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First-principles electronic structure calculations were carried out for the paraelectric and ferroelectric phases
of KH,PQ, using the pseudopotential method. The calculated structures are in good agreement with experi-
ment. The calculations reveal that the distaddeetween 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.
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[. INTRODUCTION positions of each H to the “left” or to the “right” of the bond
center are described by the pseudosginwhich takes val-
Potassium dihydrogen phosphate, 0, (KDP), is the ues+1 and —1, respectively. The proton then tunnels be-
prototype for a series of hydrogen-bonded ferroelectricaween these two positions and the propagation of the pseu-
whose properties have attracted wide and sustained interesipspin in the whole system is referred to as the pseudospin
due to its nonlinear optical and electro-optical propertiesvave. At the transition temperatufie="T., which depends
with many applications in laser physit4 At room tempera- on the tunneling integral and the proton-proton interaction,
ture, KDP is paraelectric and has a tetragonal crystal struche frequency of the pseudospin wave decreases to zero. In
ture; atT.=122 K, KDP undergoes a transition to a ferro- other words, the ferroelectric phase transition is associated
electric phase which is orthorhombic. The ferroelectricwith the condensation of the pseudospin wave. Based on this
transition has been understood on the basis of the soft-modrodel, the isotope effe¢increase of the transition tempera-
theory! The basic concept of this theory is that one of theture to 229 K upon substitution of hydrogen in KDP with
elementary excitations of the system becomes unstable asdeuteron(DKDP) (Ref. 7] is attributed to a change in tun-
— T, and the vanishing of the frequency a&t&=T. corre- neling frequency caused by the mass change from H to D.
sponds to the condensation of the normal-mode displacé=urthermore, the decrease ©f with pressure can also be
ments, which are superimposed on the structure of the highexplained by the model, assuming a decrease of the proton-
temperature phase. According to the shape of the singlgroton interaction and an increase of the tunneling integral.
particle energyV(Q) (Q are the normal coordinatgesthe However, neutron diffraction data established the exis-
ferroelectric phase transitions can be distinguished {jto tence of ionic displacements parallel to thexis to account
displacive type andii) order-disorder typé.In the first cat- for the spontaneous polarization, indicating that the above
egory, such as the BaTi&ystem,V(Q) has a single mini- view of the structural phase transition needs to be
mum atQ=0 and the phase transition takes place with theextended:® Kobayashi has taken account of the optical pho-
condensation of a soft phonon. On the other hand, in th@on mode of thg K-PO,] complex coupled with the proton
order-disorder typeV(Q) exhibits two minima of equal tunneling mode, showing that the transition is of displacive
depth atQ= = Q, and the soft collective excitations are not type. An alternative suggestion was that the phase transition
phonons but unstable pseudospin waves which occur in ads still of an order-disorder type, but triggered by the order-
dition to all phonon modes predicted by the harmonic theonjing of the P atoms or PQgroups other than H atoni&!
of crystal lattices. Although extensive investigations have  In the last 20 years, new results of high-resolution neutron
been employed during the past several decades, the atomidfraction studies raised a number of issues related to the
mechanism of the ferroelectric transiti¢arder-disorder or mechanism of the phase transitithit has been shown that
displacive typgin KDP still remains unclear* structural changes in the geometry of the hydrogen bond
Experiments suggested that in the high-temperaturevhich accompany the H/D substitutidthe so-called Ubbe-
paraelectric phase, each hydrogen (proton occupies with  lohde effect?) are closely connected with the microscopic
equal probability50%) two equilibrium positiongseparated mechanism of the phase transition. It is found that the dis-
by &) along the O-O bond.In the proton orderingor quan-  tanced increases upon deuteration. Similarly, the hydrostatic
tum tunneling model proposed by Bling® the equilibrium  pressure was found to reduce the distafiead the transition
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FIG. 1. (Color) The tetragonal
structure of KDP. In the actual
structure the H atoms are located
at two equilibrium positions,
which are symmetric with respect
to a twofold axes along theor y
directions crossing the center of
O-O bonds. Each position has
50% occupancy.

