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Electric-field-induced structural changes in KH2PO4 at room temperature and at 167 K

S. J. van Reeuwijk, A. Puig-Molina, and H. Graafsma*
European Synchrotron Radiation Facility, 6, rue Jules Horowitz, 38043 Grenoble, France

~Received 22 February 2001; revised manuscript received 7 May 2001; published 11 September 2001!

In this paper we report on the electric-field-induced changes in the structure of KH2PO4 ~KDP! at two
different temperatures determined by x-ray diffraction. One data set was measured at room temperature and the
other at 167 K, significantly closer to the phase transition temperature of 122 K. The induced structural changes
were determined from the measured changes in the integrated x-ray-diffraction intensities by means of a
least-squares refinement. As expected, the structural changes induced at room temperature are enhanced when
approachingTC . The structural changes include the shifts of the atoms and the ordering of the hydrogen. At
167 K and in the presence of an electric field of 43106 V/m parallel to thec axis, the P atom is displaced by
29(2)31024 Å along thec axis, and a redistribution of the hydrogen over the two formerly equivalent sites
in the hydrogen bond takes place. The site towards which the P atom moves is decreased in occupancy in favor
of the other by an amount of 1.4~5!%. The distortion of the oxygen framework is marginal. The induced
structural changes in KDP are compared to those induced in its deuterated isomorph KD2PO4 ~DKDP!, which
we measured previously@van Reeuwijket al., Phys. Rev. B62, 6192 ~2000!#. The features of the structural
changes induced in KDP and in DKDP are very similar. The ratio of the two main structural changes, i.e., the
ordering of the proton in the hydrogen bond to the shift of the phosphor atom, is, however, isotope specific.
Our results show great similarities with the observed structural changes aroundTC @Nelmeset al., J. Phys. C
18, L711 ~1985!#.

DOI: 10.1103/PhysRevB.64.134105 PACS number~s!: 77.84.Fa, 77.80.Bh, 77.65.Bn
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I. INTRODUCTION

The studies of the influence of an external electric field
crystals have mainly been limited to macroscopic effec
With the development of powerful synchrotron sources
became feasible to study the electric-field-induced change
the atomic level by using x-ray diffraction,1,2 with the objec-
tive to gain a better insight into properties like piezoelectr
ity. Since the induced relative changes in diffracted intens
DI /I are on the order of 0.1%, a very suitable detect
method is the modulation-demodulation technique.1–3 A dis-
advantage of this technique is that it is restricted to the us
point detectors, resulting in long data collection times. R
cently we have shown that a two-dimensional detector
combination with an incident-beam chopper can speed up
x-ray-diffraction experiment by one order of magnitu
without degrading the data quality.4 This increase in data
collection speed offers the possibility to study the influen
of several external parameters~like temperature! on the in-
duced structural changes.

Potassium dihydrogen phosphate~KDP! and its deuter-
ated isomorph~DKDP! are well-known and extensively stud
ied crystals undergoing ferroelectric phase transitions. U
complete deuterationTC changes from 122 to 229 K. Thi
very large isotope effect was the subject of many theoret
and experimental studies aiming to reveal the role of
H/D in the process of the phase transition. Both Slater5 and
Takagi6 worked out a theory for the phase transition, bas
on statistical methods describing the arrangement of the
tons in each of the four disordered hydrogen bonds c
nected to a given phosphate group. Another approach i
describe the system with an appropriate Hamiltonian, wh
can be a simple Ising model Hamiltonian in a transve
tunneling field.7–10The static properties of this model can b
0163-1829/2001/64~13!/134105~6!/$20.00 64 1341
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evaluated in the mean-field approximation, whereas the
namic properties are evaluated in the random-phase app
mation. The short-range correlations of the protons aroun
given phosphate group are only included in the~dynamic!
four-particle cluster approximation.8,9 A wealth of diffraction
and spectroscopic data is available and can be used to e
ine the different theoretical models. The pressure effects,
example, can only be correctly accounted for using the fo
particle cluster approximation.11,12

