incident beam simultaneously satis®es the Bragg law
for more than one set of lattice planes within the crystal
(Chang, 1984). This versatile method has been successfully
Acta Cryst. (2004). A60, 465±471

used to obtain piezoelectric tensors (Avanci et al., 1998, 2000;
dos Santos et al., 2001; Almeida et al., 2003).

4. Modelling of Bragg intensity modulations
Once the electric ®eld induced intensity variations have been
measured accurately, the data interpretation needs some kind
of modelling. If only a small number of re¯ections have been
measured, the best that can be done is to compare the
observed intensity changes with a calculation based on a
preconceived idea of what is going on. This cannot exclude
that other possibilities exist. When a larger number of data are
available, one may determine parameter variations describing
the induced changes in structure and electron density with
much fewer assumptions. Suitable approaches are leastsquares re®nements. For these, the derivatives of the intensity
variations with respect to the parameters in the model must be
calculated. They can be obtained from successive structurefactor calculations for different values of the parameters
[method used in the study of KDP (van Reeuwijk, PuigMolina & Graafsma, 2000, 2001), see x6].
We have also adopted the least-squares method, building it
into a standard computer program. The observed quantity
against which a model is optimized is
 hkl  IBragg hkl; E=IBragg hkl; E  0:

6

A standard re®nement program can easily be changed for this
purpose. A starting model corresponding to the ®eld-free
situation is needed and also a hypothesis about the relation
between the X-ray structure factor and the Bragg intensity.
For the kinematical approximation, we simply consider that
the intensities are proportional to the square of the structurefactor amplitudes. In that case, we may write that the derivative of  with respect to a parameter p is
d hkl=dp  2dF hkl=dp=F hkl; E  0:

7

From these equations, we can construct the least-squaresmethod normal equations, and solve them iteratively like in
any structural re®nement.
For this purpose, we have introduced the necessary modi®cations in the program MOLLY-N (Guillot & Hansen, 2003),
in which a few other general options have been included. This
version of the program can re®ne a full multipole model,
including a Gram±Charlier expansion for the Debye±Waller
factors, against the structure-factor moduli, their squares or
the intensity changes ().
In the case of a plate-shaped perfect crystal, a different
expression for the intensity is used:
IBragg hkl / F hkln hkl ;

8

where we calculate the exponent n(hkl) from
n hkl  F hkl=IBragg hkldIBragg hkl=dF hkl:

9

For the dependence of the integrated intensity on the structure factor, we use the expressions proposed by Thorkildsen &
Larsen (1999). This allows the asymmetrical Bragg and Laue
cases to be treated.
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The electron-density model in MOLLY-N has been
augmented by `bond charges'. The aim is not to have a better
model than the multipole model but to have a phenomologically more intuitive model when re®ning against intensity
variations, where we have relatively few independent re¯ections at our disposal. At present, the bond-charge distribution
is located at the connecting line between two atoms and has a
cylindrical symmetry. It is described by four free parameters:
number of electrons, position along the bond, and radial
extents parallel and perpendicular to the bond. In a `full'
charge-density model, atomic lone-pair densities should still
be described by a multipole expansion, but it may be limited to
the quadrupole level.

5. Examples of measurements of piezoelectric
coefficients
The relationship between the applied electric ®eld and the
Bragg angles has been discussed by Barsch (1976) and by
Graafsma (1992). For example, the relation given below
illustrates the case of a Bragg-angle shift 00l induced by an
expansion of the 00l lattice planes when the ®eld is applied
along the c axis:
00l  tan 00l d33 E  Rot ;

