
PHYSICAL REVIEW B, VOLUME 65, 024108
Ab initio study of the electronic and structural properties of the ferroelectric transition
in KH 2PO4
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First-principles electronic structure calculations were carried out for the paraelectric and ferroelectric phases
of KH2PO4 using the pseudopotential method. The calculated structures are in good agreement with experi-
ment. The calculations reveal that the distanced between the two equilibrium positions of H along the O-O
bond in the paraelectric phase depends on both the O-O bond length and the coordinated motion of the heavier
P and K atoms. The results reconcile the previously proposed tunneling and geometric phenomenological
models. The spontaneous polarization is found to arise from the redistribution of charge density caused by the
displacement of the P atoms relative to the O atoms along the ferroelectric axis. The critical pressure for the
transition from the orthorhombic to the tetragonal structure at zero temperature is found to be 30 kbar.

DOI: 10.1103/PhysRevB.65.024108 PACS number~s!: 61.50.Ks, 77.80.Bh, 77.84.Fa
ric
re
ie

ru
o-
ric
o

he
as

c
ig
gl

th
th

l
ot
a

or
e
om

tu

e-
eu-

spin

on,
o. In
ted
this
-

th
-
D.

e
ton-
al.
is-

ove
be

o-

ive
ition
er-

ron
the
t
ond

ic
is-
tic
I. INTRODUCTION

Potassium dihydrogen phosphate, KH2PO4 ~KDP!, is the
prototype for a series of hydrogen-bonded ferroelect
whose properties have attracted wide and sustained inte
due to its nonlinear optical and electro-optical propert
with many applications in laser physics.1,2 At room tempera-
ture, KDP is paraelectric and has a tetragonal crystal st
ture; atTc5122 K, KDP undergoes a transition to a ferr
electric phase which is orthorhombic. The ferroelect
transition has been understood on the basis of the soft-m
theory.1 The basic concept of this theory is that one of t
elementary excitations of the system becomes unstableT
→Tc and the vanishing of the frequency atT5Tc corre-
sponds to the condensation of the normal-mode displa
ments, which are superimposed on the structure of the h
temperature phase. According to the shape of the sin
particle energyV(Q) ~Q are the normal coordinates!, the
ferroelectric phase transitions can be distinguished into~i!
displacive type and~ii ! order-disorder type.1 In the first cat-
egory, such as the BaTiO3 system,V(Q) has a single mini-
mum atQ50 and the phase transition takes place with
condensation of a soft phonon. On the other hand, in
order-disorder type,V(Q) exhibits two minima of equa
depth atQ56Q0 and the soft collective excitations are n
phonons but unstable pseudospin waves which occur in
dition to all phonon modes predicted by the harmonic the
of crystal lattices.1 Although extensive investigations hav
been employed during the past several decades, the at
mechanism of the ferroelectric transition~order-disorder or
displacive type! in KDP still remains unclear.1,3,4

Experiments suggested that in the high-tempera
paraelectric phase, each hydrogen ion~proton! occupies with
equal probability~50%! two equilibrium positions~separated
by d! along the O-O bond.5 In the proton ordering~or quan-
tum tunneling! model proposed by Blinc,3,6 the equilibrium
0163-1829/2001/65~2!/024108~10!/$20.00 65 0241
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positions of each H to the ‘‘left’’ or to the ‘‘right’’ of the bond
center are described by the pseudospinSz, which takes val-
ues 11 and 21, respectively. The proton then tunnels b
tween these two positions and the propagation of the ps
dospin in the whole system is referred to as the pseudo
wave. At the transition temperatureT5Tc , which depends
on the tunneling integral and the proton-proton interacti
the frequency of the pseudospin wave decreases to zer
other words, the ferroelectric phase transition is associa
with the condensation of the pseudospin wave. Based on
model, the isotope effect@increase of the transition tempera
ture to 229 K upon substitution of hydrogen in KDP wi
deuteron~DKDP! ~Ref. 7!# is attributed to a change in tun
neling frequency caused by the mass change from H to
Furthermore, the decrease ofTc with pressure can also b
explained by the model, assuming a decrease of the pro
proton interaction and an increase of the tunneling integr