From neutron and x-ray-diffraction studies detailed info
mation about theaverage structure is obtained. In the
paraelectric phase the four hydrogen atoms connected
given phosphate group move between their two equilibri
positions in the hydrogen bonds linking the phosphate gr
with its neighboring phosphate groups. Since diffraction o
provides information about the average structure, the
positions in the hydrogen bond, and hence all the postio
are crystallographically equivalent equilibrium positions; s
Fig. 1. The space group for~D!KDP in this paraelectric
phase isI 4̄2d, and the cell parameters of KDP at room tem
perature area57.4521(4) Å andc56.974(2) Å.13 Below
the Curie temperature, in the ferroelectric phase~space group
Fdd2), the motion of the hydrogen atoms freezes out a
the structure orders. Neutron-diffraction studies showed
the ordering of the protons/deuterons into one of the t
equilibrium sites is gradual and accompanied with displa
ments of the heavy atoms.14–17 Another important observa
tion was the discontinuity of some of the temperature para
eters across the phase transition. Hydrostatic high-pres
neutron-diffraction experiments were performed to study
influence of the hydrogen bond dimension on the crys
characteristics.14,18–20We continued the approach of pertur
ing the system and determining the induced structu
changes, and reported recently on the changes induce
©2001 The American Physical Society05-1
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DKDP by an external electric field.2,4 The partial ordering of
the structure was accompanied with displacements of
heavy atoms, similar to what Nelmes and co-workers foun
few degrees below the Curie temperature.

In the paraelectric phase the crystal is piezoelectric. T
piezoelectric tensor relates the externally applied elec
field to the induced strain in the crystal. For KDP and DKD
the interesting tensor element isd36, which means that by
applying an external electric field along thec axis of the
crystal, a change ing angle is induced. By changing theg
angle, the space group changes from tetragonalI 4̄2d to
orthorhombicFdd2, similar to cooling belowTC . In the
case of DKDP we observed that, upon application of an
ternal electric field parallel to thec axis, not only is the
change of space group similar to cooling belowTC , but also
the ordering of the structure and the displacement of
phosphor atom, which are the main structural change2,4

However, the size of the electric-field-induced changes
much smaller than the size of the changes induced by c
ing.

The piezoelectric constantd36 is strongly temperature de
pendent and shows an anomaly at the phase-trans
temperature.21–23 The temperature dependence can be
scribed by a Curie-Weiss law,22

d365d36
0 1

B

T2TC
. ~1!

For both KDP and DKDP we2 observed that the piezoelectr
constant obeys this Curie-Weiss law, and that
temperature-independent constantd36

0 can be neglected eve
at room temperature. Equation~1! implies that, when ap-
proachingTC at constant electric field, the deformation of th
unit cell increases, and we also expect the induced cha
in the structure to enhance.

The purpose of this paper is twofold. The first purpose
to identify the similarities and, more important, the diffe
ences in the electric-field-induced structural changes

FIG. 1. Schematic representation of a part of the structure
KDP seen along thex axis. In the paraelectric phase the oxyg
atoms, O1 and O2, are related to each other by the fourfold in
sion axis parallel to thez axis, and the proton sites,H1 andH2, by
a twofold rotation axis atz5

1
8 perpendicular to the plane of view

The inclination of theH•••H line with respect to thez5
1
8 plane is

exaggerated.
13410
e
a

e
ic

-

e

is
l-

on
-

e

es

s

in

DKDP and in KDP. The second purpose is to observe
enhancement of the induced structural changes while
proachingTC . Hence we measured the electric-field-induc
structural changes in KDP both at room temperature an
167 K, much closer to the phase-transition temperature.