10

where 00l is the Bragg angle without ®eld, d33 is a piezoelectric
constant and E is the magnitude of the electric ®eld. For the
observed angular change, there may also be a contribution
from an overall rotation of the sample, Rot.
Fig. 2 shows an example of what we have observed for an
LiNbO3 single-crystal plate cut perpendicular to the trigonal
axis, when we apply a ®eld of 25.5 kV cmÿ1 (Guillot, 2002).
This is in good agreement with previous studies of this
compound, e.g. Fujimoto (1982).
Using the ®eld-switching technique as described above, the
piezoelectric constants have also been determined for the
molecular crystals of 3-methyl-p-nitropyridine-N-oxide
(Paturle et al., 1991), 2-methyl-4-nitroaniline (Graafsma et al.,
1992), the chalcopyrite AgGaS2 (Graafsma et al., 1993),
KTiOPO4 (Graafsma et al., 1997) and for -quartz, AlPO4 and
GaPO4 (Guillot et al., 2004).
Ferroelectric hysteresis in CsTiOAsO4 has been examined
by determining the Bragg-angle shift as a function of the
electric ®eld strength (Bolt et al., 1997).
All of these experiments have been carried out using
synchrotron radiation. This is almost mandatory, since a good
angular resolution is needed in the measurement of the
rocking curve; for high-angle re¯ections in a compound like
LiNbO3, the change in the Bragg angle is of the order of 0.005
with a ®eld of about 30 kV cmÿ1. This is hardly measurable on
a standard laboratory sealed-tube X-ray diffractometer.
Some piezoelectric tensors have also been measured by
X-ray multiple diffraction methods: for example in organic
(Avanci et al., 1998, 2000) or semiorganic (Almeida et al.,
2003) crystals with non-linear optical effects and in ferroelectric materials like KDP (KH2PO4) (dos Santos et al., 2001).

468

Niels K. Hansen et al.



Determining the value of the piezoelectric constants by
means of diffraction techniques and comparing them to known
values can serve as an internal calibration of the magnitude of
the electric ®eld and as an assessment of its homogeneity
within the scattering volume.

6. Structural and electron-density polarizations
Most of the diffraction studies on crystals under electric ®elds
aim at determining how the ®eld affects structure and electron
density. In their work on TiO2, Puget & Godefroy (1975) set
out to examine the polarizability and ionicity of the TiÐO
bond. From the analysis of the intensity variations of the 002,
200 and 220 re¯ections as a function of the ®eld strength, they
concluded that the ionicity had an upper bound of 0.78. They
were not able to make deductions concerning an atomic
rearrangement since, having few data points, they could not
separate the effects of structure deformations and the electronic polarizations.
The work by Fujimoto (1982) on LiNbO3 seemed more
promising. He both determined structural modi®cations and
estimated that the polarization of the bonding electrons in the
NbÐO bond is quite important. However, no other groups
working on LiNbO3 have been able to reproduce his results. In
particular, our team has found that the ®eld-induced intensity
modulations vary randomly with time when the measurements
are repeated over several hours (Guillot, 2002). This has also
been observed by Addison et al. (1995) and Heunen (2000).
To our mind, a most spectacular study concerns the electric
®eld induced structural changes in KDP (KH2PO4) and
DKDP (van Reeuwijk, Puig-Molina & Graafsma, 2000, 2001).
An expected divergence of the piezoelectric constant d36 as
the temperature approaches the phase transition from above
is observed for both of these materials. The ®eld-induced
structural variations concern especially the PO4 tetrahedron
and a partial ordering of the H atoms bridging the phosphate
groups.
U. Pietsch and collaborators have been studying electric
®eld effects on zincblende-type semiconductors in order to
elucidate the effect on the bonding electron density: the ®rst
article was on GaAs (Pietsch et al., 1985), the most recent in
this line of work is Pietsch et al. (2001). In order to circumvent
the problems due to the high degree of perfection of the
crystals of these compounds, the experiments concentrated on
the measurements of the pseudoforbidden or weak low-order
re¯ections, thus minimizing the effect of primary extinction.
Some elegant but dif®cult experiments were carried out on
GaAs and ZnSe (Stahn et al., 2001): the measurements were
conducted at several wavelengths close to the absorption
edges, thus changing the anomalous-scattering amplitudes.
This way, an increased sensitivity to different phenomena
(structure deformation, charge transfer or bond polarization)
is attained. The conclusion was that, even for the low-order
re¯ection 222, the major effect on the Bragg intensity was due
to ionic displacements. Stahn et al. (1999) have also demonstrated by a three-beam experiment that it is possible to detect
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electric ®eld induced changes of 1 in triple-phase relationships.
Our last example will illustrate some of the dif®culties that
are met in this type of work. When carrying out the experiments, one must constantly ask the question: are the observed
intensity changes really due to atomic structural modi®cations
typical of the compound studied or are they sample dependent, being determined by effects like purity, degree of crystal
perfection and sample preparation?
Using the ®eld-switching technique, U. Pietsch and his
collaborators (Davaasambuu et al., 2003) and our group in
Nancy (Guillot et al., 2004) have studied, independently of
each other, the response of low quartz and the isotypical
GaPO4 to electric ®elds. Both groups ®nd similar values of the
piezoelectric constant d11: 2.4 and 4.5 pm Vÿ1 for SiO2 and
GaPO4, respectively. There is therefore no doubt either about
the ®eld strength or about the homogeneity of the induced
strain in these studies. The general approach of the two groups
for studying the structural modi®cations was different, especially in the number of collected crystallographically independent data. Davaasambuu et al. (2003) measured six
crystallographically independent high-order re¯ections under
various experimental conditions (different ®eld strengths,
10±80 kV cmÿ1, and temperatures) against which they have
tested a model of rigid rotating tetrahedra (SiO4, GaO4 and
PO4). The major effect was then a minute change of the
bridging angle of the tetrahedra of about 0.05 and 0.10 for
quartz and GaPO4, respectively, when the ®eld was
30 kV cmÿ1. High-order re¯ections were chosen in order to
have a high sensitivity to structural changes and also to justify
the use of kinematical scattering theory.
Our approach was different. We did not systematically test
the linearity of the effects against the ®eld. Sets of 20 and 64