@ 0 H

temperature in KDP. Therefore, the diffraction results lead to Il. METHOD
the conclusion tha# is the principal factor which determines

Te. Thus, new models were proposed, coupling the tunnel; loy the total energy pseudopotential method, which is well

Ing protons ar_1d the geometncal aspects of the hydrogeﬁocumented elsewhet®.The calculations were performed
bond, to describe the isotope effect and the pressure depen-.

13-15 : L . using thecasTepcode. The energy cutoff of the plane-wave
dence ofT,. More recently, first-principles calculations basis functions was set to be 680 eV. Convergence (epts
have been carried out to study the isotope effect in ' 9 P
K4H(SO,),. 1617 to 1000 eV have shown convergence of the total energy

To our knowledge, no comprehensia® initio calcula- better than 1 meV/atom. We have used the ultrasoft

tions for KDP have been reported so far, which can providé)seu_dopotentia?g and r?té?e Perdew-Burke-Emzerhof
parameter-free analysis of the structural and electronic dedradient-corrected functiorfalfor the exchange-correlation
tails involved in the phase transition. There is only one re-€N€rgy. The total energy of the system was minimized with
search work using the periodic Hartree-Fock quantun{e,SPeCt to Fhe eIectromc degrees of freedom using a density-
chemical method to investigate the electronic structure ang!Xing conjugate gradient scherffeThe atomic forces were
the proton transfer potential energy cuiieTherefore, the ~calculated using the Hellmann-Feynman theorem which al-
purpose of this work is to employ the density functional lows optlmlzat|pn of the atomic positions. For the reciprocal-
theory (DFT) to investigate the electronic structure of both SPace Integration W%Qg‘a"e used the Monkhorst-R&tR)

the tetragonal paraelectric phase and the orthorhombic ferr@Pecialk-point method-" Convergence tests were performed
electric phase. The paper is organized as follows: in Sec. 07 2X2X2, 4X4x4, and 5<5x5 divisions along the

we describe the crystal structure and the method. We preserﬁmprocal-latnce directions and the total energy was found to
the results of the electronic structure calculations in Sec. 111°€ converged to less than 0.1 meV/atom. ,

In Sec. IV, we study and discuss the tetragonal phase to show 11€ crystal structure of the tetragonal paraelectric phase
some structural characteristics responsible for the ferroeledas! 42d (D33) space group and the orthorhombic ferroelec-
tric phase transition. Finally, Sec. V includes a brief statedric phase hasdd2 (C%ff) space group. The crystal structure
ment of the conclusions. of the tetragonal is illustrated in Fig. 1 and its projection on

The first-principles electronic structure calculations em-
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orthorhombic structure is associated with small changes in
the lattice parameters and the structural displacements of the

atoms. First, the H atoms order onto sites closer to the two
2 “upper” O atoms of each P@group, and hence the twofold
( axes along the andy directions for the two P@groups and

L

.

=

the two H sites(each 50% occupied abovi.) disappears.

Second, the 4axis alongz for each PQ group becomes a
twofold axis, so that the four oxygen atoms of each,PO
group, which are all symmetry related aboVg, change to

T\
=X
y
......| , 4

sy Qs

SO UD S—

e [\, £\ I two independent paifgwo O(1) atoms, and two (@) atomg
‘; \/ ....... P \) ) - below T.. The H atom motion closer to @) atoms is ac-
“ v x companied with that of the P atoms, which move aleng
relative to the O atoms so that the Fipbond length be-
comes shorter than that of the R2) and hence the K atoms

move along+ z relative to the O atoms.