II. THEORY

When a static, or quasistatic, electric field is applied to
piezoelectric crystal, strains are developed in this crys
This is the well-known converse piezoelectric effect. T
elements of the strain tensore i j are linearly related to the
applied electric field by

e i j 5 (
k51

3

dki jEk , ~2!

where the summation is over the components of the elec
field E, anddki j are the elements of the third-rank piezoele
tric tensor.

In the case of an elastic, homogeneous, and infinitesi
deformation of the unit cell, it can be shown24 that the Bragg
angle of a reflection will be changed by an amount given

Du52tanu(
i 51

3

(
j 51

3

hihje i j

52E tanu(
k51

3

(
i 51

3

(
j 51

3

ekhihjdki j , ~3!

whereek andhi are the components of the direction cosin
of the electric field and the diffraction vector, respectively

In general, the displacement of a particle, be it an ato
an ion, or a whole molecule, in the unit cell may be writt
as the sum of two contributions.1,25 The first contribution is
due to the change in cell parameters, while keeping the f
tional coordinates of the particle unchanged. It describes
elastic deformation, and is referred to as theelasticor exter-
nal strain. In the case of ionic or atomic solids with no pol
atomic units, the structure factor of reflectionH,

FH5(
j

f jexp~2p iH•xj !Tj , ~4!

only changes through small changes in the atomic scatte
factors f j , via a change in sinu/l, and possible changes i
the temperature factorsTj . The summation in Eq.~4! runs
over the individual atoms, which are located at the u
changed fractional coordinatesxj . In the case of crystals
consisting of rigid, polyatomic units, e.g., molecules,
change in the cell dimensions will not change the fractio
coordinates of the center-of-mass of the polyatomic unit,
will change the fractional coordinates of the constituents
the polyatomic unit. Since the changes in fractional coor
nates enter into the exponent of Eq.~4!, the changes in struc
ture factor are larger than for ionic or atomic solids.

The second contribution is the displacement of each p
ticle within a ~deformed! unit cell, and corresponds to
changes in the fractional coordinates. This contribution
referred to as theinternal strain. In crystals consisting o

f
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polyatomic units, an electric field can induce a deformat
or reorientation of the polyatomic units itself, leading
changes in fractional coordinates. Again, these changes e
into the exponent of Eq.~4! and significantly affect the struc
ture factor.

Finally, the induced changes in the deformation dens
~polarization of the electron density! will lead to a change in
the atomic scattering factorsf j and a corresponding chang
in the structure factor. This effect is expected to be sma
than the effect of the changes in fractional coordinates,
in any case mainly affects the low order reflections. Con
quently, we do not consider this effect and focus on
changes in fractional coordinates of the individual atom
taking into account the cell deformation.

III. EXPERIMENT

The measurements were carried out at the High Ene
beamline ID15C of the European Synchrotron Radiation
cility using a wavelength of 0.32 Å. Thec-cut single crystal
of KDP ~supplier MolTech GmbH, Berlin, Germany! used
for the experiment at room temperature measureda3b3c
51031030.3 mm3. Aluminum electrodes were evaporate
on the optically polished faces of the crystal, perpendicu
to the crystallographicc axis. The dimensions of the elec
trodes were slightly smaller than the faces of the crysta
order to prevent discharge through the air.

The quality of this sample was first tested by measur
the induced shifts of severalhh0 reflections. In the case o
~D!KDP and considering onlyhh0 reflections, the induced
change of Bragg angle, given in Eq.~3!, can be simplified to

Duhh052Eic

d36

2
tanu. ~5!

Once the shifts of severalhh0 reflections are measured, th
piezoelectric constantd36 can easily be determined.26 The
shifts can readily be measured with a point detector using
conventional modulation-demodulation technique.2,3 The re-
corded step scans contain two profiles, one for each direc
of the electric field. The shift between the two profiles w
determined using an algorithm based on the linear Pea
correlation coefficient. Figure 2 shows the measured sh
Du as function of tanu. From Fig. 2 and using Eq.~5!, d36
was found to be 21~2! pC/N, in good agreement with value
found in the literature@20.9 pC/N#.2,21 This indicates that the
quality of the crystal is good and that the electric field
constant throughout the crystal.