However, neutron diffraction data established the ex
tence of ionic displacements parallel to thec axis to account
for the spontaneous polarization, indicating that the ab
view of the structural phase transition needs to
extended.5,8 Kobayashi9 has taken account of the optical ph
non mode of the@K-PO4# complex coupled with the proton
tunneling mode, showing that the transition is of displac
type. An alternative suggestion was that the phase trans
is still of an order-disorder type, but triggered by the ord
ing of the P atoms or PO4 groups other than H atoms.10,11

In the last 20 years, new results of high-resolution neut
diffraction studies raised a number of issues related to
mechanism of the phase transition.5,8 It has been shown tha
structural changes in the geometry of the hydrogen b
which accompany the H/D substitution~the so-called Ubbe-
lohde effect12! are closely connected with the microscop
mechanism of the phase transition. It is found that the d
tanced increases upon deuteration. Similarly, the hydrosta
pressure was found to reduce the distanced and the transition
©2001 The American Physical Society08-1
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FIG. 1. ~Color! The tetragonal
structure of KDP. In the actua
structure the H atoms are locate
at two equilibrium positions,
which are symmetric with respec
to a twofold axes along thex or y
directions crossing the center o
O-O bonds. Each position ha
50% occupancy.
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temperature in KDP. Therefore, the diffraction results lead
the conclusion thatd is the principal factor which determine
Tc . Thus, new models were proposed, coupling the tunn
ing protons and the geometrical aspects of the hydro
bond, to describe the isotope effect and the pressure de
dence ofTc .13–15 More recently, first-principles calculation
have been carried out to study the isotope effect
K3H~SO4!2.

16,17

To our knowledge, no comprehensiveab initio calcula-
tions for KDP have been reported so far, which can prov
parameter-free analysis of the structural and electronic
tails involved in the phase transition. There is only one
search work using the periodic Hartree-Fock quant
chemical method to investigate the electronic structure
the proton transfer potential energy curve.18 Therefore, the
purpose of this work is to employ the density function
theory ~DFT! to investigate the electronic structure of bo
the tetragonal paraelectric phase and the orthorhombic fe
electric phase. The paper is organized as follows: in Sec
we describe the crystal structure and the method. We pre
the results of the electronic structure calculations in Sec.
In Sec. IV, we study and discuss the tetragonal phase to s
some structural characteristics responsible for the ferroe
tric phase transition. Finally, Sec. V includes a brief sta
ment of the conclusions.
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II. METHOD

The first-principles electronic structure calculations e
ploy the total energy pseudopotential method, which is w
documented elsewhere.19 The calculations were performe
using theCASTEPcode. The energy cutoff of the plane-wav
basis functions was set to be 680 eV. Convergence tests~up
to 1000 eV! have shown convergence of the total ener
better than 1 meV/atom. We have used the ultras
pseudopotentials20 and the Perdew-Burke-Ernzerho
gradient-corrected functional21 for the exchange-correlation
energy. The total energy of the system was minimized w
respect to the electronic degrees of freedom using a den
mixing conjugate gradient scheme.22 The atomic forces were
calculated using the Hellmann-Feynman theorem which
lows optimization of the atomic positions. For the reciproc
space integration we have used the Monkhorst-Pack~MP!
specialk-point method.23 Convergence tests were performe
for 23232, 43434, and 53535 divisions along the
reciprocal-lattice directions and the total energy was found
be converged to less than 0.1 meV/atom.