Ill. RESULTS AND DISCUSSION
’ For both the tetragonal and orthorhombic phases we fix
FIG. 2. The tetragonal structure of KDP, with2d space group, the space groupl42d or Fdd2) and then carry out both
projected along the 4axis (z), outlined by the solid lines. The geometric(a/b andc/b ratio9 optimization and atomic re-
dashed lines outline the fcc unit cell of the space grégd2,  |axation to find the equilibrium configuration. For both cases,
corresponding to the orthorhombic phase. Fractional coordinatethere are two potassium, two phosphorous, four hydrogen,
alongz are given for some of the atoms. and eight oxygens in the primitive cell. In Table | we list the
calculated and experimental equilibrium lattice parameters
thex-y plane is shown in Fig. 2. In both cases the P atom isand the atomic positions for both the tetragonal and ortho-
placed at the origin of the cell. One can see in Fig. 2 that thghombic phases. Overall, there is a very good agreement with
body-centered 42d conventional cell containing four for- experiment, especially for the orthorhombic phase. For the
mula units can be easily transformed into a face-centered cetétragonal phase, there are two main differences between the

containing eight formula units, corresponding to the ortho-results of theab initio calculations and experiment. First, in
rhombic structure. The conventional cell of the orthorhombicexperiment the H atoms occupy two equilibrium sites, sym-

phase has its axesandy along thex’ andy’ axes, respec-

metrically displaced from the O-O midpoint, each with 50%

tively, in Fig. 2. The transition from the tetragonal to the occupation; these two sites are symmetric with respect to a

TABLE |. Comparison of theab initio lattice parameters and atomic coordinates with the corresponding
experimental values. Distances are in A, and angles are in degrees.

Orth.
Tetr.
Calculated 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
0/0(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
0O(1) x 0.11444 0.11625
y —0.03042 —0.03415
z —0.115093 —0.11790
P-O(2) 1.5198 1.5429 1.55181 1.5719
P-O(1) 1.5198 1.5429 1.49271 1.5158
0(2-0(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 (5) 0.0 0.3428
0(2)-P-02) 110.2 110.52 106.5 106.65
O(1)-P-01) 114.8 114.80
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LTIJ (dashed lingand the tetragonal structurésolid line).
- -15 | the P and K atoms, respectively. In both figures, we show the

charge density for both the orthorhomli@ and the tetrag-
onal structuregb). We find that the bonding between the
O-H atoms is quite directional, whereas the charge density
-20 | L along thez direction is relatively weak. Note that the O-H-O
chains are along th¢110] direction in the orthorhombic
structure and along th@l00Q] direction in the tetragonal
structure, and that the number of atoms in the conventional
=25 - cell of the orthorhombic structure are twice as many as that
in the tetragonal one. For the orthorhombic structure, since
7 T X P N r the H atoms are located at the off-center positions and the
P-O(1) bonds have different length than the P2Dbonds,
FIG. 3. Band structure for the tetragonal KDP structure alongthe charge density for @) and Q2) is not symmetric. For
the high-symmetry axes in the Brillouin zone. the (001) plane containing the P and K atortfsig. 7) there
exists strong bonding between the P and O atdimsated
twofold axis crossing the center of the O-O bonds. On theabove and below this plap@f the PQ group which has
other hand, in the calculations, the H atoms are found t@ovalent character. Note that there is very weak bonding be-
occupy the center of the O-O bonds, and the symmetry isween the PQ group and the K atom, which reflects the
automatically satisfied. Second, the calculated distance of thgresence of an ionic bond between them. The covalent bond-
0-0 bonds, R, is less than the experimental value by abouting between the P and O atoms in the orthorhombic structure
0.08 A. This discrepancy results from the symmetryexhibits asymmetry due to the fact that thélDand Q2)
constraint imposed on the system and will be discussedtoms are inequivalent. Segait al. used* a technique for
in Sec. IV. the projection of plane-wave states onto a localized basis set
We have calculated the electronic structure and density o calculate atomic charges and bond populations by means
states for both the tetragonal and orthorhombic structuresf Mulliken analysis. In Table Il we list the charge and over-
Generally speaking, there is almost no difference in the eledap population(using a cutoff distance of 3 )&for both the
tronic structure between the tetragonal and orthorhombigetragonal and the orthorhombic structures. Since the dis-
phases. The band structure for the tetragonal phase is plottéghces of H-@1) and H-Q2) and P-@1) and P-@2) in the
along the high symmetry axes of the Brillouin zone in Fig. 3.tetragonal phase are identical, the overall population is the
The band structure of KDP is typical of an insulating systemsame. In conclusion, the redistribution of the charge density
with an energy gap of about 5.96 eV. The total density ofleads the spontaneous polarization in the ferroelectric phase.
states(DOY) for the tetragonal and orthorhombic structures