Subsequently, the electric-field-induced changes in in
grated intensities, related to the structural changes, w
measured using a charge-coupled device~CCD! detector~16
bit Princeton Instruments ST130 camera with a Pelt
cooled 115231242 chip! optically coupled to an x-ray imag
intensifier. A schematic representation of the setup is give
Fig. 3. In the following a short description of the setup a
the data collection strategy is given; more details can
found elsewhere.4

In order to prevent charge accumulation underneath
electrodes, which would result in a decreased electric-fi
13410
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strength inside the crystal, the electric field is modula
with a frequency high enough to avoid charge buildup, a
low enough to consider the electric field quasistatic. T
relative long readout time of the CCD does not permit
demodulate the detector signal as is done with the conv
tional modulation-demodulation technique. By introducing
chopper in the incident beam and synchronizing it with t
modulation of the electric field, it is possible to expose on
with the electric field in a specific direction. After recordin
an image with the electric field in one direction, the synch
nization is changed such that the next image is recorded
the electric field in the opposite direction. During exposu
the sample is oscillated around the spindle axis. Since
incident beam is chopped, the Bragg peaks are choppe
well and the recorded intensities come from slices of
Bragg peaks only. Simple simulations showed that un
normal experimental conditions five chops per FWHM~full
width at half maximum! are sufficient for a reliable determi
nation ofDI /I .4

The applied electric field had an amplitude of 2
3106 V/m and was switched with 113 Hz. The crystal w
rotated with 0.2° s21, yielding about 15 chops per FWHM
Data were collected using 6° oscillations with 1° overlap
each side. The spindle axis was vertical and along the c
tallographic a axis. Three of these ranges were collect
aroundf50°, where thec axis was parallel to the inciden
beam. Four of these ranges were collected aroundf5180°,
three of which are symmetry related to the ranges collec
aroundf50°. Since the induced changes in the integra

FIG. 2. The shiftDu in radians of the~6 6 0!, ~8 8 0!, ~10 10 0!,
and ~12 12 0! versus tanu. Each of the reflections was measure
several times, and the error bars were calculated from the spre
the data.

FIG. 3. Schematic representation of the experimental setup
5-3
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S. J. van REEUWIJK, A. PUIG-MOLINA, AND H. GRAAFSMA PHYSICAL REVIEW B64 134105
intensities are small,DI /I on the order of 0.1%, repetitive
measurements were required to obtain sufficient accur
For each oscillation range around 200 images were taken
both states of the electric field. An acquisition with the ele
tric field ‘‘positive’’ was followed by two acquisitions with
the electric field ‘‘negative,’’ and one more with the electr
field positive in order to obtain the same average incide
beam intensity for the two states of the electric field. T
incident beam intensity was monitored with a silicon pho
diode.

Since the input screen of the image intensifier is con
with respect to the sample, significant spatial distortions
introduced into the images. Before measuring the elect
field-induced changes in integrated intensity, the spatial
tortion was calibrated using a standard technique.27 The re-
corded images were online corrected for the spa
distortion.

For the experiment at low temperature a cryojet from O
ford Instruments was installed. In this experiment we use
sample that measureda3b3c533330.3 mm3, which is
slightly smaller than the cross section of the cold strea
Since the cold stream blew from above, the sample w
placed with the spindle axis horizontal~along the crystallo-
graphic a axis! such that ice formation on the goniomet
head and on the crystal was minimal. The amplitude a
frequency of the applied electric field were identical to t
data collection at room temperature. Three 6° oscillatio
ranges were collected aroundf50°, where thec axis was
parallel to the incident beam. Three symmetry related os
lation ranges were collected aroundf5180°.