crystallographically independent re¯ections at high angles
were measured with an electric ®eld of 30 kV cmÿ1 for quartz
and GaPO4, respectively. Intensity changes as strong as 4%
were observed. We were therefore able to perform an
unconstrained re®nement of the coordinates of all of the
atoms in the strained structure. We have found internal
deformations of the tetrahedra that amounted to as much as
0.4 in valence-angle changes. This is qualitatively in agreement with the deformation of the PO4 tetrahedron observed in
the studies of KDP (van Reeuwijk, Puig-Molina & Graafsma,
2000, 2001). Imposing rigid tetrahedra constraints in our
re®nements deteriorates signi®cantly the quality of the ®t.
For quartz, we have also measured the induced intensity
changes for 14 independent re¯ections having sin = <
Ê ÿ1. We have tried to re®ne these data using a bond0.6 A
charge model, but it is premature to report on these results
yet. Since the quartz crystals are close to perfect, one of the
main dif®culties in the data analysis is how to treat adequately
primary and secondary extinction for the strong low-order
re¯ections. This correction is of less importance, though not
quite negligible, for the high-order data.
In this context, it becomes crucial that groups working in
this ®eld collaborate in order to improve and validate the
techniques employed. We have therefore just started a
collaboration with the group led by U. Pietsch in order to
examine carefully what is the exact cause of the disagreement
encountered on the quartz-type compounds.

7. Polarization
A complete study of the crystal structure and electron-density
distribution allows us to calculate the dipole moment of the
unit cell.
A fundamental problem is that there is no unique way to
chose the cell and that the dipole moment does depend on this
choice. A second problem arises when the cell polarization is
compared with the macroscopic polarization. The macroscopic
polarization manifests itself as a surface charge but the cell

Figure 1

Experimental set-up for the ®eld-switching method. The pulses from the
detector are counted by the four detectors each synchronized with the
high voltage applied to the sample crystal. The time period of the crenelshaped high voltage is only indicative. The counting time is in general
chosen to be shorter than the duration of one ®eld value in order to avoid
transient behaviour on the measured intensities.
Acta Cryst. (2004). A60, 465±471