are shown in Fig. 4. In Fig. 5 we plot the partial DOS for the IV. FERROELECTRIC TRANSITION
tetragonal phase. One can see that the valence states below
the Fermi energyEgr are primarily Op-derived states, As discussed above, in the original proton-ordering model

whereas the lowest conduction band sté#édut 6 eV above of KDP, only the rearrangement of the protons in the double

Er) are primarily of Ps and Hs character. The Ks-derived  well potentials along the O-O bonds was regarded as the

states are about 10 eV beldg¢ and the Pp bonding states dipolar coordinates. However, inelastic neutron-scattering

are centered about 6 eV belduy- . experiments on DKDP have shown that the 180° out-of-
Figures 6 and 7 we show the charge density contours gbhase motion of the K and P atoms alang “tied” to the

the (001) atomic planes which contain the O-H chains andmotion of the D atom$>2° Moreover, the spontaneous po-
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involves the displacive component of PThus the question

E (eV) naturally arises: what is the relationship between the posi-

FIG. 5. Orbital- and atom-resolved partial density of states oft1on Of,)the heavier atome _and H and th_e motion of the

KDP for the tetragonal structure. The dashed and solid curves re&gr_ot_on_. The key to answering this question is to reveal _the

resent thes- and p-projected density of states, respectively. origin in the electron!q structure of the double—well. potgnu'al
shapeV(Q), or specifically to reproduce the two-site distri-

larization in the ferroelectric phase is along thelirection  bution of H with separatiord.

due to the motion of the heavy atoms. Recent measurements As was alluded to earlier in Sec. Ill, two main differences

of the chemical shift offP in the vicinity of the ferroelec- were found between theb initio calculations and experi-

tric transition point in KDP suggest that the transition alsoment for the equilibrium configuration of the tetragonal
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FIG. 8. Total energy vs the position of the H along the O-O
bond with O-O bond length ofa) 2.405 A, (b) 2.469 A, and(c)
2.510 A, respectively. The K and P atoms are frozen to their opti-
mized values in Table I. The curves represent fits to fourth-order
polynomials.

phase, i.e., the length of the O-O bondR,2and the position
of the H atoms. More specifically, the calculateR 2
=2.405 A for the tetragonal phase is smaller than the corre-
sponding experimental value of 2.483 A, while the value of
2R=2.483 A for the orthorhombic phase is in very good
agreement with experime(itable ). The distances between
the two equilibrium H configurations was found experimen-
tally to depend strongly on the O-O bond len§t.The O-O
(2R) and the O-H(6) bond lengths increase from 2.483 and
K 0.34 A in KDP to 2.523 and 0.45 A in DKDP, respectively.
In order to investigate the effect of the O-O separation on the
total energy in the tetragonal phase, first we have frozen the
K and P atomic positions to their equilibrium optimized val-
FIG. 7. Valence charge density contour plot of KDP on ((b@1) ues(Table |) and varied the H position along the O-O bond
plane containing the P atoms féa) the orthorhombic andb) the  and the O-O bond length, preserving the tetragonal structure.
tetragonal structures. In Fig. 8 we show the variation of the total energy as a

[010]

TABLE Il. Comparison of the charge for each atom and overlap population between atoms for the
tetragonal and orthorhombic phases.

