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Abstract

Potassium dihydrogen phosphate (KDP) is paraelectric with a tetragonal system
(I42d, Z = 4) at room temperature. The crystal is grown from a water solution by the
slow evaporation method, colorless, transparent, and stable in atmospheric condition.
It is useful in piezoelectric and nonlinear optic devices. In 1935, ferroelectricity of
KDP along the c-axis was discovered below the Curie temperature T, = 123 K, where
the crystal takes the face-centered orthorhombic system (F'dd2, Z = 8). The deuter-
ated crystal potassium dideuterium phosphate (DKDP) is isomorphous to KDP, and
T, rises about 100 K, which is known as the deuteration effect or isotope effect. Un-
der high pressure (hydrostatic pressure), T, decreases and finally disappears at about
2 and 6 GPa for KDP and DKDP, respectively, around which the dielectric constant
shows a quantum paraelectric character. Although the phenomena of the ferroelectric
transition have been investigated widely by many researchers, the dynamical mecha-
nism of the phase transition in KDP/DKDP is not conclusive yet.

To the authors’ knowledge, structural studies of KDP are limited down to the
liquid nitrogen temperature, and those of DKDP down to 210K. In addition to the
structural parameters in the paraelectric phase, those in the ferroelectric phase are
important in the comprehensive understanding of the phase transition mechanism.
Therefore, we perform the single-crystal neutron diffraction experiments of both KDP
and DKDP in a wide temperature range (down to 10K) for both ferroelectric and
paraelectric phases and refine the structure parameters, in order to elucidate the
essential difference between KDP and DKDP. The neutron diffraction experiments
were performed using a four-circle-off-center-type diffractometer, FONDER (T2-2) of
JRR-3M, JAEA, Tokai.

The structural changes at the ferroelectric phase transition and their differences of
both KDP and DKDP are summarized as follows:

(i)  Protons/deuterons are in disorder in the paraelectric phase, while the K and P
atoms are not from the crystallographic viewpoints. Below T, the K and
P atoms displace along the c-axis in connection with the ordering of pro-

tons/deuterons.



ii

Abstract

(iii)

v)

(vi)

(vii)

In DKDP, the atomic coordinates show no remarkable temperature dependence
except for the stepwise change during the ferroelectric phase transition. On
the other hand, the ‘precursor’ behavior in the paraelectric phase and the
continuous changes of the atomic coordinates just below 7. are confirmed in
KDP.

The displacements of the atoms below T, are considered in keeping a common
center-of-gravity of the unit cell. In the ferroelectric phase, the K and P atoms
display remarkable translations, and the O and H/D atoms tiny shifts along
the c-axis in comparison with their positions in the paraelectric phase. The
antiparallel displacements of the K and P atoms assure keeping the center-of-
gravity of the unit cell throughout the phase transition.

The spontaneous polarization is calculated from the structural parameters using
the point-charge method (K:+e, P:+5e, O:—2e, and H/D:+e). The calculated
magnitudes of the polarization are in agreement with the previous values mea-
sured directly. The contribution from the P atom to the total polarization is
predominant because of its large charge. As reported previously, the sponta-
neous polarization of DKDP is about 1.2 times larger than that of KDP, and
this difference arises from the slightly larger displacement of the P atom in
DKDP than in KDP.

In KDP, the atomic shifts along the c-axis indicate gradual increases due to the
ordering of proton with decreasing temperature just below 7. This character is
consequently associated with the temperature dependence of the spontaneous
polarization. At very low temperatures, the thermal contraction of the unit cell
affects the magnitudes of the displacements, that is, the spontaneous polariza-
tions decrease a little. In DKDP, the atomic displacements and the polarization
change take place rapidly; the phase transition must be just of the first-order
type.

All the atomic distances and angles are examined in both KDP and DKDP.
From the result, remarkable differences are confirmed in the geometrical param-
eters relevant to the hydrogen bonds (O-H/D- - - O bond), while no significant
difference is confirmed in the other quantities. Except for the temperature de-
pendence just below T, in KDP, the continuous thermal contractions of the
unit cells are only observed, and no remarkable change is found in the crystal
structure below the liquid-nitrogen temperature.

In the paraelectric phases, the split distance between two equilibrium sites of
the H/D atom, 4, is about 0.13A longer in DKDP than in KDP. The distance
between two oxygen atoms of the hydrogen bond, Ro-o, has a difference of
about 0.04 A between KDP and DKDP; these two are reconfirmed in our study.
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It is also found that the deuteron has a smaller distance from the acceptor O
atom; the distance rp is about 0.04 A shorter than 7y in both paraelectric and

ferroelectric phases. rp depends little on temperature, while ry rather largely.

Even if the proton and deuteron are located within the same double minimum
potential, the remarkable difference should appear in their reciprocating motions be-
tween two equilibrium positions because of the zero-point energies due to the mass
difference. Consequently, it generates a difference in the strength of the hydrogen
bond; if the proton vibrates more frequently, it makes the distance Rp_o shorter.
Therefore, the isotope effect on KDP and DKDP can be explained as a result of
such a mass effect. Additionally, the difference between the behaviors of proton and
deuteron is found to increase definitely the difference of the spontaneous polariza-
tions; a heavy deuteron attaches closer to the acceptor O1, and induces the larger
charge redistribution in P-O bond and the D atom, so that the shift of the P atom
can become larger. (Refer to (iv).)

These structural analyses support a scenario in which the differences of the hydrogen
mass and the potentials associated with different distances between the two O atoms
cause the differences in the transition temperature, the spontaneous polarization, and
the vanishing of the ferroelectric phases at different critical pressures, in KDP and
DKDP. Namely, ‘tunneling’ hydrogen is the key to understanding the phase transition
of KDP-type ferroelectrics, though ‘tunneling” may be a dynamical disorder without
quantum coherency.

In this thesis, the author presents the results of the single-crystal neutron diffrac-
tion experiments of both KDP and DKDP in a wide temperature range (down to
10K) for the ferroelectric and paraelectric phases and refine the structure parame-
ters, in order to discuss the essential difference between KDP and DKDP. The briefing
introduction onto the distinguished ferroelectrics, KDP and DKDP, is presented in
chapter 1, which would provide beginners of both ferroelectrics with some and simple
explanations. If the reader has enough knowledges about KDP and DKDP, he/she
may skip chapter 1 for economy with time. Next, The experimental process is de-
scribed in chapter 2. Results of the structure refinement are presented in chapter 3,

and discussed in chapter 4. Finally, conclusions are presented in chapter 5.
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VUBEZAKESY U A (BHKDP) 13 1935 FICRF BN R R S TLIE, SOt
RRREINTWBIAYTHS. KDP IIBAEHLRA T ERRTH Y, KEHRARRE
RECIY BERZEERNTE, R AEET, EERXRTL L CHRARYETHS. &
JET, RECTEFHEMR (EFRR;142d, Z =4) TbV, 123K UTCTHRFESBH @5
Bak ; Fdd2, Z = 8) BT 5. KDP OKE R8MHIL, MRPORKFELEKFEIC
BH®LIZ)VEBR_EAKESY vA (BFH DKDP) CORFE—RFEMEBANEET
THI00KELS ERT22LTHY, ZOEARBEDEOFRRICOWTHERD Y, BAE
THRELEL TR, FE, BE H/KE) TTiXKDP, DKDP & 2B ANET
L, ThZhH 2GPa & 6 GPa ICRBW THRFBEMMSNHEERL, TBEFEBFELEZRTZ
ELBOTEERFHREE LS.

LB OWENIBE LT, DL OBEEZFRT 5 Z LIS EE2EE TS5 L
THEHZETH2%. KDP & DKDP iZBT 52 EAREBEBRNR K OEE T OZEE O R EAFRIC
BNV BAMRNTYE OEMEEREITIIC L > THOND L EXONEDT, WHEM
DEREFER COREERPHEFRITERZIT-7-. AARFHIFLHEIEEE JAEA) ©
JRF IR FERET (RBRBRRER) NOWE 3 BFICHRED 4 #AEHEF (FONDER)
FERFBICEIVERL, ERETok. BBALFE2ELREWVRERICE T 2mpED
FERABERENTD, FMREREE T XA —F OBRERENES, KDP & DKDP Ok
BEiTo7z.

UTiEEon=mRsEeds.

(1) EFHEHETH) VLRV VEFEIEGEOICERFRECTHL E®RT S Z
LXK o, BHEBRTIE (B) AFROBRFICEEY, FAETEOEMIE
5.

(2) DKDP TiiiBR TOREREZRE(LLS, MEICHEERBEKRTEX VR,
KDP T3 FEM CTORIBRAIZEE) & &R RE T TORTFEZEOEGEHE(L3FRD
bz,

(3) HHEBIRICITIRFEOEMEZEMRPOBELEZ —HIETHRLEZ. ¥HE
FIZH LT, MBFBHETIEIAY VAR VEFESBEZEREMERIL, FNLL
HOBEE, BARED LITEABRFZITTLAEEM L TR -7, HBEERIC
L2ELOHEIN ) VAR VREFEORK A TOEMIZL VRZATWS.
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(4) REW WV UL:+le, Vi +be, BBE: -2, KFE:+le) ZEEL THEEN
T A—E0 b cBAMICRETIERIBEHET S L, BECHEVRE THRE
SNTVWEIERMEL RS —BE L. BEIMIHT 2ERFOFLIIMEORKEN
YU OBEMIZEDbDBRR¥ETHS. DKDP ?H RS HEIZ KDP 123 LT 1.2 £%
FERERBEEZ LD EBRHOLNTVDEY, Z0EF PO, MEEFD) VR
DEMEH KDP 12 LT DKDP TRRETREWZDTHD I L hbholz.

(5) KDP THREBAE T CRELAEDRICONT, BFEMAAELAZY, ZhARA
ROSBOBEREFEEEZERLTWVS. BERETIIRFOBENEME, (6> THlE
EZENZRED 8%, DKDP REBIZHWVELIZRFEMPEZY, 1R
B ORRFEIGR.

(6) MEEEPOBET SR THER AELHR . Z0O/KR KDP & DKDP T
%&m¢®m$FA(OHﬂ)~O%%)K%ﬁ?é%ﬁ#%ﬂ?%—&ﬂ&ﬁ#
REZEVNRDOLNZDIZRL, FRUADEDIZONWTIIAEDOEIIFRD b0 -
7. PROEBAE T OBREREFEUIMNT, EEMNRBMIC L 2 BERERH DD
AT, BRBEEUTOBEIIRERE TELIZ 2o 2.

(7) PERIIEFBBHTARNMETS 2 20F 1 FEOKERE § S8BAR XY BEARIC
BOTIR0.13A1FEREVI L, RUOMERIER Ro o 122 (10.044) 255
eV BITZERORIMNAEIROABER SN TN, GE, ThE2BmETsLeEd
2, EHE, BBFBEOWMMICENT, BEARREFHIT 787 —RTFThHBE
JRFEH SO r BV /ASWVE @ARRFEICHLTHO0.044) 2Ly, &
FEHETIHITZL A LBRERFERRZVWZ ERFIICRH S .

BARRFH L BEARREFECRILRT Vv A HICh-ThH, BEDEICERALTE
KEOBEZRINF—TBAFE LY 0.7 FIZLIEND, 2200 A NEfTERTIHE
WCRERENHD. ZORRIIKBEHBENDOEL Y, BEAFETIE Roo BKREL 2D,
ZORBTr WS 25LE23Z L CRMEDRITHAR L. 20X 5 RBKER
FRELEBEARRTHEOERI B NOERIT 1) TRTZBERIBOEL AL - LITESLE
BT 5, DEVEVEAFERFITIOLRFICLVIESE, £LTP-O#ALEARR
FEORICTEFBESMOL Y RELREAEFET S, ZNICLD PREFIILV KX
ET 3,

AKEOEERDELBEREEMOBNILIRT Yy VDELEFHEHE-T, KDP &
DKDP OEBREEDZE, BESMEOE, SLITITHAKET COMBEMOER LV ¥
FU AR, AEEFETRERIIYR— LTS, T7h2bb, KDP ZMFBAROHEERIC
B3 ARHEOEEHZEERICHALNICT 2 Z & AHKE.

AELHRTIZBNT, EHRIRIEERE 10K £ TICEBBEVRERTO KDP AW
DKDP Wiftdh O BiEmPHETRITEROEREZB R L, £ L TEORREL TITHEfERD
MCORENRERBEOEZZHFRL TV D, F1ETIIELRRFEARTHS KDP &
DKDP {22\ T, ZDMFERFMEEEICHEHL T3, &L KDP XU DKDP (220
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Chapter 1

Introduction

dubium sapientiae initium.

— René Descartes, in ‘Mediationes de Prima Philosophia’

In this thesis, the author reports about results of single-crystal neu-
tron diffraction experiments of potassium dihydrogen phosphate (KH;POy,
KDP) and its deuterated crystal isomorph KD,PO, (DKDP) as well-known
ferroelectrics.

Since discoveries of the ferroelectricity in them, many investigators made
their works for these ferroelectrics from their experimental and theoretical
viewpoints.

The crystals have some interesting and striking features: transition tem-
perature rise of ca. 100K by deuteration, ferroelectric transition vanishing
under high pressures, etc.

Although those crystals are the typical ferroelectrics which have long his-
tory for more than seventy years, the interpretations of their ferroelectric
phase transition mechanism have been in controversy for a long time. Ex-
cept for the paraelectric phases, there are not enough and detail research
reports about the crystal structures of the ferroelectric phases which will
play important and effective roles in the discussion. Therefore, we per-
formed single-crystal neutron structural analyses both of KDP and DKDP,
and then compared particularly the crystal structures of the ferroelectric
phases. As the results, the author present the discussions about the ferro-

electric phase transitions of them from structural viewpoints.