The crystal structure of the tetragonal paraelectric ph
hasI 4̄2d (D2d

12) space group and the orthorhombic ferroele
tric phase hasFdd2 (C2v

19) space group. The crystal structu
of the tetragonal is illustrated in Fig. 1 and its projection
8-2
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AB INITIO STUDY OF THE ELECTRONIC AND . . . PHYSICAL REVIEW B65 024108
thex-y plane is shown in Fig. 2. In both cases the P atom
placed at the origin of the cell. One can see in Fig. 2 that
body-centeredI 4̄2d conventional cell containing four for
mula units can be easily transformed into a face-centered
containing eight formula units, corresponding to the orth
rhombic structure. The conventional cell of the orthorhom
phase has its axesx andy along thex8 andy8 axes, respec-
tively, in Fig. 2. The transition from the tetragonal to th

FIG. 2. The tetragonal structure of KDP, withI 4̄2d space group,

projected along the 4¯ axis ~z!, outlined by the solid lines. The
dashed lines outline the fcc unit cell of the space groupFdd2,
corresponding to the orthorhombic phase. Fractional coordin
alongz are given for some of the atoms.
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orthorhombic structure is associated with small changes
the lattice parameters and the structural displacements o
atoms. First, the H atoms order onto sites closer to the
‘‘upper’’ O atoms of each PO4 group, and hence the twofold
axes along thex andy directions for the two PO4 groups and
the two H sites~each 50% occupied aboveTc! disappears.
Second, the 4̄axis alongz for each PO4 group becomes a
twofold axis, so that the four oxygen atoms of each P4
group, which are all symmetry related aboveTc , change to
two independent pairs@two O~1! atoms, and two O~2! atoms#
below Tc . The H atom motion closer to O~2! atoms is ac-
companied with that of the P atoms, which move along2z
relative to the O atoms so that the P-O~1! bond length be-
comes shorter than that of the P-O~2!, and hence the K atom
move along1z relative to the O atoms.

III. RESULTS AND DISCUSSION

For both the tetragonal and orthorhombic phases we
the space group~I 4̄2d or Fdd2! and then carry out both
geometric~a/b and c/b ratios! optimization and atomic re-
laxation to find the equilibrium configuration. For both cas
there are two potassium, two phosphorous, four hydrog
and eight oxygens in the primitive cell. In Table I we list th
calculated and experimental equilibrium lattice paramet
and the atomic positions for both the tetragonal and ort
rhombic phases. Overall, there is a very good agreement
experiment, especially for the orthorhombic phase. For
tetragonal phase, there are two main differences between
results of theab initio calculations and experiment. First, i
experiment,8 the H atoms occupy two equilibrium sites, sym
metrically displaced from the O-O midpoint, each with 50
occupation; these two sites are symmetric with respect

es
ding
TABLE I. Comparison of theab initio lattice parameters and atomic coordinates with the correspon
experimental values. Distances are in Å, and angles are in degrees.

Tetr.
Calculated

Orth.

Expt. Calculated Expt.

a 7.49527 7.4264 10.62905 10.5459
b 10.53394 10.4664
c 6.95749 6.931 7.0138 6.9265

O/O~2! x 0.140285 0.14935 0.02999 0.03380
y 0.08153 0.08284 0.11407 0.11554
z 0.124796 0.12676 0.13191 0.13555

O~1! x 0.11444 0.11625
y 20.03042 20.03415
z 20.115093 20.11790

P-O~2! 1.5198 1.5429 1.55181 1.5719
P-O~1! 1.5198 1.5429 1.49271 1.5158

O~2!-O~1! (2R) 2.40554 2.4829 2.48341 2.4974
O~2!-H 1.20277 1.0712 1.06077 1.0564
O~1!-H 1.20277 1.4120 1.42263 1.4410
H-H ~d! 0.0 0.3428

O~2!-P-O~2! 110.2 110.52 106.5 106.65
O~1!-P-O~1! 114.8 114.80
8-3
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ZHANG, CHEN, KIOUSSIS, DEMOS, AND RADOUSKY PHYSICAL REVIEW B65 024108
twofold axis crossing the center of the O-O bonds. On
other hand, in the calculations, the H atoms are found
occupy the center of the O-O bonds, and the symmetr
automatically satisfied. Second, the calculated distance o
O-O bonds, 2R, is less than the experimental value by abo
0.08 Å. This discrepancy results from the symme
constraint imposed on the system and will be discus
in Sec. IV.