Still at low temperature, the induced shifts of severalhh0
reflections were measured with the point detector using
conventional modulation-demodulation technique. Th
data were used to determine the piezoelectric constantd36,
which was found to be 78~4! pC/N. From the temperatur
dependence of thed36,2 the temperature of the sample w
estimated to be 45 K aboveTC , i.e., 167 K.

IV. DATA TREATMENT AND RESULTS

The orientation of the sample as well as the cell para
eters were known, consequently some of the low-order
flections were easily indexed by inspection. With this info
mation it was straightforward to index the remainin
reflections with theDENZO package.28

Subsequently, the integrated intensities of the diffract
spots were determined. First the images were corrected
the dark-currect intensity, hot pixels, and cosmic rays. Th
an integration box was defined around each diffraction s
The outermost pixels were used to determine and subtrac
background. The integrated intensity was then determine
summing over all the pixels in the integration box. Previo
work on DKDP showed that this box-integration method w
accurate enough to determine the induced changes in
structure,4 even though integration methods using profile
ting and/or optimization of the integration box are expec
to yield even more accurate results.29 Spots containing satu
rated pixels were not considered. The integrated intens
were scaled with the incoming beam monitor. For each
13410
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flection the DI /I was calculated from two correspondin
~consecutive! images as follows

~6!

wherei is the image number. All theDI /I i ’s were averaged
to obtain theDI /I for that reflection. The spread in th
DI /I i ’s was used to calculate the uncertainty inDI /I . Reflec-
tions for which theDI /I i showed a clear drift were rejecte
from further analyses. Most likely these reflections were p
tially recorded.

The programSORTAV ~Ref. 30! was used to merge and so
the data, yielding, for the room-temperature data, a set o
unique reflections~in Fdd2), with an overall average mea
surement multiplicity of 2.6. The normalized root-mea
square deviation,R2, was 55%. The data at 167 K wer
merged and sorted to yield a set of 62 unique reflectio
with an overall average measurement multiplicity of 4.0, a
a R2 of 27%. The low-temperature data were of clearly b
ter quality than the room-temperature data. A liable expla
tion is that the cold stream shielded the sample from in
ences of environmental fluctuations during the measurem
of the low-temperature data.

The unique reflections were submitted to a refinem
procedure. As stated in the introduction, the x-ray-diffracti
experiment only gives the time and space averaged struc
Consequently, the refinement procedure only gives the a
age induced changes in the structure. The cell parame
fractional coordinates, and anisotropic temperature par
eters of the paraelectric phase were taken from Tun,13 and
transformed to space groupFdd2. The magnitude of the
changes in cell parameters can easily be calculated from
known electric-field strength and the piezoelectric const
d36. However, since the shifts of the diffraction peaks a
too small to be measured with the image intensifier used,
assignment ofa and b axes, and consequently theh and k
Miller indices, cannot be made unambiguously. A point d
tector allows the simultaneous measurement of both the s
and intensity change of a reflection, and thus the unamb
ous assignment of cell axes and Miller indices. Since it
expected that DKDP and KDP show similar behavior, w
used previous data of DKDP, measured with a po
detector,2 to make the correct assignment of thea andb axes,
and theh andk Miller indices. In conjunction with this cell
change, the phosphate group was supposed to be a rigid
and the fractional coordinates of the oxygen and hydro
atoms were adapted accordingly. Subsequently, the fracti
coordinates~the shifts of the atoms! were refined with a
least-squares minimization procedure that usesSHELXL-93
~Ref. 31! to calculate the structure factors. The electric fie
destroys the symmetry relating the O1 and O2 atoms~the
‘‘upper’’ and ‘‘lower’’ oxygens in Fig. 1!, resulting in two
crystallographically independent oxygen atoms. All the fr
coordinates of the nonhydrogen atoms in space groupFdd2
were refined, i.e., thex, y, andz coordinates of the two oxy-
gens and thez coordinate of the phosphor. Although th
two oxygen atoms are crystallographically independent,
shifts of the two atoms are related by virtue of the linear
5-4
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ELECTRIC-FIELD-INDUCED STRUCTURAL CHANGES . . . PHYSICAL REVIEW B 64 134105
of the piezoelectric effect: Dx(O1)52Dy(O2),
Dy(O1)5Dx(O2), andDz(O1)5Dz(O2). Since the two-
fold axis relating the two sites of the proton in the hydrog
bond is also destroyed, the distribution of the proton o
these two sites is another parameter to refine~the total occu-
pancy of the two sites is restrained to 100%!. The hydrogen
atoms were assumed to follow the oxygen atoms they
attached to.