Potassium dihydrogen phosphate (KHyPOy, hereafter abbreviated to KDP) is one
of the well-known ferroelectrics discovered by Busch and Scherrer. [2-5]. The crys-

tal is easily grown from a water solution by the slow evaporation method, stable
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in atmospheric condition, useful in piezoelectric and nonlinear optic devices, and
well known as a typical ferroelectric with a Curie temperature 7, = 123K, where
the paraelectric-ferroelectric phase transition takes place. Its paraelectric and ferro-
electric phases have body-centered tetragonal (I42d, D;%, Z = 4) and face-centered
orthorhombic (Fdd2, C1?, Z = 8) systems, respectively, and its ferroelectricity ap-
pears along the c-axis. (Refer Figs. 1.1-1.9.) KDP is often categorized in KDP family
ferroelectrics or hydrogen-bond-type ferroelectrics, in which a proton in an O—H--- O
bond is considered to play an important role in ferroelectric phase transition. [6] *!
The deuterated crystal potassium dideuterium phosphate (KD3POy, hereafter ab-
breviated to DKDP) is isomorphous to KDP, and its paraelectric-ferroelectric phase
transition takes place at ca. 220K. Both KDP and DKDP come up frequently in

.................................. ...--------_--__--__-__
Ferroelectric Xb F

cell
(Face-centerd !
orthorhombic)j

c

Paraelectric

cell

(Body-centerd
tetragonal)

Figure 1.1 Schematic view of the lattice points of ferroelectric and paraelectric
phases. Those cells have a common c-axis, which is ferroelectric and perpendicu-
lar to the page space. The ferroelectric lattice (Fdd2, C35, Z = 8) has a rotation
angle of ca. 45° to the paraelectric phase (142d, D33, Z = 4). The cell volume

of the ferroelectric phase is two times larger than the paraelectric one.

*1 The author has been presented a report on other hydrogen-bond-type ferroelectric, pyridinium
periodate. [7]



discussions about KDP-type ferroelectrics together, as if they are permanently in-
separable counterparts. They are known for the deuteration effect or isotope effect
showing that the Curie temperatures of their deuteron compounds are ca. 100K
higher than their proton compounds. [8-10]

In the paraelectric (tetragonal) phase of KDP, a proton occupies two sites related
by a symmetry operation with equal probability. The disordered distribution of the
proton between two oxygen atoms of the hydrogen bond in KDP was confirmed by
neutron diffraction study. [11] Each POy tetrahedron is linked to four adjacent POy
tetrahedra by hydrogen bonds, which lie along the a- or b-direction of the tetragonal
cell perpendicular to the ferroelectric c-axis. The O-to-O distance Ro_o linked by
the proton is ca. 2.5 A, and the distance r between the oxygen atom and the nearby
proton is ca. 1 A. In the ferroelectric phase (orthorhombic phase), a proton attaches
to an acceptor oxygen atom. Accordingly, the symmetry is lowered, and the ordered
proton is observed directly also by single-crystal neutron diffraction study. (Refer
Fig 1.10.) [12]

It is well known that only two protons attach to a POy tetrahedron, which is known
as the ice rule. [6] In the ferroelectric phase, the distance between two acceptors
(named O1) decreases slightly, and the distance between two donors (named O2)
increases slightly, in comparison with that in the tetragonal phase. The symmetry of
the HoPO4~ cluster is Cs, and the S5 symmetry of the PO4 tetrahedron should be
lowered at low temperatures. [12]

Although the structural change from the paraelectric phase to the ferroelectric phase
is accepted by every researcher, the dynamical mechanism of the ferroelectric phase
transition in KDP is not conclusive yet. Blinc took the quantum effect in the order-
disorder transition of the proton configuration into account, while assuming proton
tunneling to explain the isotope effect. [13] Other researchers followed this proton
tunneling model, and then gave some theoretical works including the model. [14-20]

Ichikawa and coworkers noticed geometrical isotope effects among hydrogen-bond-
type ferroelectrics and their deuterated isomorphs; the hydrogen-bond lengths seem
to have unique systematic differences between hydrogen and deuterium compounds.
[21-26] More concretely, the distance Ro o is ca. 0.05A longer in DKDP than in
KDP. This longer Ro-o induces ordering at high temperatures, which is the key to
understand the isotope effects in KDP family crystals.

Moreover, Tominaga et al. claimed that the tunneling model is inadequate since no
evidence of the softening of the proton tunneling mode has been detected directly. [27,
28] Additionally, they found forbidden Raman lines in the paraelectric phase, which
indicated that the point symmetry of a PO, tetrahedron was C5, the orthorhombic
symmetry, but not the tetragonal S4. [29] Therefore, they proposed an order-disorder-
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type transition mechanism on the basis of a mean structure including the locally and
momentarily distorted PO, tetrahedron. [27-34] Fig. 1.11 shows a schematic view of
the claimed model by Tominaga et al.

On the other hand, the quantum motion of protons within a double-well poten-
tial has been analyzed by many authors. The tunneling frequencies, if they exist
independently, are estimated at ca. 500 and 50cm~! in KDP and DKDP, respec-
tively. [20, 35-38]

The crystal structures of KDP and DKDP around the paraelectric-ferroelectric
phase transition temperature were refined by Nelmes and his coworkers. [39-44] The

main results are as follows:

(i) In the paraelectric phase, the density distribution of protons has two peaks

® # Ol ] [

— b

Figure 1.2 Crystal structure in the paraelectric phase of KDP/DKDP on the
a-axis projection. Although O1 and O2 atoms are indicated separately for com-
parison with the ferroelectric phase, those atoms are crystallographically equiv-
alent to each other in the paraelectric phase; only one independent oxygen atom
exists in the asymmetric unit of the paraelectric unit cell.



separated by a distance 8, which is ca. 0.32 A in KDP or 0.45 A in DKDP just
above T.

(i) In the ferroelectric phase, the proton distribution becomes an unbalanced one
just below T, and finally appears as a single peak at the acceptor O1 side.

(i)  With decreasing temperature, the atomic displacement parameter decreases
linearly in the paraelectric phase. However, the Uss of the phosphorus atom has
a positive cut point in the zero-temperature extrapolation, which may indicate
the disorder of the phosphorus atom along the polar axis in the paraelectric

phase.

For determination of structural parameters of crystal containing light element as

hydrogen and/or deuterium atom, neutron diffraction method has greater confidence

P # & —&
t ol ® o @ @

b—P a

Figure 1.3 Crystal structure in the paraelectric phase of KDP/DKDP on the
b-axis projection. Although O1 and O2 atoms are indicated separately for com-
parison with the ferroelectric phase, those atoms are crystallographically equiv-
alent to each other in the paraelectric phase; only one independent oxygen atom
exists in the asymmetric unit of the paraelectric unit cell.
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than X-ray diffraction method. [11, 12,45-54] Nelmes and his coworkers, who per-
formed their single-crystal neutron diffraction experiments with high resolution, pre-
sented many reports about the detail crystal structures of KDP and DKDP. [39-44,
55-59)

The coherent neutron scattering used in structural analysis reflects only the mean
structure of the crystal, so that it is difficult to distinguish between a dynamic disorder
and a static or quasi-static disorder. The former may be called a quantum tunnel,
while the latter a classical disorder. In order to see the dynamical motion of protons
directly, incoherent neutron scattering experiments were performed by Ikeda et al.,

who refuted proton tunneling. [60] Therefore, the order-disorder transition mechanism

Figure 1.4 Crystal structure in the paraelectric phase of KDP/DKDP on the
c-axis projection. Although O1 and O2 atoms are indicated separately for com-
parison with the ferroelectric phase, those atoms are crystallographically equiv-
alent to each other in the paraelectric phase; only one independent oxygen atom

exists in the asymmetric unit of the paraelectric unit cell.



not of a proton tunneling but of a disordered PO4 tetrahedron was accepted widely.

The pressure effect on T, is also well-known. [61-71] Samara proposed an empirical
criterion to specify the character of the phase transition in ferroelectrics; the transition
temperature increases with the application of hydrostatic pressure if the transition
is of the order-disorder type, while for displacive-type ferroelectrics the temperature
dependence is reversed. [66] It has been noted that the ferroelectric phase transition
temperature of both KDP and DKDP decreases with the application of hydrostatic
pressure, which is in contrast to typical substances that exhibit an order-disorder
type transition. Moreover, the ferroelectric phase transition disappears down to zero
temperature at the respective critical pressures, around which the dielectric constant
shows a quantum paraelectric character, as if the transition is displacive. [71]

Such confusing situations were resolved partially. In 2002, Reiter et al. carefully

Figure 1.5 Crystal structure in the paraelectric phase of KDP/DKDP on a
bird’s-eye view. Although O1 and O2 atoms are indicated separately for compar-
ison with the ferroelectric phase, those atoms are crystallographically equivalent
to each other in the paraelectric phase; only one independent oxygen atom exists

in the asymmetric unit of the paraelectric unit cell.
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Figure 1.6 Crystal structure in the ferroelectric phase of KDP/DKDP on the
paraelectric a-axis projection. Ol and O2 atoms are crystallographically inde-
pendent to each other in the ferroelectric phase; only two independent oxygen

atoms exist in the asymmetric unit of the ferroelectric unit cell.
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Figure 1.7 Crystal structure in the ferroelectric phase of KDP/DKDP on the
paraelectric b-axis projection. O1 and O2 atoms are crystallographically inde-
pendent to each other in the ferroelectric phase; only two independent oxygen

atoms exist in the asymmetric unit of the ferroelectric unit cell.



observed the incoherent scattering from KDP and found evidence of proton tunneling,
i.e., protons are coherent over the two sites in the paraelectric phase. [72]
First-principles calculations have been developed to investigate rather complex sys-
tems such as KDP and DKDP. [73] It was revealed that structural transition accom-
panies electronic charge redistribution and ionic displacement as a consequence of
proton ordering. Moreover, proton tunneling is coupled with heavier ions that ex-
hibit cluster collective motion, but not single-particle dynamics. A simplified model
of KDP also explained the displacive character of KDP on the basis of the tunneling
motion of a ’particle’ with half of the effective mass of the HyPO4~ cluster. [74]

The refined structural parameters of ferroelectric phases in the low-temperature

Figure 1.8 Crystal structure in the ferroelectric phase of KDP/DKDP on the

paraelectric c-axis projection. Ol and O2 atoms are crystallographically inde-

pendent to each other in the ferroelectric phase; only two independent oxygen
atoms exist in the asymmetric unit of the ferroelectric unit cell.
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region were reported at T, — 20K and T, — 10K for KDP and DKDP, respectively, by
Nelmes et al. [42] To the authors’ knowledge, structural studies of KDP are limited
down to the liquid nitrogen temperature, and those of DKDP down to 210 K. In addi-
tion to the structural parameters in the paraelectric phase, those in the ferroelectric
phase are effective and important in the comprehensive understanding of the phase
transition mechanism.

Therefore, the author performed the single-crystal neutron diffraction experiments
of both KDP and DKDP in a wide temperature range (down to 10 K) for the ferroelec-
tric and paraelectric phases and refine the structure parameters, in order to examine
the essential difference between KDP and DKDP. [75] The experimental process is
described in chapter 2. Results of the structure refinement are presented in chapter 3,

and discussed in chapter 4. Finally, conclusions are presented in chapter 5.

Figure 1.9 Crystal structure in the ferroelectric phase of KDP/DKDP on a
bird’s-eye view. O1 and O2 atoms are crystallographically independent to each

other in the ferroelectric phase; only two independent oxygen atoms exist in the

asymmetric unit of the ferroelectric unit cell.
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Figure 1.10 Interatomic distances and angle about hydrogen bond in the para-
electric phase of KDP/DKDP. In the paraelectric phase, the accept O1 and the
donor O2 atoms are crystallographically equivalent to each other, and the hy-
drogen atom occupies the two equilibrium site with a equal probability. In the
Ferroelectric phase, the two independent oxygen atoms become crystallographi-
cally independent, and the nuclear distribution of the hydrogen atom unbalanced.

c-direction

Figure 1.11 Schematic view of the locally and momentarily distorted PO4 tetra-
hedron and its dipole moment derived from the distortion in the paraelectric
phase of KDP/DKDP. The dipole moments are parallel or anti-parallel to the
c-axis, which has 2-fold symmetry along it.






Chapter 2

Experimental Process

If I have been able to see further, it was only because I stood on the
shoulders of giants.

— Isaac Newton, in the letter to Robert Hooke

Any measurement has its strong and weak points in itself. Firstly, inves-
tigators must know methods enough before experiments. Deep considera-
tions about the methods could yield the reliable, rigid, and effective results
for the investigators. On the other hand, shallow considerations take the
investigators to the HELL.

2.1 Single-crystal specimens

An experimental specimen of KDP with rectangular dimensions of 3.1 x 3.2 X
2.1mm3 (along the tetragonal a-, b-, and c- axes) was cut from a transparent region
of a grown parent crystal provided by Dr. K. Gesi. The paraelectric-ferroelectric
transition temperature was 123 K.

A single crystal of DKDP was grown by the slow evaporation method from a heavy
water solution kept in a desiccator at room temperature for about two weeks. The
reagent with a deuteration ratio of 98 % was supplied from Cambridge Isotope Lab-
oratories, Inc., and heavy water with a deuteration ratio of 99.9% from ISOTEC,
commercially. The obtained crystal is shown in Fig 2.1.

Fig 2.2 shows the result of differential scanning calorimetry (DSC) of a transparent
and tiny plate from the crystal grown by the author. Scan speed (heating rate) was
5 K/min on heating process. Specimen-mass was 9.2 mg and reference to the spec-
imen was a-alumina (AlyO3), of which mass was 7.1 mg. The DSC specimen was

prepared with a small platy fragment from a part of the DKDP crystal obtained. The
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residual part of the crystal was cut into a few blocks as specimens for dielectric con-
stant and neutron single-crystal diffraction experiments. In order to prevent moisture
absorption in atmospheric vapors with light water (H20), the small platy fragment
was not crushed into fine powder like conventional DSC specimen, and put into a
hermetically closed Al pan. The transition point is determined 214 K from the peak
position in dielectric constant measurement performed separately, which is almost
in good agreement with the transition point determined from this DSC curve. The
heating DSC line yields the transition entropy of 3.68 J/(mol K) which is correspond-
ing to 0.442R, in which R denotes gas constant of 8.314510J/(mol K). The obtained
transition entropy is similar to the value of R1ln (3/2) = 0.405R.