We have calculated the electronic structure and densit
states for both the tetragonal and orthorhombic structu
Generally speaking, there is almost no difference in the e
tronic structure between the tetragonal and orthorhom
phases. The band structure for the tetragonal phase is pl
along the high symmetry axes of the Brillouin zone in Fig.
The band structure of KDP is typical of an insulating syst
with an energy gap of about 5.96 eV. The total density
states~DOS! for the tetragonal and orthorhombic structur
are shown in Fig. 4. In Fig. 5 we plot the partial DOS for t
tetragonal phase. One can see that the valence states b
the Fermi energyEF are primarily O-p-derived states,
whereas the lowest conduction band states~about 6 eV above
EF! are primarily of Ps and Hs character. The K-p-derived
states are about 10 eV belowEF and the Pp bonding states
are centered about 6 eV belowEF .

Figures 6 and 7 we show the charge density contour
the ~001! atomic planes which contain the O-H chains a

FIG. 3. Band structure for the tetragonal KDP structure alo
the high-symmetry axes in the Brillouin zone.
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the P and K atoms, respectively. In both figures, we show
charge density for both the orthorhombic~a! and the tetrag-
onal structures~b!. We find that the bonding between th
O-H atoms is quite directional, whereas the charge den
along thez direction is relatively weak. Note that the O-H-O
chains are along the@110# direction in the orthorhombic
structure and along the@100# direction in the tetragona
structure, and that the number of atoms in the conventio
cell of the orthorhombic structure are twice as many as t
in the tetragonal one. For the orthorhombic structure, si
the H atoms are located at the off-center positions and
P-O~1! bonds have different length than the P-O~2! bonds,
the charge density for O~1! and O~2! is not symmetric. For
the ~001! plane containing the P and K atoms~Fig. 7! there
exists strong bonding between the P and O atoms~located
above and below this plane! of the PO4 group which has
covalent character. Note that there is very weak bonding
tween the PO4 group and the K atom, which reflects th
presence of an ionic bond between them. The covalent bo
ing between the P and O atoms in the orthorhombic struc
exhibits asymmetry due to the fact that the O~1! and O~2!
atoms are inequivalent. Segallet al. used24 a technique for
the projection of plane-wave states onto a localized basis
to calculate atomic charges and bond populations by me
of Mulliken analysis. In Table II we list the charge and ove
lap population~using a cutoff distance of 3 Å! for both the
tetragonal and the orthorhombic structures. Since the
tances of H-O~1! and H-O~2! and P-O~1! and P-O~2! in the
tetragonal phase are identical, the overall population is
same. In conclusion, the redistribution of the charge den
leads the spontaneous polarization in the ferroelectric ph

IV. FERROELECTRIC TRANSITION

As discussed above, in the original proton-ordering mo
of KDP, only the rearrangement of the protons in the dou
well potentials along the O-O bonds was regarded as
dipolar coordinates. However, inelastic neutron-scatter
experiments on DKDP have shown that the 180° out-
phase motion of the K and P atoms alongz is ‘‘tied’’ to the
motion of the D atoms.25,26 Moreover, the spontaneous po

g

FIG. 4. Total density of states of KDP for the orthorhomb
~dashed line! and the tetragonal structures~solid line!.
8-4
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AB INITIO STUDY OF THE ELECTRONIC AND . . . PHYSICAL REVIEW B65 024108
larization in the ferroelectric phase is along thez direction
due to the motion of the heavy atoms. Recent measurem
of the chemical shift of31P in the vicinity of the ferroelec-
tric transition point in KDP suggest that the transition a

FIG. 5. Orbital- and atom-resolved partial density of states
KDP for the tetragonal structure. The dashed and solid curves
resent thes- andp-projected density of states, respectively.
02410
nts

involves the displacive component of P.27 Thus the question
naturally arises: what is the relationship between the p
tion of the heavier atoms~K and P! and the motion of the
proton? The key to answering this question is to reveal
origin in the electronic structure of the double-well potent
shape,V(Q), or specifically to reproduce the two-site distr
bution of H with separationd.