Charge @) 0(2) H P K
tetr. —1.05 —1.05 0.35 2.27 1.23
orth. -1.09 —-1.02 0.37 2.27 1.20
Overlap population @)-0(2) O(1)-H o(1)-P Q2)-H O(2)-P
tetr. —-0.20 0.40 0.65 0.40 0.65
orth. -0.14 0.24 0.73 0.53 0.55
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function of the H position along the O-O bond, for different  -5507.4
0O-0 bond lengths ofa) 2.405 A, (b) 2.469 A, and(c) 2.510

A, respectively. Note that when the O-O bond is 2.405 A
(optimized bond length in Table there is a single minimum

at the midpoint. On the other hand, when the O-O bond
length increases to 2.469 fxperimental valueand 2.523 5507.8 4
A, respectively, the energy curve develops a double well,
symmetrically placed with respect to the bond center, with
the H tunneling between the two equilibrium positions. The = -5508.0
hydrogen separatiod increases from 0.21 to 0.31 A as the ©
0O-O separation increases from 2.469 and 2.51 A, which,@
however, are still smaller than the experimental values of #
0.34 A in KDP and 0.45 A in DKDP.

We next investigate the effect of the motion of Kand Pon  _g50g.4 -
the ferroelectric transition. It was found experimentally that
the motion of the KD) atoms between the two equilibrium
sites is accompanied with the motion of the K and P atoms -5508.6 1
along thez axis which is out of phase. The amplitude of the
soft-mode eigenvector alormK ,, andP, can be determined
from neutron or x-ray scattering measurements. Although
different methods lead to different absolute values of these
amplitudes, especially for K, the estimated values are abou.
0.05 A8 Moreover, the almost-saturated structural displace- Fig. 9. Total energy vs the position of H along the O-O bond

ments of the P and K atoms along thaxis in the ferroelec- \yith 0-0 bond length ofa) 2.405 A, (b) 2.469 A, and(c) 2.510 A,

tric phase of[D)KDP have the same magnitude with tR¢  respectively. The P and K atoms move out of phase:  solid symbols
andK,. Therefore, it is reasonable to take in this work thedenote the displacements of P alorg by 0.056 A and K along

displacements of P and K alorzgn the orthorhombic struc-  +z by 0.03 A; open symbols denote the displacements of P along
ture as the soft-mode eigenvector, with valiigs=0.056 A +z by 0.056 A and K along-z by 0.03 A. The curves have been
and K,=0.03 A, respectively. It will be shown below that fitted to fourth-order polynomials.

while the optimized value oP, is strongly correlated with

the O-O bond length R, it has a small effect on the total the K and P were frozen to their optimized positions and
energy. o where they were allowed to move out of phase. The fact that
In these calculations the symmetry of space grodipd E is lower thanE; demonstrates that the out-of-phase motion
for the tetragonal phase was broken artificially by movingof the K and P atoms lowers the energy. It is important to
the P and K atoms out of phase alongrhe H atoms were note thatE reaches its minimum when the O-O bond length
then moved along the O-H-O bonds to determine the equi2R=2.469 A, in excellent agreement with experiment. Fur-
librium position. Figure 9 shows the variation of the total thermore, for the equilibrium valueR=2.469 A the separa-
energy as a function of the H position along the O-H-O bondion & between the double wells is 0.34 A, also in excellent
in the distorted structures for different values of the O-Oagreement with experimeftA further corroboration of the
bond length R of (a) 2.405 A, (b) 2.469 A, andc) 2.510 A,  ab initio calculations is that it predicts that the energy barrier
respectively. One can see that wheifk moves along—z  between the double wells is 0.29 eV in good agreement with
(+2), Hwill be closer to @2) otherwise, when FK) moves  the value of 0.37 eV obtained from the best-fitting double-
along +z (—2z), H will be closer to @1). Therefore, there Morse potential for KDRRef. 8 and the value of 0.24 eV
are two equilibrium positions for H caused by the out-of-from more recent experiments.
phase motion of P and K. The energy curves can be fitted by When R is 2.51 A, as that in DKDP, the value af
a double-well shape which is asymmetric about each miniincreases to 0.41 A, quite close to the experimental Vlue.
mum, i.e., steeper towards the nearest oxygen. More impoifhese results indicate that the value &flepends on two
tantly, the double-well potential shape depends strongly ofmportant atomic parameters: the O-O bond length and the
the O-O bond length, which can be described by two parameut-of-phase motion of the P and K atoms along zfkrec-
eters: the distance of the two energy minidand the value tion. In the tetragonal phase of KDP aboVg, the double-
of the minimum of the total energf. The value ofE is  well potential for the H atoms is due to the motion of the
almost the same as that of the orthorhombic phase. Corréreavy atoms along thedirection. At the transition tempera-
spondingly, for the case where the K and P atoms were froture, the rearrangement takes place not only for the H atoms,
zen to their optimized values, we denote the distance bebut also for the heavy atoms. In fact, the structural transition
tween the two potential wells and the minimum of the totalfrom the tetragonal phase to orthorhombic phase involves all
energy in Fig. 8 a®; andE,, respectively. the atoms in the cell, including P, K, O, and H, although the
In Fig. 10 we display the variation of these parameters asignificance of the various atomic displacements is different.
a function of the O-O bond lengthR2 for both cases where More specifically, if we allow only the displacement of the K