As an experimental specimen, a block with rectangular dimensions of 2.8 x 2.6
x 2.5mm? (along the tetragonal a-, b-, and c- axes) was cut from a transparent re-
gion of the grown parent crystal. The deuterium replacement ratio of the crystal
was estimated to be 95.8 % from the peak position of the dielectric constant at tran-
sition point of 214 K. [28] Figs. 2.3-2.8 show temperature dependences of dielectric
constants €’s (left ordinate) and reciprocal dielectric constants e~1’s (right ordinate)
at 50, 10, and 5kHz of the DKDP crystal obtained in cooling or heating processes.
The specimen painted Ag-paste on its crystallographic c-planes as electrodes was held
in a closed-cycle He-gas cryostat, MiniStat (Iwatani Plantech Corporation), with a
coldhead (D510 type) and a compressor unit (CW303 type), and then temperature
control of the specimen was carried out by temperature controller, TCU-4 (Iwatani

Plantech Corporation) on cooling speed of £0.83 K/min. The measurement was per-
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Figure 2.1 External view of a single crystal of DKDP grown by the slow evap-
oration method from a heavy water solution, which was kept in a desiccator at
room temperature for about two weeks.
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formed by using of LCR meter AG-4311 (ANDO). The regular and inverted triangle
symbols denote the values of dielectric constant € and reciprocal dielectric constant
e~ 1, respectively. The behavior of reciprocal dielectric constant ¢! obeys Curie-
Weiss law. The transition point is determined 214 K from the peak position of the
dielectric constant, which is in good agreement with the transition point determined
from DSC curve on heating process obtained separately. Shoulder-like anomaly is also
recognized in lower temperature region from transition point of the crystal as already
reported by other investigators.

The surfaces of the specimens were polished carefully using filter paper wet with
distilled or heavy water. As an electrode, silver paste or evaporated aluminum was
attached on the c-planes of the specimens, and DC bias fields of 240-360 V/mm were
applied by a power supply (Glassman High Voltage INC.) in order to keep the single
domain states only in the ferroelectrics phases of KDP and DKDP. The specimens
were glued on vanadium sticks using insulating varnish (GE low-temperature varnish).
A schematic view of the single-crystal specimen for neutron diffraction experiment are

shown in Fig. 2.9.
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Figure 2.2 Heating DSC curve of the DKDP crystal grown by slow evaporation
method of heavy water solution in this study.
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Figure 2.3 Temperature dependences of dielectric constant e (left ordinate) and
reciprocal dielectric constant ¢* (right ordinate) at 50 kHz of the DKDP crystal
obtained in cooling process. Deuterium replacement rate of the single crystal
prepared in this study is estimated 95.8 % from the transition point of 214 K.
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Figure 2.4 Temperature dependences of dielectric constant € (left ordinate) and
reciprocal dielectric constant e ' (right ordinate) at 50 kHz of the DKDP crystal

obtained in heating process.
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Figure 2.5 Temperature dependences of dielectric constant € (left ordinate) and

reciprocal dielectric constant €' (right ordinate) at 10 kHz of the DKDP crystal
obtained in cooling process.
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Figure 2.6 Temperature dependences of dielectric constant € (left ordinate) and

reciprocal dielectric constant e~* (right ordinate) at 10 kHz of the DKDP crystal
obtained in heating process.
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Figure 2.7 Temperature dependences of dielectric constant e (left ordinate) and

reciprocal dielectric constant e~' (right ordinate) at 5 kHz of the DKDP crystal
obtained in cooling process.
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Figure 2.8 Temperature dependences of dielectric constant € (left ordinate) and
reciprocal dielectric constant e™* (right ordinate) at 5kHz of the DKDP crystal
obtained in heating process.



2.1 Single-crystal specimens

19

Cut & Polish

......
o

Cammmneae"

100 19—

a
/ 100
010

Electrode on 001:
Ag paste (KDP)
Al deposition (DKDP)

Lead wire
Vanadium stick
Lead wire

Figure 2.9 Schematic view of the single-crystal specimen for present neutron
diffraction experiments. KDP/DKDP crystal has a simple and easy crystal habit
with it. The specimens of both KDP and DKDP crystals with rectangular shapes
were cut carefully from a transparent and clear region in the parent crystal. The
elctrode were attached for application of the poling electric field. The size of

specimen is recommended to be as ca. 3.0 x 3.0 x 3.0mm?® for the experiment
at FONDER. [76]
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2.2 Single-crystal neutron diffraction experiment

Single-crystal neutron diffraction experiments were performed using a four-circle-
off-center-type diffractometer, FONDER [76] (T2-2) of JRR-3M, JAEA, Tokai.
Fig. 2.10 shows the reactor building and the guide hall of JRR-3M. The neutron
wavelengths in those experiments were 1.2452 and 1.2396 A for KDP and DKDP,
respectively, and the diffraction angle was 26 < 156°.

The temperature of the specimens was controlled using a TEMCON system of the
cryostat accessory of FONDER. (Refer Fig. 2.11, 2.12.) Fluctuation of temperature
control of the cryostat was enough small for the present experiments, and took a value
up to ca. + 0.1 K. The diffraction experiments were performed at ten temperatures for
each compound: 10, 30, 70, 110, 115, 118, 120, 125, 150, and 200 K for KDP, and 10,
70, 130, 160, 190, 205, 210, 220, 250, and 298 K for DKDP. About 220 and 420 unique

reflections were measured in the paraelectric and ferroelectric phases, respectively.

Figure 2.10 External view of the reactor building (center) containing the nuclear
reactor, JRR-3M, of JAEA at Tokai. The experiment at neutron diffractometer
FONDER is performed using neutron beam from this reactor. [76] FONDER has
been installed not in this building, but in guide hall for experiment. The guide
hall is built beside the reactor building.



22 Chapter 2  Experimental Process

Figure 2.11 External view of the single-crystal specimen mounted on the sam-
ple stage of FONDER. The cryostat is not in sealed state. The mounting stage
was covered by Cadmium sheet in order to prevent and suppress the extra scat-
tering of back ground, and equipped with terminals for external DC bias field.

Aluminum foils were used for lead wires.

Figure 2.12 External view of FONDER. The aluminum cryostat is in sealed
state. The neutron counter is in left top beyond the cryostat dome. A neutron
beam hole is confirmed in right top of the picture. The neutron beam shutter is

open, in which the red lamp is turning on.
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2.3 Data analysis

Using the fractional coordinates, z;,y;, and z;, the occupation factor, g;, the bound
coherent scattering length, b. ;, and the Debye-Waller factor, T; (h), of the nuclei (i.e.,
atomic species) specified with subscript j in the unit cell of the crystal, the crystal

structure factor, F (h), is expressed as follows:

F(h) = Xn:gjbC,jTj (h) exp [2mi (hxj + ky; + 12;)] (2.3.1)

j=1
From the least-squares calculations with the experimental dataset, we obtain the
Debye-Waller factor T (h) and the atomic displacement parameters Uj;;

T (h) = exp [~2n? (R*a**Us1 + k*b™2Uss + 1°c**Usy
—|—2hka*b* U12 + 2hla*c* U13 + 2klb*c*U23)] - (232)

The atomic displacement parameters are directly related to the mean square displace-

ments if the atom vibrates within a harmonic potential, i.e.,

Ui = a? <(w — E)2> , 2.3.3)

(
Uz =0 ((y=5)°), (2.3.4)
Uss = ¢ <(z - z)2> : (2.3.5)
Uz =ab((z—Z) (y— 7)), (2.3.6)
Uis =ac({(z —z)(z — 2)), (2.3.7)
Uz = bc((y — ) (2 — 2)), (2.3.8)

which are hold only on orthogonal crystal systems, i.e., orthorhombic, tetragonal, and
cubic systems.

Additionally, equivalent isotropic atomic displacement parameter is directly calcu-
lated as follows: [77]

Ueq = %Z Z Uija;“a’;ai - Qy
J

%

1
= 5 [Ull (aa*)2 + Uzz (bb*)z + U33 (CC*)2

+ 2U12a*b*abcos v + 2U3a*c*accos B + 2Uz3b*c*be cos a] ) (2.3.9)

Firstly, each reflection profile was checked, and the net intensity and standard
deviation were reduced using a Profile Check program of FONDER. Absorption and
extinction corrections were applied to the analysis of the raw diffraction data using
the programs of DABEXN and RADIELN [78,79], and then equivalent reflections of
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those corrected ones were averaged. The index ranges were h,k < 11,/ < 10 and
h,k < 15,1 <10 in the paraelectric and ferroelectric phases, respectively.

For the obtained diffraction datasets, the structural parameters were refined using
the full-matrix least-squares program SHELXL-97 [80], via WinGX [81]. The initial
parameters of the fractional coordinates of atoms were those reported by Bacon and
Pease [11,12]. In the author’s analyses, the space groups of the paraelectric and
ferroelectric phases are I42d and Fdd2, respectively, and the standard symmetry
coordinates are used. In the final processes of all the structure refinements, anisotropic
Debye-Waller factors were used for all the atoms.

A split-atom method was applied to the analysis of protons/deuterons in the para-
electric phases of KDP/DKDP. Finally, All the least-squares refinements converged,
and yielded R;-factors of 2.73-3.90 and 3.19-5.16 % for KDP and DKDP, respectively.
Here, the R;-, wRy-, and S-factors are defined by

g, = ZullFo (W) = F ()]

>on [Fo (h)] ’ (2.3.10)
2 2 2 1/2
Sw(h) (|F (W) - |F. (b))
whte = 2 , (2.3.11)
S w (k) |F2 (h)]
9 2\ 2 1/2

Sw (k) (|F (W) - |F. (b))

GooF = 8 = , (2.3.12)

n—p

respectively, where F;, (h) and F; (h) are the observed and calculated structure factors
for the index h, respectively, and w (h), n, and p are the weight scheme for the
index h, the number of reflections, and the number of parameters refined in analysis,
respectively.

The weight scheme for the index h in this thesis, w (h), is expressed as,

w(h) = L , (2.3.13)
o2 (F2 (R)) + (aP (k)2 + bP (h)

where a and b are the parameters set by trial and error for the variance with no
marked systematic trends on the magnitude of F2 or of resolution. [80]
2F2 + Max (FZ (h) ,0)
3 )
The measurement conditions and the obtained R;-, wRs-, and S-factors are tabu-
lated in Table 3.1.

P

(2.3.14)
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Results

Since then I never pay attention to anything by “experts”. I calculate
everything myself.
— Richard Phillips Feynman, in ‘Surely You’re Joking, Mr. Feynman!’

God gave the humans a easy and difficult toys, which are names by them
‘SCIENCE’. The toys create much satisfaction and distress on the humans.

In a stroke of good fortune, or bad one, it is non-breakable.

3.1 Atomic parameters

The unit cell and atomic parameters in ferroelectric and paraelectric phases for
both KDP and DKDP are presented in Table 3.2-3.21. The parameters a, b, and c¢ in
A and the angles a, 8, and v in degree are the lattice constants. The dimensionless
parameters z, y, and z are fractional coordinates. The term g denotes the occupation
factor of each atom as a dimensionless parameter. Uy and U;; in A? are isotropic and
anisotropic atomic displacement parameters, respectively. The values in parentheses
are the estimated standard deviations (e.s.d.’s), and the parameters without e.s.d.’s
are fixed ones. The lattice parameter a of DKDP is ca. 0.05 A longer than that of
KDP, while b and ¢ are almost the same, as described at the tables.

The views of the crystal structures of the paraelectric phase have been drwan in
Fig. 1.2- 1.5. The views of the crystal structures of the ferroelectric phase have been
drwan in Fig. 1.6- 1.9.
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Table 3.1 Measured temperatures [K], numbers of independent reflections, R:-,
wRs-, and S-factors in structural analyses of KDP and DKDP.

KDP
Temp. [K] No. Refs. Ry [%] wRz[%)] S
200 197 3.90 10.43 0.700
150 215 3.28 8.23 0.802
125 208 2.73 7.33 0.595
120 388 3.54 9.52 0.722
118 390 3.51 9.50 0.694
115 390 3.27 8.94 0.724
110 380 3.22 8.17 0.909
70 374 3.44 8.87 0.963
30 382 3.81 9.62 1.064
10 375 3.26 8.55 1.029
DKDP
Temp. [K] No. Refs. R; [%] wRs[%] S
208 222 3.19 8.81 0.579
250 220 4.24 11.32 0.762
220 219 4.23 10.90 0.771
210 366 4.64 11.46 8.64
205 398 4.73 11.94 0.931
190 373 5.06 12.68 0.910
160 397 4.83 12.62 1.088
130 403 4.55 11.46 0.999
70 390 4.57 11.93 1.055
10 381 5.16 13.07 1.033
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Table 3.2 Unit cell and atomic parameters of orthorhombic KDP at 10 K. The
parameters a, b, and cin A and the angles a, 8, and v in degree are the lattice con-
stants. The dimensionless parameters z, y, and z are fractional coordinates. The
term g denotes the occupation factor of each atom as a dimensionless parameter.
Ueq and U;; in A? are isotropic and anisotropic atomic displacement parameters,
respectively. The principal mean square atomic displacements of each atom are
also described. The values in parentheses are the estimated standard deviations
(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=8=7)
Orthorhombic Fdd2 10.544(7) 10.481(6)  6.920(5) 90
Atom x Y z g Ueq
K 0 0 0.4837(5) 0.5 0.0045(4)
P 0 0 0 0.5 0.0034(3)
O1  0.03399(9) 0.11549(9) —0.1369(3) 1  0.0053(2)
02 0.11617(9) —0.0344(1) 0.1169(4) 1 0.0050(2)
H  02127(2) 00632(2) 0.1138(6) 1  0.0166(4)
Atom Ui Uzz Uss Uzs Ui U2
K 0.0033(7) 0.0048(8) 0.0053(8) 0 0 0.000 1(7)
P 0.0024(5) 0.0032(6) 0.0046(6) 0 0 —0.0001(5)
O1 0.0041(4) 0.0049(4) 0.0070(4) 0.0009(4) 0.0009(4) —0.0003(3)
02  0.0042(3) 0.0046(4) 0.0062(4) 0.0001(4) —0.0011(4) 0.0002(3)
H 0.0155(8) 0.0147(8) 0.0196(9) —0.0014(9) 0.0008(9)  —0.0007(6)
Atom  Principal mean square
atomic displacements
K 0.0053 0.0048 0.0033
P 0.0046 0.0033 0.0024
01 0.0075 0.0049 0.0036
02 0.0066 0.0046 0.0037
H 0.0201 0.0154 0.0141
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Table 3.3 Unit cell and atomic parameters of orthorhombic KDP at 30 K. The
parameters a, b, and cin A and the angles o, 3, and  in degree are the lattice con-
stants. The dimensionless parameters x, y, and z are fractional coordinates. The
term g denotes the occupation factor of each atom as a dimensionless parameter.
Ueq and Us;; in A? are isotropic and anisotropic atomic displacement parameters,
respectively. The principal mean square atomic displacements of each atom are
also described. The values in parentheses are the estimated standard deviations
(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=8=7)
Orthorhombic Fdd2 10.539(5) 10.478(4) 6.917(3) 90
Atom z Y z g Ueq
K 0 0 0.4839(6) 0.5 0.0053(4)
P 0 0 0 0.5 0.0042(3)