As was alluded to earlier in Sec. III, two main differenc
were found between theab initio calculations and experi
ment for the equilibrium configuration of the tetragon

f
p-

FIG. 6. Valence charge density contour plot of KDP on the~001!
plane containing the O-H chains for~a! the orthorhombic and~b!
the tetragonal structures.
8-5
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FIG. 7. Valence charge density contour plot of KDP on the~001!
plane containing the P atoms for~a! the orthorhombic and~b! the
tetragonal structures.
02410
phase, i.e., the length of the O-O bond, 2R, and the position
of the H atoms. More specifically, the calculated 2R
52.405 Å for the tetragonal phase is smaller than the co
sponding experimental value of 2.483 Å, while the value
2R52.483 Å for the orthorhombic phase is in very goo
agreement with experiment~Table I!. The distanced between
the two equilibrium H configurations was found experime
tally to depend strongly on the O-O bond length.8,10The O-O
(2R) and the O-H~d! bond lengths increase from 2.483 an
0.34 Å in KDP to 2.523 and 0.45 Å in DKDP, respectivel
In order to investigate the effect of the O-O separation on
total energy in the tetragonal phase, first we have frozen
K and P atomic positions to their equilibrium optimized va
ues~Table I! and varied the H position along the O-O bon
and the O-O bond length, preserving the tetragonal struct
In Fig. 8 we show the variation of the total energy as a

FIG. 8. Total energy vs the position of the H along the O
bond with O-O bond length of~a! 2.405 Å, ~b! 2.469 Å, and~c!
2.510 Å, respectively. The K and P atoms are frozen to their o
mized values in Table I. The curves represent fits to fourth-or
polynomials.
r the
TABLE II. Comparison of the charge for each atom and overlap population between atoms fo
tetragonal and orthorhombic phases.

Charge O~1! O~2! H P K

tetr. 21.05 21.05 0.35 2.27 1.23
orth. 21.09 21.02 0.37 2.27 1.20

Overlap population O~1!-O~2! O~1!-H O~1!-P O~2!-H O~2!-P
tetr. 20.20 0.40 0.65 0.40 0.65
orth. 20.14 0.24 0.73 0.53 0.55
8-6
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AB INITIO STUDY OF THE ELECTRONIC AND . . . PHYSICAL REVIEW B65 024108
function of the H position along the O-O bond, for differe
O-O bond lengths of~a! 2.405 Å,~b! 2.469 Å, and~c! 2.510
Å, respectively. Note that when the O-O bond is 2.405
~optimized bond length in Table I! there is a single minimum
at the midpoint. On the other hand, when the O-O bo
length increases to 2.469 Å~experimental value! and 2.523
Å, respectively, the energy curve develops a double w
symmetrically placed with respect to the bond center, w
the H tunneling between the two equilibrium positions. T
hydrogen separationd increases from 0.21 to 0.31 Å as th
O-O separation increases from 2.469 and 2.51 Å, wh
however, are still smaller than the experimental values
0.34 Å in KDP and 0.45 Å in DKDP.

We next investigate the effect of the motion of K and P
the ferroelectric transition. It was found experimentally th
the motion of the H~D! atoms between the two equilibrium
sites is accompanied with the motion of the K and P ato
along thez axis which is out of phase. The amplitude of th
soft-mode eigenvector alongz, Kz, andPz can be determined
from neutron or x-ray scattering measurements. Althou
different methods lead to different absolute values of th
amplitudes, especially for K, the estimated values are ab
0.05 Å.8 Moreover, the almost-saturated structural displa
ments of the P and K atoms along thez axis in the ferroelec-
tric phase of~D!KDP have the same magnitude with thePz
andKz . Therefore, it is reasonable to take in this work t
displacements of P and K alongz in the orthorhombic struc-
ture as the soft-mode eigenvector, with valuesPz50.056 Å
and Kz50.03 Å, respectively. It will be shown below tha
while the optimized value ofPz is strongly correlated with
the O-O bond length 2R, it has a small effect on the tota
energy.