-5507.6

ce

-5508.2

-5508.8 +————————T——T————T——T—
08 09 10 11 12 13 14 15 16 1.7

O1-H (A)
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0.5 T T T T 1 T tunneling modet, the zero-temperature intrinsic energy for
1 @ 05 1 the paraelectric and ferroelectric phases-8/2 and —J/4,
0.4 1 / T respectively. Wheif)/2>J/4, the paraelectric phase is more
= 03_’ o—=0 ° _ ;table than _the ferr(_)elgctric phase; E). has_no real solu-
= ~] o0 ./ 5, ] tion which in turn indicates that no ordering occurs and
2 o e 1 hence the system remains paraelectric at all temperatures.
w | | Theab initio calculated total energy can be used to evaluate
01 i the parameter§) and J which determine the transition ten-
| | dency of the system. From Fig. 10, one sees that the mini-
0.0 re—r———— 11—+ mum energ\E = — J/4 for the ferroelectric phase at zero ex-
240 242 244 246 248 250 252 ternal pressure occurs aR22.469A. On the other hand,
2R (A) the minimum of the total energy for the paraelectric phase,
E,=—Q/2, occurs at R=2.405A. This indicates that de-
-5508.1 — T 1 T creasing the O-O bond lengtiR2will make the paraelectric
_55082_' (®) E o ] phase more stable. Accordingly, substitution of H by_ D will
: increase R and hence decreade and J, resulting in a
_5508.3_' i higherTq. Therefore, the change 6f and hence of ; upon
~ | . deuteration does not arise solely from changes of the tunnel-
8_6 5508.4 ./ Eo 1 ing matrix elements due to the mass difference, but also from
w | ./ / | the geometric effect. These results seem to support Nelmes
5508.5 - o< 1 conclusion that a part of the increagout 40 K in T, is
| O —° | caused by a direct tunneling effect and the other is due to the
5086 geometric eff_ecf.9 _ _
240 D242 D244 246 248 250 252 S|'m|larly, increasing the external presgu@@ecreasmg
2R (A) 2R) increases the energy of the ferroelectric phase and sta-