Figure 2

LiNbO3 00 00 36 re¯ection pro®les measured using the ®eld-switching
method. The ®eld strengths were 25.5 (red and blue curves) and 0
(violet and green) kV cmÿ1. The abscissa gives the scan angle ! in
degrees.
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polarization is deduced from the analysis of the density in a
crystal considered as in®nite. In addition, the surface distribution can be changed without the bulk density being affected.
The ®rst problem disappears when we look at perturbations
of the crystal not leading to discontinuous modi®cations
because in that case the derivative of the unit-cell moment will
be independent of the initial choice of the cell. However, the
question about surface effects remains when we want to
compare the cell polarization with macroscopic quantities.
For example, the electric ®eld induced polarization may be
estimated from the structural changes (van Reeuwijk, Vonk,
Puig-Molina & Graafsma, 2000; Guillot et al., 2004), but it can
also be calculated from known dielectric constants: surprisingly close values have been found.
The problem is not only experimental. Theoreticians are
facing two dif®culties.
The ®rst one is that the Hamiltonian, for a crystal in a
uniform electric ®eld, is non-periodic. One attempt to
circumvent this is to use a supercell approach in which the
`applied' electrostatic potential takes a saw-tooth shape. This
has been employed by Stahn et al. (2001) on GaAs and by
Kochin et al. (2004) on low quartz, both in collaboration with
K. Schwarz and P. Blaha from Vienna. This theoretical
approach indicates that the major effect of the ®eld is a
modi®cation of the atomic coordinates. Because of the limited
size of the supercells, i.e. the regions in which the applied ®eld
can be considered homogeneous, it is dif®cult to be very
speci®c about the exact nature of the deformations in the real
case.
The second problem is how to calculate the polarization by
quantum-mechanical methods. It has been stated that the
polarization is not only a property of the ground-state oneelectron density (King-Smith & Vanderbilt, 1993; Resta, 1994,
2000) but that electronic current densities must also be
accounted for: the macroscopic polarization of a crystalline
dielectric is best de®ned as a Berry's phase of the electronic
Bloch functions. This Berry's phase treatment has been
extended in the case of the presence of ®nite electric ®elds
(see Souza et al. 2002, and references therein). Discussing this
point further is beyond the scope of this review.

8. Concluding remarks and perspectives
We have reviewed a number of the most conclusive singlecrystal X-ray diffraction studies reporting structural changes
induced by external electric ®elds and have covered most of
the work in this speciality. We have presented the different
experimental methods used as well as inherent drawbacks of
the methods, the pitfalls of data treatment or interpretation of
the data.
Most of the recent experiments have been carried out at
synchrotron sources but, in the case of quartz, we measured
some Bragg intensity changes on a standard diffractometer
with a sealed-tube X-ray source; this was only possible for
some of the strongest re¯ections and, even so, the measuring
times were longer by about one order of magnitude. By
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optimizing the set-up, this situation could be improved
upon.
It appears that the different techniques used provide
successful microscopic measurements of the piezoelectric
tensor whatever the stability of the observed induced variations of the Bragg scattering intensity. Furthermore, induced
structural effects at the atomic scale are now accessible
without too many or restrictive preconceived ideas about what
is happening. Nevertheless, we do not expect that electric ®eld
experiments will become a routine technique since we are
working under extreme conditions: the applied electric ®eld,
with which we need to work in order to get measurable
changes, is hardly one order of magnitude below dielectric
breakdown (the ®eld at which the sample becomes electrically
conducting). Under these conditions, certain compounds do
not give reproducible results.
Many questions may be asked, but because of the long
measuring times, the most relevant ones must be carefully
selected in order to get signi®cant results. In this context, a
collaboration between the few groups working in this area is of
prime importance in order to unambiguously understand the
induced effects observed or clarify the origin of the different
behaviours. The experiments on quartz and some of its
isotypes are very promising. Compounds with centrosymmetric structures, therefore not showing a piezoelectric effect,
should also be studied. An interesting choice would be to
repeat and extend the study on rutile by Puget & Godefroy
(1975) because this compound has very strong and anisotropic
dielectric constants (two orders of magnitude larger than
quartz). Complete studies of the electron density response to
electric ®elds in these compounds would be very useful for
testing the reliability of the theoretical approaches being
developed at present. The situation is rather similar to the one
some 25 years ago when charge-density studies served for
testing Hartree±Fock molecular calculations and band-structure calculations on simple crystalline solids using density
functional theory.
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