Ol 00341(1) 0.1154(1) —0.1364(4) 1 0.0059(3
02 0.1161(1) —0.0345(1) 0.1174(4) 1  0.0058(2

)
)
H  02128(2) 0.0632(2) 0.1146(7) 1  0.0175(4)

Atom Un Ua2 Uss Uas Uis Uiz

K  0.0041(9) 0.0048(9) 0.0070(9) 0 0 0.000 7(8)
P 0.0026(6) 0.0050(7) 0.0052(7) 0 0 —0.0002(5)
O1  0.0045(4) 0.0053(4) 0.0079(5) 0.0011(4) 0.0006(4) —0.0002(3)
02 0.0047(4) 0.0056(4) 0.0070(4) 0.0003(4) —0.0007(5) 0.0001(3)
H  0.0159(9) 0.0158(9) 0.021(1) —0.002(1)  0.000(1)  0.0003(7)

Atom  Principal mean square
atomic displacements
K 0.0070 0.0052 0.0036
P 0.0052 0.0050 0.0025
01 0.0084 0.0050 0.0042
02 0.0072 0.0056 0.0045
H 0.0215 0.0160 0.0149
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Table 3.4 Unit cell and atomic parameters of orthorhombic KDP at 70 K. The
parameters a, b, and cin A and the angles «, 8, and ~ in degree are the lattice con-
stants. The dimensionless parameters z, y, and z are fractional coordinates. The
term g denotes the occupation factor of each atom as a dimensionless parameter.
Ueq and U;; in A? are isotropic and anisotropic atomic displacement parameters,
respectively. The principal mean square atomic displacements of each atom are
also described. The values in parentheses are the estimated standard deviations

(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=p4="7)
Orthorhombic Fdd2 10.544(6) 10.484(5) 6.924(4) 90
Atom T y z g Ueq
K 0 0 0.4838(5) 0.5 0.0068(4)
P 0 0 0 0.5 0.0051(3)
01 0.0340(1) 0.1155(1) —0.1361(4) 1 0.0071(2)
02 0.1163(1) —0.0345(1) 0.1176(4) 1 0.0070(2)
H 0.2130(2)  0.063 3(2) 0.1149(6) 1 0.0190(4)
Atom Un Uaz Uss Uas Uts Uiz
K 0.0057(8) 0.0073(9) 0.0075(9) 0 0 0.0009(7)
P 0.0027(6) 0.0067(6) 0.0060(6) 0 0 —0.0002(5)
O1 0.0051(4) 0.0077(4) 0.0086(4) 0.0015(4) 0.0012(4) 0.0000(3)
02 0.0060(4) 0.0064(4) 0.0088(4) 0.0002(4) —0.0018(4) —0.0001(3)
H 0.0187(9) 0.0163(9) 0.022(1) —0.003(1) 0.001(1) —0.001 2(7)
Atom  Principal mean square
atomic displacements
K 0.0077 0.0075 0.0053
P 0.0067 0.0060 0.0027
Ol  0.0099 0.0069 0.0047
02  0.0097 0.0064 0.0051
H 0.0234 0.0186 0.0150
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Table 3.5 Unit cell and atomic parameters of orthorhombic KDP at 110 K. The
parameters a, b, and cin A and the angles a, 8, and ~ in degree are the lattice con-

stants. The dimensionless parameters z, y, and z are fractional coordinates. The

term g denotes the occupation factor of each atom as a dimensionless parameter.

Ueq and U;; in A? are isotropic and anisotropic atomic displacement parameters,

respectively. The principal mean square atomic displacements of each atom are

also described. The values in parentheses are the estimated standard deviations

(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=B8=7)
Orthorhombic Fdd2 10.549(7) 10.484(5) 6.930(5) 90
Atom T Y z g Ueq
K 0 0 0.4834(5) 0.5 0.0082(4)
P 0 0 0 0.5 0.0064(3)
O1 00338(1) 0.1154(1) —0.1357(4) 1 0.0085(2)
02 0.1162(1) -0.0342(1) 0.1174(4) 1 0.0083(2)
H  02119(2) 0.0627(2) 0.1164(6) 1 0.0199(4)
Atom Un Uzz Uss Uas Uis U2
K  0.0070(8) 0.0085(8) 0.0093(8) 0 0 0.000 6(7)
P 0.0045(5) 0.0067(6) 0.0079(6) 0 0 —0.0004(5)
O1  0.0060(4) 0.0083(4) 0.0111(4) 0.0020(4) 0.0012(4) —0.0001(3)
02  0.0072(4) 0.0075(4) 0.0101(4) 0.0005(3) —0.0025(4) —0.0002(3)
H  0.0199(8) 0.0175(8) 0.0223(7) —0.002(1) 0.0015(9)  —0.0002(6)

Atom

Principal mean square

atomic displacements

K
P
01
02

0.0093
0.0079
0.0123
0.0116
0.0237

0.0087
0.0068
0.0075
0.0074
0.0194

0.0067
0.0045
0.0056
0.0057
0.0166
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Table 3.6 Unit cell and atomic parameters of orthorhombic KDP at 115 K. The
parameters a, b, and cin A and the angles o, 8, and ~ in degree are the lattice con-
stants. The dimensionless parameters «, y, and z are fractional coordinates. The
term g denotes the occupation factor of each atom as a dimensionless parameter.
Ueq and U;; in A? are isotropic and anisotropic atomic displacement parameters,
respectively. The principal mean square atomic displacements of each atom are
also described. The values in parentheses are the estimated standard deviations
(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=p="7)
Orthorhombic Fdd2 10.534(4) 10.471(5) 6.942(5) 90
Atom T y z g Ueq
K 0 0 0.4862(4) 0.5 0.0067(4)
P 0 0 0 0.5 0.0040(3)

Ol  0.03373(8) 0.11553(9) —0.1357(3) 1 0.0065(2)
02 0.11616(8) —0.03382(8) 0.1178(3) 1  0.0063(2)
H  02112(2) 0.0623(2)  0.1152(5) 1  0.0198(4)

Atom U1 U2 Uss U3 Uis U1z
K 0.0062(7) 0.0042(7) 0.0097(8) 0 0 0.000 5(7)
P 0.0019(5) 0.0029(5) 0.0072(6) 0 0 —0.0008(4)
Ol  0.0045(3) 0.0053(4) 0.0096(4) 0.0022(3) 0.0016(3)  0.0006(3)
02  0.0055(3) 0.0032(4) 00101(4) —0.0002(3) —0.0030(4) 0.0003(3)
H  00193(7) 0.0164(8) 0.0238(9) —0.0019(9) 0.0020(6)  0.0026(6)

Atom  Principal mean square
atomic displacements
K 0.0097 0.0064 0.0041
P 0.0072 0.0033 0.0015
O1 0.0109 0.0044 0.0041
02 0.0115 0.0041 0.0031
H 0.0247 0.0207 0.0141
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Table 3.7 Unit cell and atomic parameters of orthorhombic KDP at 118 K. The
parameters a, b, and cin A and the angles o, 8, and v in degree are the lattice con-

stants. The dimensionless parameters z, y, and z are fractional coordinates. The

term g denotes the occupation factor of each atom as a dimensionless parameter.

Ueq and Us; in A? are isotropic and anisotropic atomic displacement parameters,

respectively. The principal mean square atomic displacements of each atom are

also described. The values in parentheses are the estimated standard deviations

e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.
, 1%

Crystal system Space group a b c a(=p=7)
Orthorhombic Fdd2 10.533(5) 10.479(6) 6.941(6) 90
Atom x Y z g Ueq
K 0 0 0.4870(5) 0.5 0.0068(4)
P 0 0 0 0.5 0.0050(3)
Ol  0.03362(9) 0.11535(9) -0.1351(4) 1  0.0073(2)
02 0.11631(8) —0.03383(9) 0.1183(4) 1 0.0071(2)
H  02110(2) 0.0619(2)  0.1158(6) 1 0.0206(4)
Atom U1 U2z Uss Uas Uis Uiz
K 0.0064(7) 0.0053(8) 0.0088(9) 0 0 0.001 1(7)
P 0.0030(5) 0.0026(6) 0.0094(6) 0 0 —0.0012(4)
O1 0.0048(4) 0.0062(4) 0.0109(4) 0.0021(4) 0.0011(4) 0.0003(3)
02 0.0061(3) 0.0039(4) 0.0112(4) 0.0000(4) —0.0029(4) 0.0004(3)
H 0.0196(8) 0.0198(9) 0.0225(9) —0.001(1) 0.001(1) 0.003 5(6)
Atom  Principal mean square
atomic displacements
K 0.0088 0.0070 0.0045
P 0.0094 0.0040 0.0016
O1 0.0119 0.0054 0.0046
02 0.0125 0.0049 0.0037
H 0.0232 0.0226 0.0160
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Table 3.8 Unit cell and atomic parameters of orthorhombic KDP at 120 K. The
parameters a, b, and cin A and the angles «, #, and v in degree are the lattice con-
stants. The dimensionless parameters z, y, and z are fractional coordinates. The
term g denotes the occupation factor of each atom as a dimensionless parameter.
Ueq and U;; in A? are isotropic and anisotropic atomic displacement parameters,
respectively. The principal mean square atomic displacements of each atom are
also described. The values in parentheses are the estimated standard deviations
(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=p=7)
Orthorhombic Fdd2 10.533(5) 10.488(6) 6.939(6) 90
Atom T Y z g Ueq
K 0 0 0.4879(5) 0.5 0.0070(4)
P 0 0 0 0.5 0.0053(3)

O1  0.03352(9) 0.11560(9) —0.1349(4) 1 0.0072(2)
02 0.11633(9) —0.03378(9) 0.1188(4) 1 0.0073(2)
H  02104(2) 0.0615(2)  0.1160(6) 1 0.0215(4)

Atom Ui Ua2 Uss Ua3 Uis Uiz
K 00057(7) 0.0069(8) 0.0085(9) 0 0 0.0012(7)
P 0.0037(5) 0.0028(6) 0.0094(6) 0 0 —0.0011(5)

O1  0.0050(4) 0.0063(4) 0.0104(4) 0.0018(4)  0.0006(4)  0.0001(3)
02  0.0064(4) 0.0044(4) 0.0111(4) —0.0001(4) —0.0033(4) 0.0012(3)
H  0.0209(8) 0.0202(9) 0.023(1)  0.000(1) 0.002(1)  0.0046(7)

Atom  Principal mean square
atomic displacements
K 0.0085 0.0076 0.0050
P 0.0094 0.0045 0.0020
01 0.0111 0.0057 0.0049
02 0.0129 0.0055 0.0035
H 0.0256 0.0230 0.0157
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Table 3.9 Unit cell and atomic parameters of tetragonal KDP at 125 K. The
parameters a, b, and ¢ in A and the angles «, 3, and 7 in degree are the lattice

constants. The dimensionless parameters z, y, and z are fractional coordinates.

The term g denotes the occupation factor of each atom as a dimensionless pa-

rameter. Ueq and Us; in A? are isotropic and anisotropic atomic displacement

parameters, respectively.

The principal mean square atomic displacements of

each atom are also described. The values in parentheses are the estimated stan-

dard deviations (e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group  a(=b) c a(=0=7)
Tetragonal I42d 7.421(3) 6.943(5) 90
Atom T Y z g Ueq
K 0 0 0.5 0.25 0.0091(4)
P 0 0 0 0.25 0.0078(3)
O  0.1493(1) 0.0827(1) 0.1269(1) 1  0.0086(2)
H  0.1482(5) 0.231(2) 0.120(3) 05  0.023(2)
Atom Un Uz Uss Uas Uiz U2
K 0.0094(6) 0.0094(6) 0.0087(9) 0 0 0
P 0.0053(4) 0.0053(4) 0.0128(7) 0 0 0
O  0.0066(3) 0.0068(4) 0.0125(3) —0.0013(3) —0.0026(3) 0.0014(2)
H 0.0159(9) 0.027(7) 0.025(2) —0.004(4) —0.006(3) 0.000(1)
Atom  Principal mean square
atomic displacements
K 0.0094 0.0094 0.0086
P 0.0128 0.0053 0.0053
0] 0.0139 0.0069 0.0051
H 0.0314 0.0239 0.0129
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Table 3.10 Unit cell and atomic parameters of tetragonal KDP at 150 K. The
parameters a, b, and cin A and the angles o, 3, and + in degree are the lattice con-
stants. The dimensionless parameters z, y, and z are fractional coordinates. The
term g denotes the occupation factor of each atom as a dimensionless parameter.
Ueq and U;; in A? are isotropic and anisotropic atomic displacement parameters,
respectively. The principal mean square atomic displacements of each atom are
also described. The values in parentheses are the estimated standard deviations
(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group  a(= b) c a(=8=7)
Tetragonal I42d 7.429(3) 6.935(2) 90
Atom T Yy z g Ueq

K 0 0 0.5 0.25 0.0104(5)

P 0 0 0 0.25 0.0087(4)
O  0.1492(1) 0.0827(1) 0.1264(2) 1  0.0101(3)
H  01482(5) 0.229(2) 0.128(2) 0.5  0.021(2)

Atom Ui U2 Uss Uas Uis Uiz
K 0.0124(7) 0.0124(7) 0.0065(9) 0 0 0
P 0.0085(5) 0.0085(5) 0.0091(7) 0 0 0
O 0.0093(4) 0.0100(4) 00111(4) -0.0020(3) —0.0034(4) 0.0009(3)
H  0017(1)  0.026(7)  0.020(2)  0.006(3)  0.009(3)  0.000(1)

Atom  Principal mean square
atomic displacements
0.0124 0.0124 0.0065
0.0091 0.0085 0.0085
0.0146 0.0091 0.0066
0.0317 0.0229 0.0078

= O © =
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Table 3.11 Unit cell and atomic parameters of tetragonal KDP at 200 K. The
parameters a, b, and cin A and the angles o, 8, and -~ in degree are the lattice con-
stants. The dimensionless parameters x, y, and z are fractional coordinates. The
term g denotes the occupation factor of each atom as a dimensionless parameter.
Ueq and U;; in A2 are isotropic and anisotropic atomic displacement parameters,
respectively. The principal mean square atomic displacements of each atom are
also described. The values in parentheses are the estimated standard deviations
(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group  a(=b) c a(=8=")
Tetragonal I42d 7.433(3) 6.958(6) 90
Atom z Y z Y Ueq

K 0 0 0.5 0.25 0.0127(7)

P 0 0 0 0.25 0.0082(5)
O  0.1485(2) 0.0824(2) 0.1264(2) 1  0.0102(3)
H  0.1468(7) 0.227(1) 0.117(3) 05  0.020(2)