In these calculations the symmetry of space groupI 4̄2d
for the tetragonal phase was broken artificially by movi
the P and K atoms out of phase alongz. The H atoms were
then moved along the O-H-O bonds to determine the e
librium position. Figure 9 shows the variation of the tot
energy as a function of the H position along the O-H-O bo
in the distorted structures for different values of the O
bond length 2R of ~a! 2.405 Å,~b! 2.469 Å, and~c! 2.510 Å,
respectively. One can see that when P~K! moves along2z
(1z), H will be closer to O~2! otherwise, when P~K! moves
along 1z (2z), H will be closer to O~1!. Therefore, there
are two equilibrium positions for H caused by the out-o
phase motion of P and K. The energy curves can be fitted
a double-well shape which is asymmetric about each m
mum, i.e., steeper towards the nearest oxygen. More im
tantly, the double-well potential shape depends strongly
the O-O bond length, which can be described by two para
eters: the distance of the two energy minimad and the value
of the minimum of the total energyE. The value ofE is
almost the same as that of the orthorhombic phase. Co
spondingly, for the case where the K and P atoms were
zen to their optimized values, we denote the distance
tween the two potential wells and the minimum of the to
energy in Fig. 8 asd1 andE1 , respectively.

In Fig. 10 we display the variation of these parameters
a function of the O-O bond length 2R, for both cases where
02410
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the K and P were frozen to their optimized positions a
where they were allowed to move out of phase. The fact t
E is lower thanE1 demonstrates that the out-of-phase moti
of the K and P atoms lowers the energy. It is important
note thatE reaches its minimum when the O-O bond leng
2R52.469 Å, in excellent agreement with experiment. F
thermore, for the equilibrium value 2R52.469 Å the separa-
tion d between the double wells is 0.34 Å, also in excelle
agreement with experiment.8 A further corroboration of the
ab initio calculations is that it predicts that the energy barr
between the double wells is 0.29 eV in good agreement w
the value of 0.37 eV obtained from the best-fitting doub
Morse potential for KDP~Ref. 8! and the value of 0.24 eV
from more recent experiments.28

When 2R is 2.51 Å, as that in DKDP, the value ofd
increases to 0.41 Å, quite close to the experimental valu8

These results indicate that the value ofd depends on two
important atomic parameters: the O-O bond length and
out-of-phase motion of the P and K atoms along thez direc-
tion. In the tetragonal phase of KDP aboveTc , the double-
well potential for the H atoms is due to the motion of th
heavy atoms along thez direction. At the transition tempera
ture, the rearrangement takes place not only for the H ato
but also for the heavy atoms. In fact, the structural transit
from the tetragonal phase to orthorhombic phase involves
the atoms in the cell, including P, K, O, and H, although t
significance of the various atomic displacements is differe
More specifically, if we allow only the displacement of the

FIG. 9. Total energy vs the position of H along the O-O bo
with O-O bond length of~a! 2.405 Å,~b! 2.469 Å, and~c! 2.510 Å,
respectively. The P and K atoms move out of phase: solid sym
denote the displacements of P along2z by 0.056 Å and K along
1z by 0.03 Å; open symbols denote the displacements of P al
1z by 0.056 Å and K along2z by 0.03 Å. The curves have bee
fitted to fourth-order polynomials.
8-7
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atoms, there is no double-well potential. On the other ha
if we displace only the P atoms, the energy curve does
hibit a double-well shape, suggesting that the relative d
placement between the P and O atoms is the dominant fa
This in turn determines the position of H, and the motion
K can be neglected.