bilizes the paraelectric phase, leading to a lower transition
FIG. 10. Variation of(a) the separation of the double wells, ~temperature. At R=2.405A, we find thaE; =E and hence
and &;, and (b) the energy minimeE; and E in Figs. 8 and 9, =J/2, yieldingT.=0 [Eq. (1)]. At this point, we find that
respectively, as a function of the O-O bond lengfR. Zhe defini-  §=0.24 A andd,;=0. Theab initio calculated value fos
tion of these parameters is discussed in detail in the text. agrees well with the corresponding experimental one of 0.22
A obtained from theT, vs 6 data extrapolated td,=0.3 It
atoms, there is no double-well potential. On the other handis important to note that this nonze@value arises solely
if we displace only the P atoms, the energy curve does exfrom the displacements of the heavy atoms. Namely, had the
hibit a double-well shape, suggesting that the relative disheavy atoms been frozen, there would be only one equilib-
placement between the P and O atoms is the dominant factaium position for H at the center of the O-O bo(d. Theab
This in turn determines the position of H, and the motion ofinitio calculations point out that the equilibrium configura-
K can be neglected. tion for the paraelectric phase obtained by geometric optimi-
However, these results cannot clarify whether the motiorzation is that with the lowest total energy and it cannot trans-
of the heavy atoms along is an optical or a pseudospin form to the ferroelectric phase. For the ferroelectric phase,
mode. In other words, whether the ferroelectric transition ishe spontaneous polarization is proportional to the thermal

of displacive or of order-disorder type still remains an OpeNgynectation value of the pseudospiS,), (S,)=[%

question. To clarify this issue, further theoretical and experi-_ Q/J]¥2. Therefore, according to our calculations, increas-
mental work needs to be carried out. However, abeinitio X ! !

. : . ing the external pressure will increase and decreasd,
calculations presented here show that the vibrational mod éading to a decrease ®f,, consistent with the experimental
of the P atoms cause the double-well potential for each '

: JORE G ' "fesults®
atom and can be used to provide some insight into the origi-

: 2. We have calculated the variation of the total energy with
nal .tunneli;g model. In the model the transition temperaturg,,; ,me for both the orthorhombic and tetragonal phases to
is given b

determine the critical pressure at whidh.=0. For the
20 "( Q ) paraelectric phase, the equation of state is calculated for the

T=tan KT (2) structure ofl 42d space group and certainly the H atoms are
BC at the center of the O-O bond$<€0). For each volume, we
where(} is the tunneling integral and is the dipolar inter- varied the lattice constant rati@éa or b/a and the atomic
action. Accordingly, substitution of H by D decreases thepositions to determine the ground-state energy. The equation
tunneling integral and hence increadgs It should be noted of state curves are shown in Fig. 11 fitted to polynomial
that the calculated total energy for the system is at zero tenmfunctions. The variation of the O-O bond lengtiR 2vith
perature, whereas the stability of the ferroelectric orvolume for the tetragonal and orthorhombic structures is
paraelectric phase is determined by the free energy of thehown in Fig. 12. Note that R depends strongly on the
system as a function of temperature. According to Blinc’svolume in the ferroelectric phase, but not in the paraelectric

024108-8



AB INITIO STUDY OF THE ELECTRONIC AND.. ..

PHYSICAL REVIEW B55 024108

-2754.100 :
-5508.1 .
-2754.125 - _
-2754.150 _
-5508.2 i
-2754.175 _
= s 1 |
S 2754200 _ T 5508.3
>
< 5
¥ m,
W 2754225 o
’ -5508.4 ]
-2754.250 - _
orth.
-2754.275 . -5508.5 i
2754.300 — T T T T T T T T 1
- = T ' 1 T 1 1 T T v 1 1 1 _ . }
8 88 90 92 94 96 98 100 102 104 0.15 0.10 0.05 0.00 0.05 0.10 0.15
V(A P, (A)

FIG. 11. Total energy vs volume for the tetragonal and ortho-

FIG. 13. Variation of the total energy vs the P displacement

rhombic phases of KDP. The straight line represents the commo@long thez direction for different O-O bond lengthsR2of (a) 2.405
tangent for the determination of the critical pressure.

phase because of the imposed symmetry constraint(y).

A, (b) 2.469 A, andc) 2.510 A, respectively. The curves are the fits
to fourth-order polynomials.