Atom U1 Usz Uss Uas Uiz Uiz
K  0.013(1) 0.013(1) 0.012(1) 0 0 0
P 0.0057(6) 0.0057(6) 0.013(1) 0 0 0
O  0.0081(5) 0.0079(5) 0.0148(5) —0.0016(5) —0.0035(5) 0.0010(3)
H  0018(1) 0.018(6) 0.023(3) —0.008(4) —0.005(3)  0.006(2)

Atom  Principal mean square
atomic displacements
0.0128 0.0128 0.0124
0.0132 0.0057 0.0057
0.0167 0.0075 0.0065
0.0334 0.0142 0.0110

o o v R
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Table 3.12 Unit cell and atomic parameters of orthorhombic DKDP at 10 K.
The parameters a, b, and ¢ in A and the angles «, 3, and ~ in degree are the
lattice constants. The dimensionless parameters x, y, and z are fractional coordi-
nates. The term g denotes the occupation factor of each atom as a dimensionless
parameter. Ueq and U;; in A? are isotropic and anisotropic atomic displace-
ment parameters, respectively. The principal mean square atomic displacements
of each atom are also described. The values in parentheses are the estimated
standard deviations (e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=8="7)
Orthorhombic Fdd2 10.595(9) 10.487(6) 6.922(4) 90
Atom x y z g Ueq
K 0 0 0.4824(6) 0.5 0.0044(6)
P 0 0 0 0.5 0.0024(4)

Ol 0.0354(1) 0.1149(1) —0.1373(5) 1  0.0042(3)
02 0.1158(1) —0.0352(1) 0.1166(5) 1  0.0040(3)
D  02160(2) 0.0651(2) 0.1141(6) 1 0.0142(4)

Atom U11 U22 U33 U23 U13 U12

K  0.006(1) 0.007(1)  0.001(1) 0 0 —0.0003(9)
P 0.0020(8) 0.0023(9) 0.0028(9) 0 0 —0.0005(6)
Ol  0.0045(6) 0.0045(6) 0.0035(6) 0.0018(5)  0.0023(5)  0.0013(4)
02 0.0031(6) 0.0060(6) 0.0030(6) 0.0005(5) —0.0017(5)  0.0005(4)
D  0.0140(7) 0.0136(7) 0.0151(7) —0.0015(7) 0.0004(7) —0.0000(6)

Atom  Principal mean square
atomic displacements
K 0.0066 0.0057 0.0009
P 0.0028 0.0027 0.0017
01 0.0078 0.0033 0.0015
02 0.0061 0.0047 0.0012
D 0.0160 0.0140 0.0126
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Table 3.13 Unit cell and atomic parameters of orthorhombic DKDP at 70K.
The parameters a, b, and c in A and the angles a, 3, and v in degree are the

lattice constants. The dimensionless parameters z, y, and z are fractional coordi-

nates. The term g denotes the occupation factor of each atom as a dimensionless

parameter. Ueq and U;; in A2 are isotropic and anisotropic atomic displace-

ment parameters, respectively. The principal mean square atomic displacements

of each atom are also described. The values in parentheses are the estimated

standard deviations (e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(==7)
Orthorhombic Fdd2 10.58(2) 10.49(1) 6.920(3) 90
Atom T Y z Ueq
K 0 0 0.4827(6) 0.5 0.0048(6)
P 0 0 0 0.5 0.0029(4)
Ol  0.0350(1) 0.1150(1) —0.1377(5) 0.0049(3)
02 0.1156(1) —0.0352(1) 0.1161(5) 0.0053(3)
D  02163(2) 0.0655(2)  0.1141(6) 0.0153(4)
Atom Un U2 Uss Uzs Uiz Uiz
K 0.008(1) 0.004(1) 0.003(1) 0 0 —0.0002(9)
P 0.0042(8) 0.0011(8) 0.0034(9) 0 0 0.0006(6)
O1 0.0063(6) 0.0033(5) 0.0052(5) 0.0019(5) 0.0020(5)  —0.0001(4)
02 0.0069(6) 0.0043(5) 0.0048(6) —0.0000(5) —0.0018(6) 0.0004(4)
D 0.0169(7) 0.0125(6) 0.0165(7) —0.0018(7) —0.0004(7) 0.0006(6)
Atom  Principal mean square
atomic displacements
K 0.0076  0.0042 0.0026
P 0.0044 0.0034 0.0010
O1 0.0081 0.0049 0.0018
02 0.0079 0.0043 0.0037
D 0.0177 0.0165 0.0118
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Table 3.14 Unit cell and atomic parameters of orthorhombic DKDP at 130 K.
The parameters a, b, and ¢ in A and the angles «, 3, and 7 in degree are the
lattice constants. The dimensionless parameters z, y, and z are fractional coordi-
nates. The term g denotes the occupation factor of each atom as a dimensionless
parameter. Usq and Us; in A? are isotropic and anisotropic atomic displace-
ment parameters, respectively. The principal mean square atomic displacements
of each atom are also described. The values in parentheses are the estimated
standard deviations (e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=8="1)
Orthorhombic Fdd2 10.584(5) 10.485(4) 6.943(4) 90
Atom T Y z g Ueq
K 0 0 0.4818(5) 0.5 0.0075(5)
P 0 0 0 0.5 0.0043(4)

O1 0.0349(1) 0.1149(1) —0.1372(5) 1  0.0076(3)
02 0.1158(1) —0.0353(1) 0.1156(5) 1 0.0070(3)
D  02160(2) 0.0659(2) 0.1141(6) 1 0.0166(3)

Atom Ui Uz Uss Uss Uiz Uiz
K 0008(1) 0.007(1) 0.007(1) 0 0 0.0000(8)
P 0.0030(7) 0.0037(7) 0.0063(8) 0 0 0.0002(5)

Ol  0.0060(5) 0.0073(5) 0.0094(5) 0.0032(5)  0.0015(5) —0.0002(4)
02 0.0070(5) 0.0058(5) 0.0083(5) 0.0007(5) —0.0026(5) 0.0005(4)
D  0.0152(6) 0.0150(6) 0.0197(6) —0.0019(6) 0.0007(6)  0.0002(5)

Atom  Principal mean square
atomic displacements
K 0.0082 0.0073 0.0070
P 0.0062 0.0038 0.0029
O1 0.0119 0.0065 0.0043
02 0.0103 0.0063 0.0044
D 0.0204 0.0153 0.0142
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Table 3.15 Unit cell and atomic parameters of orthorhombic DKDP at 160 K.
The parameters a, b, and ¢ in A and the angles «, 3, and «y in degree are the
lattice constants. The dimensionless parameters z, y, and z are fractional coordi-
nates. The term g denotes the occupation factor of each atom as a dimensionless
parameter. U.q and U;; in A? are isotropic and anisotropic atomic displace-
ment parameters, respectively. The principal mean square atomic displacements
of each atom are also described. The values in parentheses are the estimated

standard deviations (e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=p=7)
Orthorhombic Fdd2 10.589(7) 10.489(6) 6.945(5) 90
Atom T Y z g Ueq
K 0 0 0.4825(6) 0.5 0.009 6(6)
P 0 0 0 0.5 0.0065(4)

O1 0.0347(2) 0.1148(2) —0.1376(5) 1 0.0100(3)
02 0.1155(2) —0.0350(2) 0.1153(5) 1  0.0093(3)
D  02160(2) 0.0658(2) 0.1141(6) 1 0.0191(4)

Atom Ui Uaa Uss Uss Ui Uiz
K  0013(1) 0.0101) 0.007(1) 0 0 0.000(1)
P 0.0067(9) 0.0052(9) 0.008(1) 0 0 0.000 3(6)

Ol  0.0099(6) 0.0094(6) 0.0108(6) 0.0038(6)  0.0030(6) —0.000 1(5)
02  0.0106(6) 0.0080(6) 0.0093(6) 0.0006(6) —0.0039(6)  0.0004(4)
D  0.0198(7) 0.0175(7) 0.0201(7) —0.0025(8) —0.0010(8)  0.0011(6)

Atom  Principal mean square
atomic displacements
K 0.0126 0.0095 0.0067
P 0.0076 0.0067 0.0051
01 0.0151 0.0098 0.0052
02 0.0139 0.0082 0.0058
D 0.0224 0.0190 0.0159
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Table 3.16 Unit cell and atomic parameters of orthorhombic DKDP at 190 K.
The parameters a, b, and ¢ in A and the angles a, B, and v in degree are the
lattice constants. The dimensionless parameters z, y, and z are fractional coordi-
nates. The term g denotes the occupation factor of each atom as a dimensionless
parameter. U.q and U;; in A? are isotropic and anisotropic atomic displace-
ment parameters, respectively. The principal mean square atomic displacements
of each atom are also described. The values in parentheses are the estimated

standard deviations (e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=B=7)
Orthorhombic Fdd2 10.60(1) 10.50(1) 6.962(4) 90
Atom x Y z g Ueq

K 0 0 0.4817(6) 0.5 0.0079(7)
P 0 0 0 0.5 0.0039(4)
Ol  0.0345(2) 0.1146(2) —0.1371(5) 1  0.0088(4)
02 0.1154(2) —0.0352(2) 0.1144(5) 1  0.0076(3)
D 02160(2) 0.0660(2) 0.1126(6) 1 0.0171(4)

Atom Ui Ua2 Uss Uss Uis Uiz
K 0.005(1) 0.012(2)  0.006(1) 0 0 ~0.001(1)
P 0.0039(9) 0.003(1)  0.005(1) 0 0 —0.0009(6)

O1  0.0052(6) 0.0100(8) 0.0112(6) 0.0038(6)  0.0027(6) —0.0000(5)
02  0.0069(6) 0.0072(7) 0.0086(6) 0.0013(6) —0.0034(6)  0.0004(5)
D  0.0164(7) 0.0160(8) 0.0190(8) —0.0008(8) 0.0011(7)  0.0015(6)

Atom  Principal mean square
atomic displacements
K 0.0126 0.0061 0.0050
P 0.0051 0.0043 0.0022
01 0.0149 0.0078 0.0038
02 0.0114 0.0074 0.0038
D 0.0194 0.0176 0.0144
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Table 3.17 Unit cell and atomic parameters of orthorhombic DKDP at 205K.
The parameters a, b, and ¢ in A and the angles o, 8, and v in degree are the

lattice constants. The dimensionless parameters z, y, and z are fractional coordi-

nates. The term g denotes the occupation factor of each atom as a dimensionless

parameter. Ugq and Uj; in A? are isotropic and anisotropic atomic displace-

ment parameters, respectively. The principal mean square atomic displacements

of each atom are also described. The values in parentheses are the estimated

standard deviations (e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=p=7)
Orthorhombic Fdd2 10.590(5) 10.499(4) 6.964(2) 90
Atom T Y z Ueq
K 0 0 0.4825(6) 0.5 0.0126(6)
P 0 0 0 0.5 0.0084(4)
Ol  0.0345(2) 0.1146(2) —0.1364(5) 0.0128(3)
02  0.1155(2) —0.0349(1) 0.1154(5) 0.0115(3)
D 02157(2) 0.0659(2)  0.1146(6) 0.021 6(4)
Atom Un Uzz Uss Uas Uiz Ur2
K 0.014(1) 0.013(1) 0.011(1) 0 0 0.000(1)
P 0.008(1) 0.0072(8) 0.010(1) 0 0 0.000 3(6)
01 0.0104(6) 0.0130(6) 0.0150(6) 0.0048(6) 0.003 3(6) —0.0003(5)
02 0.0118(6) 0.0101(6) 0.0127(6) 0.0006(6) —0.0043(6) 0.0005(4)
D 0.0210(7) 0.0203(7) 0.0236(7) —0.0025(8)  0.0003(8) 0.002 3(6)
Atom  Principal mean square
atomic displacements
K 0.0139 0.0131 0.0107
P 0.0100 0.0082 0.0071
01 0.0196 0.0117 0.0072
02 0.0165 0.0103 0.0077
D 0.0252 0.0222 0.0175
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Table 3.18 Unit cell and atomic parameters of orthorhombic DKDP at 210 K.
The parameters a, b, and ¢ in A and the angles «, 8, and 7 in degree are the
lattice constants. The dimensionless parameters z, y, and z are fractional coordi-
nates. The term g denotes the occupation factor of each atom as a dimensionless
parameter. Ueq and U;; in A? are isotropic and anisotropic atomic displace-
ment parameters, respectively. The principal mean square atomic displacements
of each atom are also described. The values in parentheses are the estimated

standard deviations (e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a b c a(=p="7)
Orthorhombic Fdd2 10.59(1) 10.51(1) 6.965(5) 90
Atom T Y z g Ueq
K 0 0 0.4827(6) 0.5 0.0113(6)
P 0 0 0 0.5 0.0063(4)

Ol  0.0343(2) 0.1149(2) —0.1367(5) 1  0.0114(3)
02 0.1154(2) -0.0351(2) 0.1154(5) 1  0.0099(3)
D 02155(2) 0.0657(2) 0.1143(6) 1 0.0201(4)

Atom U1 Uz Uss Usa Uiz Uiz
K 0012(1) 0016(2)  0.006(1) 0 0 —0.000(1)
P 0.0053(8) 0.005(1) 0.0086(9) 0 0 ~0.0007(6)

Ol  0.0080(6) 0.0121(7) 0.0140(6) 0.0047(6)  0.0026(6)  0.0000(5)
02  0.0089(5) 0.0097(6) 0.0112(5) 0.0009(5) —0.0049(6) 0.0004(5)
D  00189(7) 0.0209(8) 0.0206(7) —0.0018(7) 0.0002(7)  0.0028(6)

Atom  Principal mean square

atomic displacements
K 0.0160 0.0114 0.0065
P 0.0086 0.0059 0.0044
O1 0.0183 0.0096 0.0062
02 0.0151 0.0098 0.0048
D 0.0235 0.0203 0.0165
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Table 3.19 Unit cell and atomic parameters of tetragonal DKDP at 220 K. The
parameters a, b, and cin A and the angles a, 8, and ~ in degree are the lattice con-
stants. The dimensionless parameters z, 4, and z are fractional coordinates. The
term g denotes the occupation factor of each atom as a dimensionless parameter.
Ueq and Us; in A? are isotropic and anisotropic atomic displacement parameters,
respectively. The principal mean square atomic displacements of each atom are
also described. The values in parentheses are the estimated standard deviations
(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a(=b) c a(=8=1v)
Tetragonal I42d 7.458(2) 6.959(2) 90
Atom T Y z g Ueq