During both the refinement of the room-temperature d
and the data at 167 K, five reflections were rejected as
liers. For the data set at 167 K, these outliers were all
order reflections and thus affected by changes in the de
mation density which are not accounted for in the model
the case of the room-temperature data some of the out
were high-order reflections, illustrating that the data se
167 K is of better quality than the data set at room tempe
ture. For both data sets the refinement converged within th
cycles, and the results are given in Table I. In that table
also listed the results on DKDP since careful inspection
vealed that thea andb axes were interchanged in the refin
ment procedures reported previously,2,4 and thus the data
were reanalyzed. The resulting structural changes for DK
obviously changed sign, but the magnitude of the shifts w
not affected significantly.

TABLE I. Refined atomic parameters. The shifts are given
1024 Å, the changes in the occupancies in percent.

Dx Dy Dz Doccupancy

KDP T5RT R2a555% wR2b545%
P 18(1)
O1 20.7(6) 20.3(6) 221(12)
O2 20.3 10.7 221
H1 20.7 20.3 221 20.8(8)
H2 20.3 10.7 221 10.8
KDP T5167 K R2527% wR2527%
P 129(2)
O1 12.6(6) 10.4(6) 112(6)
O2 10.4 22.6 112
H1 12.6 10.4 112 21.4(5)
H2 10.4 22.6 112 11.4
DKDPc T5RT R2525% wR2537%
P 126(3)
O1 11.4(2) 10.0(2) 15(2)
O2 10.0 21.4 15
H1 11.4 10.0 15 20.9(2)
H2 10.0 21.4 15 10.9
DKDPd T5RT R2523% wR2525%
P 120.7(5)
O1 12.0(2) 10.4(2) 12(2)
O2 10.4 22.0 12
H1 12.0 10.4 12 20.7(3)
H2 10.4 22.0 12 10.7

aRoot-mean-square deviation of merging.
bWeighted root-mean-square deviation of the refinement.
cMeasured with the point detector~Ref. 2!.
dMeasured with the two-dimensional~2D! detector~Ref. 4!.
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Table I shows that the quality of the refinement of t
KDP data at room temperature~RT! is significantly lower, in
terms ofR factors, than the refinement of the other data s
At room temperature, the only significant structural chang
Dz(P). Refining only Dz(P) hardly affects the statistics
(wR2549%).

V. DISCUSSION

From Table I it is clear that the structural changes induc
by an external electric field in KDP and in DKDP have th
same tendency. The phosphor atom shifts along thec axis,
and the proton~deuteron! orders into one of the previousl
equivalent sites. If the phosphor in Fig. 1 shifts towards
upper oxygens, the hydrogen~deuteron! orders away from
the upper oxygens. The tetrahedra of oxygen atoms def
only marginally. These features are consistent with the str
tural changes induced by cooling below the phase-transi
temperature measured by Nelmeset al.15

The data of Nelmeset al. show that when cooling below
TC the ratio of the order parameter@defined as 2
3(occupancy250)%# to the shift of the phosphor atom ha
a constant value. For KDP this ratio is 9.1(3)3102 Å21. The
electric-field-induced ordering of the proton in the hydrog
bond is not well determined for KDP at room temperature,
Table I shows, and can consequently not be used for a q
titative analysis. At 167 K, the ratio of the order parameter
the shift of the phosphor atom is9(3)3102Å21, see also
Table II, in good agreement with the results from Nelmes