=2.455A and5=0.32A, in good overall agreement with

Actually, the variation of R in the paraelectric phase should experiment. The critical pressur@,, determined by the
be similar with that in the ferroelectric phase. Experimen-common tangent of two curves, is 30 kbar compared to the
tally, at room temperature and at 16.5 kbar the equilibriumexperimental value of 17 kbarHowever, the latter was de-

volumeV,, the O-O bond length, and are 92 A/unit, 2R
=2.469A, ands=0.315A, respectivel§.In the ab initio
calculations, when the volume is 92/&nit in the ferroelec-

termined by extrapolating(T,P) and using theP-T. de-
pendence and H distribution along the O-O bond length.
More experiments need to be performed to clarify this issue.

tric phase, the corresponding pressure is 23 kba, 2 Itisinteresting thatin the ferroelectric phase the valueRf 2

exhibits a maximum of 2.51 A at about 10£/8nit, and then
it decreases for larger volumes. The structure of DKDP can

291 o ' ' L ' ' be regarded as that of the KDP structure with negative pres-
2.50 4 /’-' 1 sure with R=2.51 A (the maximum value of R) and vol-
249 - (a) o \_ ume of 101 A/unit. The negative pressure evaluated from
o this figure is 9 kbar, so that the predicted valueRyf in
248 / 7 DKDP at whichT,=0 is 39 kbar, compared to the experi-
47 4 ° i mental value of 65 kbdt.
/ We finally investigate the effect of the displacement of the
246 7 ¢ y heavy atoms. In Fig. 13 we show the variation of the total
< 2.45 / _ energy versus the relative displacement of P and O along the
T 24 z direction for different values of R. The double-well fea-
T T ture of the energy curve indicates that the origin of the ferro-
2.43 . electric transition in KDP is the coupled relative displace-
o ment of P and O, in the PQunit. The minimum energy
2.424 (b) 7 occurs at R=2.469A and atP,=0.056 A, which is the
2.41 - /0_0_0/0 . phosphorous displacement used in Fig. 9. Note that for 2
240 - o—o0——0—"° i =2.51A (the O-O bond length in DKDPthe equilibrium
' value of P, increases to 0.08 A, which agrees also well with
29 4+—TT T 7777 experiment For 2R=2.405A, the energy curve is very flat
85.0 875 90.0 925 950 97.5 100.0 1025 105.0 and exhibits a single minimum, indicating that no ferroelec-

V (A¥unit)

tric transition will occur. This is consistent with the results of
the charge density and the Mulliken population analysis

which shows that changes of the P-O distance leads to a
redistribution of charge density and hence to the spontaneous
polarization.

FIG. 12. Variation of the O-O bond lengtiR2with the volume
of the unit cell for (a) the orthorhombic andb) the tetragonal
phases.
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V. CONCLUSION sition. Although our calculations were focused on KDP, the
. . . results should be appropriate for other hydrogen-bonded

We have carr led out electronic structure calculat[ons forferroelectric and antiferroelectric systems. However, further
the orthorhombic and tetragonal crystal structures in KDP,

) . - experimental and theoretical work needs to be carried out to
The calculated lattice parameters and atomic positions are |

; ) . aarify the mechanisntorder-disorder or displaciyeespon-
good agreement with experiments. The distadeetween . sible for the ferroelectric transition in this family of systems.
the two equilibrium positions of H along the O-O bond is

found to depend on both the O-O bond length and the dis-
placements of K and P along tlzedirection. Of course, the
distances depends also on the isotope mass. The change of
transition temperature upon deuteration or external pressure The research at California State University Northridge
is caused by changes of the O-O bond length and henosas supported through the Lawrence Livermore National
changes ob. It is shown that the origin of the ferroelectricity Laboratory through Grant No. B509971. The research at
of KDP arises from the redistribution of charge densityLawrence Livermore National Laboratory was supported
caused by change of the P-O distance and the coupled P4Brough the U.S. Department of Energy under Contract No.
motion is the dominant factor for the ferroelectric phase tranW-7405-ENG-48.
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