K 0 0 0.5 0.25 0.0093(8)

P 0 0 0 0.25 0.0072(6)
O  0.1490(2) 0.0807(2) 0.1260(3) 1  0.0095(3)
D  0.1495(4) 0.2197(3) 0.122(1) 0.5 0.0170(8)

Atom Un U2z Uss Uz Uis Uiz
K  0010(1) 0.010(1) 0.007(2) 0 0 0
P 0.0054(7) 0.0054(7) 0.011(1) 0 0 0
O  0.0081(5) 0.0076(6) 0.0130(5) —0.0023(5) —0.0054(6) 0.0027(4)
D 0014(1) 0014(2) 0.023(1)  0003(3)  0.001(2) —0.0014(8)

Atom  Principal mean square
atomic displacements
0.0104 0.0104 0.0073
0.0108 0.0054 0.0054
0.0176  0.0068 0.0042
0.0240 0.0153 0.0116

O o v R




3.1 Atomic parameters 45
Table 3.20 Unit cell and atomic parameters of tetragonal DKDP at 250 K. The
parameters a, b, and cin A and the angles o, 3, and ~ in degree are the lattice con-
stants. The dimensionless parameters z, y, and z are fractional coordinates. The
term g denotes the occupation factor of each atom as a dimensionless parameter.
Ueq and Us; in A? are isotropic and anisotropic atomic displacement parameters,
respectively. The principal mean square atomic displacements of each atom are
also described. The values in parentheses are the estimated standard deviations
(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a(=b) c a(=8=7)
Tetragonal I42d 7.46(2) 6.954(8) 90
Atom x y z g Ueq
K 0 0 0.5 0.25 0.0117(8)
P 0 0 0 0.25 0.0099(6)
0] 0.1490(2) 0.0810(2) 0.1264(3) 1 0.0124(4)
D 0.1487(4) 0.2199(3) 0.121(1) 0.5 0.0177(8)
Atom Un Uzo Uss Uas Uiz
K 0.013(1) 0.013(1) 0.009(2) 0 0
P 0.0074(7) 0.0074(7) 0.015(1) 0 0
0] 0.0102(5) 0.0103(6) 0.0167(6) —0.0030(5) —0.0051(6)
D 0.017(1) 0.012(2) 0.024(1) 0.000(2) 0.000(2) —0.000 1(7)
Atom  Principal mean square
atomic displacements
K 0.0132 0.0132 0.0088
P 0.0149 0.0074 0.0074
O 0.0207 0.0091 0.0073
D 0.0244 0.0169 0.0119
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Table 3.21 Unit cell and atomic parameters of tetragonal DKDP at 298 K. The
parameters a, b, and cin A and the angles o, 8, and  in degree are the lattice con-

stants. The dimensionless parameters z, y, and z are fractional coordinates. The

term g denotes the occupation factor of each atom as a dimensionless parameter.

Ue.q and U;; in A? are isotropic and anisotropic atomic displacement parameters,

respectively. The principal mean square atomic displacements of each atom are

also described. The values in parentheses are the estimated standard deviations

(e.s.d.’s), and the parameters without e.s.d.’s are fixed ones.

Crystal system Space group a(=1b) c a(=p=7%)
Tetragonal I42d 7.471(2) 6.977(4) 90
Atom x y z g Ueq
K 0 0 0.5 0.25 0.0159(6)
P 0 0 0 0.25 0.0123(4)
0 0.1487(2) 0.0810(1) 0.1257(2) 1 0.0153(3)
D 0.1484(3) 0.2202(3) 0.1210(8) 0.5 0.0231(6)
Atom Un U2z Uss Uas Uis Uiz
K  0.0171(9) 0.0171(9) 0.014(1) 0 0 0
P 0.0105(5) 0.0105(5) 0.016(1) 0 0 0
O  0.0129(4) 0.0133(4) 0.0198(4) —0.0037(4) —0.0058(4) 0.0018(4)
D 0.0210(8)  0.020(2) 0.029(1) —0.001(2) —0.002(1)  —0.0013(7)
Atom  Principal mean square
atomic displacements
K 0.0171 0.0171 0.0137
P 0.0158 0.0105 0.0105
O 0.0246 0.0118 0.0096
D 0.0290 0.0216 0.0186
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3.2 Interatomic distances and angles

Hereafter, interatomic distances and angles are compared between KDP and DKDP
in figures, where the solid and open symbols represent KDP and DKDP, respectively.

A K atom is surrounded by eight oxygen atoms; four of them are the nearest-
neighbor (NN) atoms, and the other four are the next-nearest-neighbor (NNN) atoms.
Below T, K displaces along the c-axis, so that these distances between K and O
change, as shown in Fig. 3.1. In the ferroelectric phase, the NN distance splits into
K-02xy and K-Olny, and the NNN distance into K-O2ynyy and K-Olnnn. [43]
Strictly, K-O2nn, K-Olnyn, K-O2xnn, and K-Olynn indicate K-022, K-O1P, K-
02, and K-O1°, respectively; the superscripts a, b, and ¢ denote the symmetry co-
ordinates —z + 1/4,y + 1/4,z + 1/4; =z — 1/4,—y + 1/4,z + 3/4; and z,y,z + 1,
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Figure 3.1 Temperature dependences of the interatomic distances K—O2nn, K-
Olnn, K-O2nnnN, and K-Olnnn. The solid and open symbols denote the values
of KDP and DKDP, respectively. ‘NN’ and ‘NNN’ mean ‘nearest-neighbor’ and
‘next-nearest-neighbor’, respectively. [43]
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respectively.

The O-K-O angles are shown in Fig. 3.2; the primed and normal O’s are NN
and NNN ones, respectively. At each angle, O atoms are related to the two-fold
symmetry through the K atom along the c-axis. The four interatomic angles in the
ferroelectric phase turn into two interatomic angles in the paraelectric phase, which
are crystallographically independent of each other. Strictly, 02'-K-02', 01'-K-01’,
02-K-02, and 01-K-O1 indicate 02*-K-024, O1P-K-O1¢, 02-K-02f, and O1°-
K-O18, respectively; the superscripts d, e, f, and g denote the symmetry operations
z—1/4,—y—~1/4,2+1/4; —z +1/4,y — 1/4,2+ 3/4; —z,—y, z; and —z,—y,z + 1,
respectively. Except for the gradual changes just below the T, of KDP, their in-
teratomic distances and angles change in the same fashion, although the transition
temperatures are quite different between KDP and DKDP. With decreasing temper-
ature, the atomic distances slightly decrease as shown in Fig. 3.1, however, the angles
do not show such changes. So, the atomic distance of K-O contracts homogeneously
within each phase.

Each K atom is surrounded by six POy tetrahedra. Two of them are above and
below K along the c-axis, and four around the c-axis. The distances between K and

P for the former neighbors are shorter than for the latter neighbors.
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Figure 3.2 Temperature dependences of interatomic angles, O2'-K-02' (left
ordinate), O1'-K—O1’ (left ordinate), 02-K-02 (right ordinate), and O1-K-O1
(right ordinate) in both KDP (solid symbols) and DKDP (open symbols).
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Fig. 3.3 shows temperature dependences of the interatomic distances, K-P; (left
ordinate), K-Py/ (left ordinate), K-P5 (right ordinate), and K-Py/ (right ordinate).
The solid and open symbols denote the values of KDP and DKDP, respectively. These
four interatomic distances in ferroelectric phase turn into two interatomic distances in
paraelectric phase, which are crystallographically independent of each other. Strictly,
K-P;, K-Py,, K-P,, and K-Py indicate K-P, K-P°¢, K-P", and K-PP" in the ferro-
electric phase of KDP and DKDP, respectively; the superscript h denotes symmetry
operations, z+1/4, —y+1/4, z+1/4. In addition to recognition of Curie point increase
up to ca. 100 K between KDP and DKDP, the differences between KDP and DKDP
in these four interatomic distances are also negligible, except for rounded change just
below T,.. The temperature dependences of the K-P distances are similar to those of
K-O distances shown in Fig. 3.1.

As shown in Figs. 3.1-3.3, no notable difference between KDP and DKDP can be

recognized in the interatomic distances and angles of K-O and K-P, except for the
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Figure 3.3 Temperature dependences of the interatomic distances, K-P1 (left
ordinate), K-P1/ (left ordinate), K-P2 (right ordinate), and K-P,s (right or-
dinate). The solid and open symbols denote the values of KDP and DKDP,

respectively.
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gradual changes just below the T, of KDP.

Next, the author describes the deformation of the PO, tetrahedron. In the para-
electric phase, the molecule has an S; symmetry, which is reduced to Cs in the
ferroelectric phase. (Refer Fig. ??.) Therefore, the unique P-O distance splits into
P-0O1 and P-0O2, where O1 is the acceptor for the hydrogen atom and O2 the donor.

Figure 77 shows the temperature dependences of the interatomic distances for KDP
and DKDP. If the hydrogen atom attaches to O1, then the P-O1 distance increases
by ca. 0.03 A, while the P-O2 distance decreases by ca. 0.03 A; the distance change
in DKDP is almost the same as or slightly larger than that in KDP. The difference
between P-O2 and P—O1 indicates that the POy tetrahedron distorts slightly in the
ferroelectrics phase. Except for the gradual changes just below T, of KDP, the values
of both ferroelectric and paraelectric phases in KDP and DKDP are almost the same.

As shown in the schematic picture in Fig. 3.4, there are two interatomic angles in
the paraelectric phase: O-P-0’ ~ 110.3° and O1-P-02 ~ 109.0°. These angles are
almost the same for KDP and DKDP. In the ferroelectric phase, the angle O-P-0O’
splits into O1-P-01’ and 02-P-02’; the former O1 atom is the acceptor of H/D and
the former angle decreases to 106°, and the latter angle increases to 115.5°, as shown
in Fig. 3.6.

The interatomic distances within a POy tetrahedron are plotted in Figs. 3.7 and 3.8.

In Fig. 3.7, one of two oxygen atoms is symmetrically related to another oxygen atom

c-direction

Figure 3.4 Schematic view of the POy tetrahedron and the two-fold axis along the c-axis.
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as counterpart with two-fold symmetry through phosphorus atom along c-axis. More-
over, these O1-0O1 and 02-02 in ferroelectric phase, which are crystallographically
independent of each other, turn into the common interatomic distance in paraelec-
tric phase. This relationship is corresponding to that symmetry of PO, tetrahedron
changes from C5 in the ferroelectric phase into Sy in the paraelectric phase. The dif-
ference between O1-O1 and O2—-02 indicates that shape of PO, tetrahedron distorts
slightly in the ferroelectrics phase. Strictly, O1-O1 and 02-02 indicate O1-O1f and
02-02f in the ferroelectric phase, respectively. Although it is natural to recognize
Curie point increase up to ca. 100K between KDP and DKDP, the values of both
ferroelectric and paraelectric phases in KDP and DKDP are almost in accordance. In
Fig. 3.8, one of two oxygen atoms is symmetrically related to another oxygen atom as
counterpart with two-fold symmetry through phosphorus atom along c-axis. More-
over, these 01-02 and 0O1-02’ in ferroelectric phase, which are crystallographically
independent of each other, turn into the common interatomic distance in paraelec-
tric phase. This relationship is corresponding to that symmetry of PO, tetrahedron
changes from C5 in the ferroelectric phase into Sy in the paraelectric phase. The dif-
ference between O1-02 and 01-02’ indicates that shape of PO, tetrahedron distorts
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Figure 3.5 Temperature dependences of the interatomic distances P-O2 and
P-O1 in both KDP (solid symbols) and DKDP (open symbols).
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slightly in the ferroelectrics phase. Strictly, O1-O2’ in the legend indicates O1-02f
in the ferroelectric phase of KDP and DKDP, respectively. Although it is natural to
recognize Curie point increase up to ca. 100K between KDP and DKDP, the val-
ues of both ferroelectric and paraelectric phases in KDP and DKDP are almost in
accordance.

The angles O-P-0 also depend on temperature as shown in Fig. 3.9. One of two
oxygen atoms is symmetrically related to another oxygen atom as counterpart with
two-fold symmetry through phosphorus atom along c-axis. Moreover, these O1-P—
02 and O1-P-02’ in ferroelectric phase, which are crystallographically independent
of each other, turn into the common interatomic angle in paraelectric phase. This
relationship is corresponding to that symmetry of POy tetrahedron changes from C,
in the ferroelectric into Sy in the paraelectric phase. The difference between O1-P—
02 and O1-P-02' indicates that shape of POy tetrahedron consequently has slight
distortion in the ferroelectrics phase. Strictly, O1-P—02’ in the legend indicates O1-
P-02f in the ferroelectric phase of KDP and DKDP, respectively. Although it is
natural to recognize Curie point increase up to ca. 100 K between KDP and DKDP,
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Figure 3.6 Temperature dependences of the interatomic angles, O2-P—02 and
O1-P-O1 in both KDP (solid symbols) and DKDP (open symbols).
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the values of both ferroelectric and paraelectric phase in KDP and DKDP are almost
in accordance.

The deformation of the POy tetrahedron in the ferroelectric phase means the fol-
lowing: i) the O1-O1’ distance decreases by ca. 0.01A, ii) the 02-02' distance
increases by ca. 0.01A, and iii) the P atom shifts along the z-axis relatively to the
z-parameters of O atoms (getting away from O1 and approaching O2), while iv) the
01-02 distance increases slightly. The successive change in i)-iii) is considered to
be caused by the ordering of the hydrogen atom (i.e., H/D approaches O1), and is
well known as the Cochran mode. (Refer Fig. 3.10.) [17] The shifts of potassium and
phosphorus ions (i.e., atoms) along the polar axis (c-axis) mainly cause the sponta-
neous polarization of KDP/DKDP. On the other hand, The hydrogen atoms (i.e.,
the protons/deuterons) in the hydrogen bond with the oxygen atoms moves almost
within the ab-plane perpendicular to the polar axis of the unit cell, and the oxygen
atoms show almost negligible shifts. All the displacements of atoms are strongly and
inseparably relevant to each other. The deformed PO, tetrahedron has C; symmetry
in the ferroelectric phase; however, the tetrahedron is Sy in the paraelectric phase.