However, these results cannot clarify whether the mot
of the heavy atoms alongz is an optical or a pseudospi
mode. In other words, whether the ferroelectric transition
of displacive or of order-disorder type still remains an op
question. To clarify this issue, further theoretical and exp
mental work needs to be carried out. However, theab initio
calculations presented here show that the vibrational mo
of the P atoms cause the double-well potential for each
atom and can be used to provide some insight into the o
nal tunneling model. In the model the transition temperat
is given by1

2V

J
5tanhS V

2kBTc
D , ~1!

whereV is the tunneling integral andJ is the dipolar inter-
action. Accordingly, substitution of H by D decreases t
tunneling integral and hence increasesTc . It should be noted
that the calculated total energy for the system is at zero t
perature, whereas the stability of the ferroelectric
paraelectric phase is determined by the free energy of
system as a function of temperature. According to Blin

FIG. 10. Variation of~a! the separation of the double wells,d
and d1 , and ~b! the energy minimaE1 and E in Figs. 8 and 9,
respectively, as a function of the O-O bond length 2R. The defini-
tion of these parameters is discussed in detail in the text.
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tunneling model,1 the zero-temperature intrinsic energy f
the paraelectric and ferroelectric phases is2V/2 and2J/4,
respectively. WhenV/2.J/4, the paraelectric phase is mo
stable than the ferroelectric phase; Eq.~1! has no real solu-
tion which in turn indicates that no ordering occurs a
hence the system remains paraelectric at all temperatu
The ab initio calculated total energy can be used to evalu
the parametersV and J which determine the transition ten
dency of the system. From Fig. 10, one sees that the m
mum energyE52J/4 for the ferroelectric phase at zero e
ternal pressure occurs at 2R52.469 Å. On the other hand
the minimum of the total energy for the paraelectric pha
E152V/2, occurs at 2R52.405 Å. This indicates that de
creasing the O-O bond length 2R will make the paraelectric
phase more stable. Accordingly, substitution of H by D w
increase 2R and hence decreaseV and J, resulting in a
higherTc . Therefore, the change ofV and hence ofTc upon
deuteration does not arise solely from changes of the tun
ing matrix elements due to the mass difference, but also fr
the geometric effect. These results seem to support Nel
conclusion that a part of the increase~about 40 K! in Tc is
caused by a direct tunneling effect and the other is due to
geometric effect.29

Similarly, increasing the external pressure~decreasing
2R! increases the energy of the ferroelectric phase and
bilizes the paraelectric phase, leading to a lower transit
temperature. At 2R52.405 Å, we find thatE15E and hence
V5J/2, yieldingTc50 @Eq. ~1!#. At this point, we find that
d50.24 Å andd150. The ab initio calculated value ford
agrees well with the corresponding experimental one of 0
Å obtained from theTc vs d data extrapolated toTc50.30 It
is important to note that this nonzerod value arises solely
from the displacements of the heavy atoms. Namely, had
heavy atoms been frozen, there would be only one equ
rium position for H at the center of the O-O bond~d!. Theab
initio calculations point out that the equilibrium configur
tion for the paraelectric phase obtained by geometric opti
zation is that with the lowest total energy and it cannot tra
form to the ferroelectric phase. For the ferroelectric pha
the spontaneous polarization is proportional to the ther

expectation value of the pseudospin̂Sz&, ^Sz&5@ 1
4

2V/J#1/2. Therefore, according to our calculations, increa
ing the external pressure will increaseV and decreaseJ,
leading to a decrease ofTc , consistent with the experimenta
results.31

We have calculated the variation of the total energy w
volume for both the orthorhombic and tetragonal phases
determine the critical pressure at whichTc50. For the
paraelectric phase, the equation of state is calculated for
structure ofI 4̄2d space group and certainly the H atoms a
at the center of the O-O bonds (d50). For each volume, we
varied the lattice constant ratiosc/a or b/a and the atomic
positions to determine the ground-state energy. The equa
of state curves are shown in Fig. 11 fitted to polynom
functions. The variation of the O-O bond length 2R with
volume for the tetragonal and orthorhombic structures
shown in Fig. 12. Note that 2R depends strongly on the
volume in the ferroelectric phase, but not in the paraelec
8-8
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phase because of the imposed symmetry constraint (d50).
Actually, the variation of 2R in the paraelectric phase shou
be similar with that in the ferroelectric phase. Experime
tally, at room temperature and at 16.5 kbar the equilibri
volumeV0 , the O-O bond length, andd are 92 Å3/unit, 2R
52.469 Å, andd50.315 Å, respectively.8 In the ab initio
calculations, when the volume is 92 Å3/unit in the ferroelec-
tric phase, the corresponding pressure is 23 kbar,R