As was stated in the Introduction, the electric-fiel
induced structural changes at room temperature are expe
to enhance upon cooling, more precisely, they are expe
to follow the induced change ing angle. According to Jona
and Shirane,22 the proportionality between the induced pola
ization and the strain is a fundamental property of piezoe
tric crystals. The induced polarization can be calculated
an approximate manner, from the refined structural chan
assuming formal point charges. In the case of KDP the d
placements of the oxygen atoms are not well determin
Furthermore, the ordering of the hydrogen bond is nea
perpendicular to thec axis and hardly contributes to the in
duced polarization. Consequently, the polarization~alongc)
is calculated from the shift of the phosphor atom only. T
shear strainxy is just Dg, and can be calculated from th
piezoelectric constant and the applied electric field stren

TABLE II. Values obtained for the ratios of the ordering ov
Dz(P) and the polarization over the strain for KDP and DKDP.

Dg(rad) orda

Dz(P)
(Å21) P3

Dg S C

cm2D
KDP RT 8.831025 b 8(1)31024

KDP 167 K 31.231025 9(3)3102 7.8(5)31024

DKDPc 15.531025 7(3)3102 9(2)31024

aThe order parameter is defined as 23(occupancy250)%.
bNot calculated sinces(Docc) is too large.
cCalculated from the 2D data.
5-5
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The obtained fundamental ratio between the induced po
ization and the strain is given in Table II. The ratio is n
affected by a change in temperature, as was expected.
ratio can also be calculated from the relation between
polarization and the electric field

E5a~T2TC!P1bP31gP5, ~7!

the Curie-Weiss law for the piezoelectric constant, Eq.~1!,
and the relation for the induced strain, Eq.~2!. At both tem-
peratures measured, Eq.~7! is dominated by its first term
resulting in a Curie-Weiss law for the polarization over t
electric field. Combining all three equations yields

P3

xy
5

1

aB
. ~8!

Substituting thea from Kobayashiet al.32 and theB as
determined in our previous paper,2 the temperature-
independent fundamental constant equals 8.0(1)31024

C/cm2, in excellent agreement with the values given
Table II.

Similar calculations can be made for DKDP, and the
sults are listed in Table II. The data of Nelmeset al. indicate
that the ratio of the order parameter to the shift of the ph
phor atom is 7.4(1)3102 Å21, which is in good agreemen
o

G
n

e

R

J

-

s.

.W

ta

13410
r-
t
his
e

-

s-

with our result. The proportionality between the induced p
larization and the strain is calculated from all the refin
structural changes since for DKDP all the structural chan
are well determined. The calculated value of9(2)31024

C/cm2 cannot be compared with the right-hand side of E
~8! since thea parameter for DKDP is, to our knowledge
not available in the literature. On the other hand, the ratio
the induced polarization to the strain equals the ratio of
dielectric susceptibility to the piezoelectric constant.22 The
tabulated21 relative dielectric constant and the piezoelect
tensor element can be used to calculate the ratio betwee
susceptibility and the piezoelectric constant, and thus
fundamental ratio between the polarization and the str
The accordingly calculated value is 931024 C/cm2 and
agrees well with the experimentally determined value.

Summarizing, we can say that our electric-field-induc
structural changes agree well with other experiments.
ratios of the order parameter over the shift of the phosp
atom, and of the induced polarization over the strain
isotope specific. The data from Nelmeset al. clearly show
this for the ratio of the ordering over the shift of the pho
phor atom. For the electric-field-induced structural chan
the ratios appear to be isotope specific as well, but the
ference between the ratios of the two isotopes is at the l
of the measurement accuracy.
tz,
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