Next let the author mention the position of H/D. In the ferroelectric phase, the H
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Figure 3.7 Temperature dependences of the interatomic distances, O1-O1 and
02-02. The solid and open symbols denote the values of KDP and DKDP,
respectively.
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atom is at the distances r and r’ from the acceptor O1 and the donor O2, respectively.
Above T, r and ' mean the distances from one of the two disordered positions to the
hydrogen-bonded oxygen position. Figure 3.11 shows the temperature dependences of
the distances r (left ordinate) and ' (right ordinate). It is apparent that values of r
and r’ are not identical for KDP (solid symbols) and DKDP (open symbols). Although
the large e.s.d. (estimated standard deviation) due to the noticeable thermal vibration
of protons in KDP may not be negligible, r increases (v’ decreases) with decreasing
temperature; the same tendency was also reported previously. [39] Just below T of
KDP, r and 7’ show gradual changes. On the other hand, the r and ' of DKDP
change stepwise at T¢, and r coincides with the previously reported data indicated by
the dotted line. The r of DKDP is smaller than that of KDP even in the ferroelectric
phase.

Figure 3.12 shows the temperature dependences of the interatomic distances Ro_o
(left ordinate) and § (right ordinate) for the hydrogen bond in both KDP (solid
symbols) and DKDP (open symbols). Ro_o and 4 indicate the distances between two
oxygen atoms as the donor and acceptor and between two positions at which hydrogen

occupies with one-half probability in the paraelectric phase, respectively. [39,40,43|
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Figure 3.8 Temperature dependences of the interatomic distances, O1-O2 and
01-02'. The solid and open symbols denote the values of KDP and DKDP,
respectively.
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The behaviors of Ro o in the vicinities of the transition temperatures are also
remarkable. For KDP, Ro_o in the ferroelectric phase is ca. 2.503 A, and decreases
as it approaches T;.. Just above T, Ro_o is ca. 2.483 A | and then increases gradually
with a temperature rise in the paraelectric phase. On the other hand, Ro_o for DKDP
remains almost constant within the e.s.d.’s in each phase; a small discontinuous change
can be detected at the transition point.

The disordered hydrogen in the paraelectric phase can be represented by the split-
atom method, in which each atom occupies two sites with equal probability. The split
parameter § of KDP depends on temperature slightly, and it is ca. 0.30 A just above
T.. On the other hand, § = 0.45A of DKDP is almost temperature-independent.
These values of § are almost in agreement with those previously reported by Nelmes
et al. [39]

Although the difference in Ro_o is ca. 0.04 A, the difference in 6 between both
crystals is remarkably large, amounting to ca. 0.1A. This difference in § between
KDP and DKDP seems to arise mainly from the dissimilar behaviors of proton and
deuteron in the hydrogen bond. Since Rp-o does not differ markedly, it can be

assumed that protons and deuterons exist in approximately equivalent potentials of
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Figure 3.9 Temperature dependences of the interatomic angles, O1-P—02 and
01-P-02' in both KDP and DKDP. The solid and open symbols denote the
values of KDP and DKDP, respectively.



56

Chapter 3 Results

the hydrogen bonds. Since the proton is a lighter particle than the deuteron, the
zero-point energy is higher and the density distribution of protons lies farther from
oxygen atoms, which induces a smaller separation of § for KDP than for DKDP.
Figs. 3.13-3.18 show temperature dependences of other interatomic distances and
angles relevant to the hydrogen atom or the hydrogen-bond. If the readers are inter-

ested in them, please check them.

C

f Ol

a‘/‘m‘b

Figure 3.10 Schematic view of the Cochran mode, in which some and successive

atomic displacements are involved, and indicated with the red arrows. [17]
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Figure 3.11 Temperature dependences of the interatomic distances r (left ordi-
nate) and r’ (right ordinate) between oxygen and hydrogen. The solid and open
symbols denote the values of KDP and DKDP, respectively. Here, 7 and 7’ are
defined as the distances of the O-H/D bond and the H/D- - - O bond, respectively.
The dotted lines indicate the reported values in the paraelectric phase. [39]
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Figure 3.12 Temperature dependences of the interatomic distances Ro-o (left
ordinate) and ¢ (right ordinate) for the hydrogen bond in both KDP (solid sym-
bols) and DKDP (open symbols). The dotted lines indicate previously reported
data. [39]
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Figure 3.13 Temperature dependences of the angles o1 and o2 in both KDP
and DKDP. The solid and open symbols denote the values of KDP and DKDP,
respectively. @ denotes rotation angle of PO4 anion about c-axis. (Refer Fig 1.10.)
[39,40,43,82,83] 601 and fo2 are crystallographically independent of each other in
the ferroelectric phase, and then these two angles coincides in paraelectric phase,
since the symmetry of POy tetrahedron changes from Cs in the ferroelectric into
S4 in the paraelectric phase. 601 and o2 in the ferroelectric phases are calculated
from the position of the POy4 tetrahedra on polar 2-fold axis’.. It is apparent that
the value of 8 in KDP is smaller than that in DKDP in paraelectric phase, which
corresponds to smaller interatomic distance between two oxygen atoms as donar-
acceptor of the hydrogen bond, Ro_o, in paraelectric phase of KDP than that of
DKDP.
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Figure 3.14 Temperature dependences of the interatomic angles, O-H/D---O
(left ordinate) and P-O-H/D (right ordinate) in both KDP and DKDP. The
solid and open symbols denote the values of KDP and DKDP, respectively. No
remarkable difference about both interatomic angles can be recognized in KDP
and DKDP. Interatomic angles about O-H/D- - - O and P-O-H/D are of ca. 179°
and 112° in both phases. The hydrogen bond between two oxygen atoms of POy
anions in KDP and DKDP is approximately linear.
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Figure 3.15 Temperature dependences of the angles ¢ (left ordinate) and
(right ordinate), the angles related with hydrogen-bond in both KDP and DKDP.
The solid and open symbols denote the values of KDP and DKDP, respectively.
The angles ¢ and ¥ mean the arguments of lines formed by two oxygen atoms
as donar-acceptor in the hydrogen bond and two splitting hydrogen/deuterium
atoms with a half occupancy from ab plane, respectively. (Refer Appendix A.1.)
[39,40,43,82,83] 9 cannot be calculated in ferroelectric phase for disappearance
of two-fold symmetry as like about (z,1/4,1/8). ¢ and v are of ca. 0.4° and
5°, respectively. No remarkable variation and difference of ¢ and ¥ can be
recognized in KDP and DKDP with temperature variation. Especially, negligible
temperature dependence of ¢ indicates that atomic shift along ferroelectric c-axis
between two oxygen atoms as donar-acceptor of the hydrogen bond is negligible
in both ferroelectric and paraelectric phases.
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Figure 3.16 Temperature dependences of the interatomic distances, K—-H/Dj,
K-H/D;y/, K-H/D3, and K-H/D,/. The solid and open symbols denote the values
of KDP and DKDP, respectively. These four interatomic distances in ferroelectric
phase remain as four interatomic distances even in paraelectric phase, because
they are crystallographically independent of each other. Strictly, K-H/D;, K-
H/D;/, K-H/D,, and K-H/Dj indicate K-H/D', K-H/D¢, K-H/D°®, and K-
H/D in the ferroelectric phase of KDP and DKDP, respectively; the superscript
i denotes symmetry coordinate, z — 1/2,y,z + 1/2.
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Figure 3.17 Temperature dependences of the interatomic distances, P-H/D;
(left ordinate) and P-H/D;/ (right ordinate) in both KDP and DKDP. The solid
and open symbols denote the values of KDP and DKDP, respectively. Strictly,
P-H/D; and P-H/Dy, in the legend indicate P-H/D% and P-H/D in the fer-
roelectric phase of KDP and DKDP, respectively. In addition to recognition of
Curie point increase up to ca. 100K between KDP and DKDP, the differences
between KDP and DKDP in these two interatomic distances are small.
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Figure 3.18 Temperature dependences of the interatomic distances, P-H/D,
and P-H /D, in both KDP (solid symbols) and DKDP (open symbols). Strictly,
P-H/D; and P-H/Dy in the legend indicate P-H/D’ and P-H/D? in the fer-
roelectric phase of KDP and DKDP, respectively; the superscripts j denotes
symmetry operation, z —1/2,y, z—1/2. In addition to recognition of Curie point
increase up to ca. 100K between KDP and DKDP, the differences between KDP
and DKDP in these two interatomic distances are small.
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3.3 Positional shifts and spontaneous polarization along
c-axis

The potassium and phosphorus atoms displace in the opposite direction along the
polar c-axis after structural phase transition into the ferroelectric phase. Figure 3.19
shows the temperature dependences of the atomic shifts along the polar c-axis in
both KDP (solid symbols) and DKDP (open symbols). The positional shifts of all
the atoms in the unit cell are directly calculated as relative displacements in the
center-of-gravity coordinate system.

The center of gravity of the unit cell in the ferroelectric phase coincides with that
of the paraelectric phase. (Refer Appendix A.2.) To keep the center of gravity of the
unit cell, the atomic displacement of the phosphorus atom is made larger than that of
the potassium atom because of the difference in the atomic mass. The displacements

of the potassium and phosphorus atoms are ca. —0.05 and +0.065 A, respectively. In
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-0.02 :
-0.04 |-
-0.06

Shift along c—axis [A]
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Figure 3.19 Temperature dependences of the atomic shifts along the polar c-
axis in the ferroelectric phases of both KDP (solid symbols) and DKDP (open
symbols). The positional shifts are calculated as relative displacements in the

center-of-gravity coordinate system.
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KDP, these two atoms shift gradually with decreasing temperature, which is different
from that observed in DKDP, where the atomic positions are almost constant in the
whole ferroelectric phase. The displacements of the potassium and phosphorus atoms
in DKDP are larger than those in KDP. On the other hand, the displacements along
the c-axis of the oxygen and hydrogen/deuterium atoms are overwhelmingly smaller
than those of the potassium and phosphorus atoms.

From the atomic shifts along the c-axis, we can estimate the polarization. Let us
adopt the point-charge method, and assign +e, +5e, —2e, and +e as charges of the
potassium, phosphorus, oxygen, and hydrogen/deuterium atoms, respectively. (Refer
Appendix A.3.) The contribution of each atom is calculated using the displacement
given in Fig. 3.19. The temperature dependences of the calculated components of
P, are shown in Fig. 3.20 for KDP (solid symbols) and DKDP (open symbols). The
contribution of the distortion of the O4 frame of the PO, tetrahedron is not so large.
The dominant contributions are the displacements of the phosphorus and potassium

atoms along the c-axis. If the phosphorus atom shifts in the positive direction, then
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Figure 3.20 Temperature dependences of the calculated atomic contributions to
polarization along the polar c-axis in the ferroelectric phases of both KDP (solid
symbols) and DKDP (open symbols) by the point-charge method. +e, +5e, —2e,
and +e are assigned as charges of the K, P, O, and H/D atoms, respectively.
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the potassium atom shifts in the negative direction. The contribution of the phos-
phorus atom is overwhelmingly larger than that of the potassium atom because the
charge of the phosphorus atom is five times larger than that of the potassium atom.
Consequently, positive spontaneous polarization appears along the c-axis.

The calculated polarizations are compared with the experimental values of KDP and
DKDP (deuterium replacement ratio of 98 %) reported by Samara, [84] in Fig. 3.21.
At around T, the calculated values are in agreement with the reported ones, which
indicates that the point-charge method is well applicable to the study of both KDP
and DKDP. In particular, the calculated values in the vicinity of the paraelectric-
ferroelectric phase transition in KDP show a gradual change, which is in good agree-
ment with the experimental result. The experimental values reported by Samara
and the values calculated by the author indicate that the spontaneous polarization of
DKDP is ca. 1.2 times larger than that of KDP. This is mainly due to the displace-
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Figure 3.21 Temperature dependences of the calculated spontaneous polariza-
tion, Ps, along the polar c-axis in the ferroelectric phases of both KDP (solid
symbols) and DKDP (open symbols) by the point-charge method. The solid
and broken lines show the experimental values of KDP and DKDP (deuterium
replacement ratio of 98 %), respectively, reported by Samara [84].
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ment of the phosphorus atom, which is discussed in chapter 4.

Here, the author notes the effect of the applied DC bias field. By referring to the
X-ray dilatometric study under a DC bias field, [85] the field strength in present study
is considered to shift 7. slightly, and to be insufficient to induce a qualitative change

in the phase transition.
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3.4 Atomic displacement parameter Uj;

The temperature dependences of Uss’s for KDP are shown in Fig. 3.22. It is ap-
parent that the Uz of the hydrogen atom is larger than those of the other atoms
because of the low mass of hydrogen. On the other hand, the potassium, phosphorus,

and oxygen atoms show much smaller Uss’s than the hydrogen atom. Although some
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Figure 3.22 Temperature dependences of the atomic displacement parameters,
Uss’s, of KDP. The symbols 7, A, O, &, and O denote the values of the K,
P, O1, 02, and H atoms, respectively. The O1 atom becomes equivalent to the
02 atom in the paraelectric phase. The dotted lines denote the interpolated
temperature dependences from the values at 295 and 127 K reported by Nelmes

et al. [39] The error bars indicate e.s.d.’s.
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scattering of data may be observed in the paraelectric phase, the temperature depen-
dences are essentially in agreement with the previous report by Nelmes et al. [39] It
should be noted that the Uss’s of heavy atoms show no noticeable changes through
the paraelectric-ferroelectric phase transition. These values decrease monotonically
with decreasing temperature.

Figure 3.23 shows the temperature dependences of the anisotropic atomic displace-

ment parameters, Uss’s, of all the atoms in both the ferroelectric and paraelectric
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Figure 3.23 Temperature dependences of the anisotropic atomic displacement
parameters Uss’s of all the atoms in both the ferroelectric and paraelectric phases
of DKDP. The symbols 17, A, O, <, and [ denote the values of the K, P, O1, 02,
and D atoms, respectively. The O1 atom becomes crystallographically equivalent
to the O2 atom in the paraelectric phase. The dotted lines denote the interpolated
data at 363 and 227 K reported by Nelmes et al. [39)].
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phases of DKDP. In the paraelectric phase, the temperature dependences are in good
agreement with those shown by dotted lines [39]. Similarly to that observed in KDP,
the potassium, phosphorus, and oxygen atoms show much smaller Uss’s than the deu-
terium atom. It should be noted that the Usz’s of all the atoms show no noticeable
changes throughout the paraelectric-ferroelectric phase transition. Only the Ussz of
the phosphorus atom may change rapidly at T, although the data scattering prevents
the author from drawing a decisive conclusion.