FIG. 11. Total energy vs volume for the tetragonal and ort
rhombic phases of KDP. The straight line represents the com
tangent for the determination of the critical pressure.

FIG. 12. Variation of the O-O bond length 2R with the volume
of the unit cell for ~a! the orthorhombic and~b! the tetragonal
phases.
02410
-

52.455 Å andd50.32 Å, in good overall agreement wit
experiment. The critical pressurePc , determined by the
common tangent of two curves, is 30 kbar compared to
experimental value of 17 kbar.8 However, the latter was de
termined by extrapolatingd(T,P) and using theP-Tc de-
pendence and H distribution along the O-O bond leng
More experiments need to be performed to clarify this iss
It is interesting that in the ferroelectric phase the value ofR
exhibits a maximum of 2.51 Å at about 101 Å3/unit, and then
it decreases for larger volumes. The structure of DKDP c
be regarded as that of the KDP structure with negative p
sure with 2R52.51 Å ~the maximum value of 2R! and vol-
ume of 101 Å3/unit. The negative pressure evaluated fro
this figure is 9 kbar, so that the predicted value ofPc in
DKDP at whichTc50 is 39 kbar, compared to the exper
mental value of 65 kbar.8

We finally investigate the effect of the displacement of t
heavy atoms. In Fig. 13 we show the variation of the to
energy versus the relative displacement of P and O along
z direction for different values of 2R. The double-well fea-
ture of the energy curve indicates that the origin of the fer
electric transition in KDP is the coupled relative displac
ment of P and O, in the PO4 unit. The minimum energy
occurs at 2R52.469 Å and atPz50.056 Å, which is the
phosphorous displacement used in Fig. 9. Note that forR
52.51 Å ~the O-O bond length in DKDP! the equilibrium
value ofPz increases to 0.08 Å, which agrees also well w
experiment.8 For 2R52.405 Å, the energy curve is very fla
and exhibits a single minimum, indicating that no ferroele
tric transition will occur. This is consistent with the results
the charge density and the Mulliken population analy
which shows that changes of the P-O distance leads
redistribution of charge density and hence to the spontane
polarization.

-
n

FIG. 13. Variation of the total energy vs the P displacem
along thez direction for different O-O bond lengths 2R of ~a! 2.405
Å, ~b! 2.469 Å, and~c! 2.510 Å, respectively. The curves are the fi
to fourth-order polynomials.
8-9
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V. CONCLUSION

We have carried out electronic structure calculations
the orthorhombic and tetragonal crystal structures in KD
The calculated lattice parameters and atomic positions ar
good agreement with experiments. The distanced between
the two equilibrium positions of H along the O-O bond
found to depend on both the O-O bond length and the
placements of K and P along thez direction. Of course, the
distanced depends also on the isotope mass. The chang
transition temperature upon deuteration or external pres
is caused by changes of the O-O bond length and he
changes ofd. It is shown that the origin of the ferroelectricit
of KDP arises from the redistribution of charge dens
caused by change of the P-O distance and the coupled
motion is the dominant factor for the ferroelectric phase tr
i-

,

ta

Se
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sition. Although our calculations were focused on KDP, t
results should be appropriate for other hydrogen-bon
ferroelectric and antiferroelectric systems. However, furt
experimental and theoretical work needs to be carried ou
clarify the mechanism~order-disorder or displacive! respon-
sible for the ferroelectric transition in this family of system
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