Here, the author mentions the temperature dependences of U;; and Uz, shown in
Figs. 3.24-3.27. In the paraelectric phase, U;; and Usy decrease monotonically with

decreasing temperature. As for the relative magnitude, U, < U8,22 <UE < Ufll/ 2%,

where the superscripts indicate the atoms. Since UY < UL, < U3 < Ug/ P as
shown in Figs. 3.22 and 3.23, the nuclear distribution of K is planular within the
xy-plane, while that of P is elongated along the z-axis. The ratios of \/m at
T. are ca. 1.2, 0.73, and 0.78 for K, P, and O, respectively. These values are almost
in agreement with the previous reports. [39,43] Within the ferroelectric phase, the
temperature variations of Uy; and Usg are small and the values are almost continuous
to the paraelectric ones.

For reference, the author presents the temperature dependences of Usq shown in

Figs. 3.28-3.29. We may confirm the relation, U}, < erq <UE < UeIEl/D.
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Figure 3.24 Temperature dependences of the anisotropic atomic displacement
parameters, Ui1’s, of all the atoms in both the ferroelectric and paraelectric
phases of KDP. (Refer Appendix A.4.) The symbols, 7, A, O, <&, and O denote
the values of K, P, O1, O2, and H atoms, respectively. In the ferroelectric phase,
the (110) direction of the unit cell is parallel to the tetragonal a-axis. The O1
atom become crystallographically equivalent with O2 atom in the paraelectric
phase. The open symbols denote the values in this study, and the dotted lines
denote the interpolated temperature dependences from the values at 295 and
127K reported by Nelmes et al. [39]. It should be noted that U;; of hydrogen
atom is one part of the split hydrogen atom.



3.4 Atomic displacement parameter Ujy, 73

D
T
2.5 ||||(|:||1|

20 |02

ob
sl ¥
I 3

<
T30 Fd

HEH

Uyq [1072 49

> HRHoA—<— HEH

0.0 A A I I A TR AN SR A W

0 60 100 150 200 250 300 350 400
Temperature [K]

Figure 3.25 Temperature dependences of the anisotropic atomic displacement
parameters, U;i’s, of all the atoms in both the ferroelectric and paraelectric
phases of DKDP. (Refer Appendix A.4.) The symbols, 7, A, O, O, and O
denote the values of K, P, O1, 02, and D atoms, respectively. The Ol atom
become crystallographically equivalent with O2 atom in the paraelectric phase.
The open symbols denote the values in this study, and the dotted lines denote
the interpolated data at 363 and 227 K reported by Nelmes et al. [39)].
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Figure 3.26 Temperature dependences of the anisotropic atomic displacement
parameters, Uszz’s, of all the atoms in both the ferroelectric and paraelectric
phases of KDP. (Refer Appendix A.4.) The symbols, 57, A, O, ¢, and O denote
the values of K, P, O1, O2, and H atoms, respectively. The Ol atom become
crystallographically equivalent with O2 atom in the paraelectric phase. The open
symbols denote the values in this study, and the dotted lines denote the inter-
polated temperature dependences from the values at 295 and 127 K reported by
Nelmes et al. [39]. The values in the ferroelectric phase are presented as converted
values onto the paraelectric tetragonal lattice approximately; the ferroelectric or-
thorhombic lattice rotates ca. 45° to the paraelectric tetragonal one about those
c-axes. The prominent e.s.d.’s (estimated standard deviations) of hydrogen atom
in the paraelectric phase of KDP must be noticed.
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Figure 3.27 Temperature dependences of the anisotropic atomic displacement
parameters, Usz’s, of all the atoms in both the ferroelectric and paraelectric
phases of DKDP. (Refer Appendix A.4.) The symbols, 57, A, O, ¢, and O
denote the values of K, P, O1, 02, and D atoms, respectively. The O1 atom
become crystallographically equivalent with O2 atom in the paraelectric phase.
The open symbols denote the values in this study, and the dotted lines denote
the interpolated data at 363 and 227 K reported by Nelmes et al. [39].
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Figure 3.28 Temperature dependences of the isotropic atomic displacement pa-
rameters, Ueq’s, of all the atoms in both the ferroelectric and paraelectric phases
of KDP. The symbols, 77, A, O, O, and O denote the values of K, P, O1, 02,
and H atoms, respectively. The O1 atom become crystallographically equivalent
with O2 atom in the paraelectric phase. The open symbols denote the values in
this study, and the dotted lines denote the interpolated temperature dependences
from the values at 295 and 127K reported by Nelmes et al. [39]. It is apparent
that Ueq of hydrogen atom displays larger value than those of other atoms. The
prominent e.s.d.’s (estimated standard deviations) of hydrogen atom in the para-
electric phase of KDP must be noticed. It is considered as its dominant reason
that the least-square fittings are somewhat insufficient only for hydrogen atom
in the paraelectric phase of KDP.
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Figure 3.29 Temperature dependences of the isotropic atomic displacement pa-
rameters, Usq’s, of all the atoms in both the ferroelectric and paraelectric phases
of DKDP. The symbols, 77, A, O, &, and O denote the values of K, P, O1, 02,
and D atoms, respectively. The O1 atom become crystallographically equivalent
with O2 atom in the paraelectric phase. The open symbols denote the values in
this study, and the dotted lines denote the interpolated data at 363 and 227K
reported by Nelmes et al. [39]. It is apparent that Ueq of deuterium atom displays
larger value than those of other atoms.
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Scientist or investigator must be the worst work in the world. They
encourage themselves because other people in the world do not but need
them to create any and real sakes for the world.

Scientist or investigator must be the worst work in the world. The author
thinks so...

Somebody, however, likes the work in the world. The authur likes the

work, too...

In the previous chapter, the interatomic distances and angles are explained in the fig-
ures. At low temperatures, the structures of KDP and DKDP are almost the same ex-
cept for the cell parameter a. The parameter a of DKDP is 0.5 % (0.05 A) larger than
KDP, which reflects the difference in the hydrogen-bonded O1-02 distance Ro—_o;
the distance of DKDP is ca. 0.03 A longer than that of KDP. The magnitudes and
temperature dependences of the atomic displacements along the polar axis perpen-
dicular to hydrogen bonds are almost the same in both crystals. Another difference is
the bond distance between O and H/D; in KDP O1-H, ryg = 1.06 A, while in DKDP
O1-D, rp = 1.03A in the ferroelectric phase. Even if a proton and a deuteron are
within the same local potential, the zero-point energy depends on the particle mass.

Therefore, the average position of a deuteron will be closer to Ol than that of a

79
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proton, which is in agreement with the above-mentioned result.

Here, the author comments on the ‘precursor’ temperature dependence of § in KDP.
As shown in Fig. 3.12, § decreases with decreasing temperature in the paraelectric
phase. If it was a precursor effect of the ferroelectric transition, § would increase
on approaching T, since ry decreases after the ferroelectric transition, as shown in
Fig. 3.11. The parameter § reflects the shape of the nuclear density, as determined
by the split-atom method. The nuclear density will be given by the superposition
of two wave functions of the ground and first-excited states. [38] Since the energy
gap is large enough in KDP, the weight of the upper energy level decreases rapidly
with decreasing temperature, so that § decreases at lower temperatures. On the other
hand, the energy gap is so small in DKDP that the § of deuterons may not change
with temperature.

Some authors claimed that the difference in Ro_o causes an isotope effect on the
transition temperature (geometrical isotope effect). However, they could not explain
why Ro_o differs. [21-26]

We consider that the more rapid motion of protons than of deuterons bonds the
two oxygen atoms more strongly, so that the geometrical isotope effect itself may be
caused by the tunneling motion of protons. As a consequence of the short Ro_g, the
6 of KDP is smaller than that of DKDP, and the localization of protons is prevented
down to low temperatures. Under hydrostatic pressure, a small Ro_o turns the
double-minimum potential for protons/deuterons into a single-minimum type; finally,
the transition temperatures disappear. (Refer Appendix A.5.) [74]

If hydrogen localizes by O1 below T, then the tetragonal PO43~ (site symmetry of
S4) changes into HyPO4~ (site symmetry of Cy), in which P shifts toward the O2 side
and induces a dipole moment along the c-axis. Simultaneously, the KT ion shifts to
P. The deformation of the DoPO4~ molecule is similar to that of HoPO4 ™, except for
the small difference in bond length between O1-D and O1-H. The deformation of the
molecule is considered to be induced by a change of chemical bonding. First-principles
calculations have shown that some amount of electron charge is redistributed during
the transition. [73] Although neutron structural analysis can only determine the nu-
clear positions, the difference between ry and rp surely affects the amount of the
spontaneous shift of P in the ferroelectric phase.

Some researchers claimed that the phosphate molecule was a disordered HoPO4™
cluster even in the paraelectric phase. [27-34] If this is real, then the atomic displace-
ment parameter Ul; ~ of P or K in the paraelectric phase can be expressed using

Uterre in the ferroelectric phase as [86]

U™ = d* + Usg™, (4.0.1)
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Figure 4.1 Schematic view of relational expression about nuclear density dis-
tributions before and after the ferroelectric transition, UP*?® = d? + Ufero. If
disordered state is true in the paraelectric phase, the double Gaussian curve (split
distribution) will be approximately expressed by the single Gaussian curve (non
split distribution), although its expression would be imperfect with finite d.

where 2d is the assigned split distance of P or K. (Refer Fig. 4.1.)

Usually, the split distance is determined by structural analysis while assuming split
atoms in the disordered phase. However, such analysis failed in both KDP and DKDP
in the author’s determination. The least-squares calculations converged in d = 0; no
splitting for K, P nor O. Here, we may estimate d from the spontaneous displacements
in the ferroelectric phase. As shown in Table 4.1, the atomic displacement parameter
Uss of K is small in the paraelectric phase; therefore, eq. (4.0.1) does not hold at all.
The Uss’s of O1 and O2 decrease smoothly through 7, and do not obey eq. (4.0.1).
Moreover, the oxygen atoms remain at almost the same z’s from the center of gravity,
throughout the phase transition.

It has been noted that the Uss of P is larger than Uj; in the paraelectric phase,
which is reconfirmed in the author’s analyses. However, it changes smoothly at T,
in KDP, which does not support a finite d in the paraelectric phase. On the other
hand, the Uss of P may decrease abruptly below 7. in the case of DKDP. From
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eq. (4.0.1), d is estimated at ca. 0.014 A, which is much smaller than the spontaneous
displacement of ca. 0.07 A. Therefore, we cannot conclude that the distorted HyPO4~
cluster exists in the paraelectric phase from a structural point of view. It should be
noted that eq. (4.0.1) holds if the transition mechanism is an order-disordered one,
and the reverse is not true. Even if the transition mechanism is displacive, an atomic
displacement parameter sometimes decreases steeply below T¢. [86]

From the figures in the last chapter, the structural change at T, is discontinuous
and is accompanied by a jump. Ounly in KDP, can a gradual change be recognized
just below T¢. This may be related to the residual double peaks of proton density in
the ferroelectric phase, as reported by Nelmes et al. [42] With decreasing temperature
below T, the proton density changes gradually into the ground-state wave function
form, so that the distortion of the POy tetrahedron and the shift of the K atom
approach the values at 0 K. In DKDP, the deuteron may behave as a more classical

particle, and its nuclear density does not indicate a quasi-double-peak below 7.

Table 4.1 Atomic displacement parameters Uss’s [A?] of KDP and DKDP above
and below T;. The split distances d’s [A] are assigned using the displacements in

Para

the ferroelectric phase. The calculated Uz3™ is given by eq. (4.0.1) in the text.

KDP

Atom d Us3(120K)  UZ¥®  Us3(150K)
K 0.0328  0.00853  0.00961  0.00647
P 0.0515  0.00941  0.0121  0.00912

DKDP

Atom  d  Us3(210K)  URM®  Uss(220K)
K 00500 000648  0.00898  0.00730
P 00707 000861 00136  0.0108




Chapter 5

Conclusions

Learn from yesterday, live for today, hope for tomorrow. The important
thing is not to stop questioning.
— Albert Einstein, in ‘LIFE’ (2 May 1955)

This is a story of a student of a doctoral course in a country university. He
had another and original study theme of hydrogen-bond-type ferroelectric,
however it was unsuccessful in his doctoral course life. He obtained another
theme as alternative study theme, which is the study of KDP/DKDP. The
‘mountain’ of KDP/DKDP was too high and too steep for the student to
climb. Although he frustrated once, he made it through. Consequently,
he acquired precious and invaluable knowledge for the hydrogen bonds for
ferroelectrics.

IT MUST HELP HIM IN FUTURE!

In this report, the author has refined the atomic parameters in both the paraelectric
and ferroelectric phases, in order to elucidate the isotope effect of the structural dif-
ference between KDP and DKDP. The structures have been analyzed using neutron
diffraction data from single crystals at ten temperatures down to 10K. The tem-
perature dependences of the parameters have been discussed not from two or three
temperature points but from ten data points in a wide temperature range. Here, we
summarize the structural changes at the ferroelectric transition and the differences
between KDP and DKDP.

(i)  The refined structural parameters are in agreement with the previous results,
in general. Protons/deuterons are in disorder in the paraelectric phase, while
the potassium and phosphorus atoms are not in disorder in both KDP and

DKDP, from the crystallographic viewpoints. In the ferroelectric phases, the
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Chapter 5 Conclusions

(i)

(iii)

(iv)

(vii)

(viii)

displacements of the potassium and phosphorus atoms along c-axis arise in
connection with the ordering of protons/deuterons. These characteristics are
essentially the same as the previous reports. [39-44]

In DKDP, the atomic coordinates show no remarkable temperature dependence
except for the stepwise change during the ferroelectric transition. On the other
hand, the ‘precursor’ behavior in the paraelectric phase and the continuous
changes of the atomic coordinates just below T, are confirmed in KDP.

The displacements of nuclei accompanied by the phase transition are consid-
ered in keeping a common center of gravity of the unit cell in both KDP and
DKDP. In the ferroelectric phase, the potassium and phosphorus nuclei display
remarkable displacements, and the oxygen and hydrogen nuclei tiny shifts along
the polar axis in comparison with those in the paraelectric phase. The antipar-
allel displacements of the potassium and phosphorus atoms keep the center of
gravity of the unit cell throughout the phase transition.

The spontaneous polarizations along the c-axis are calculated from the
structural parameters by the point-charge method (K:+e, P:+5e, O:—2e, and
H/D:+e). The calculated magnitudes of the spontaneous polarization are
in agreement with the previous values measured directly. The contribution
of the atoms to the polarization mainly consists of one associated with the
displacement of the phosphorus atom with a large valence charge. The
experimental spontaneous polarization of DKDP is ca. 1.2 times larger than
that of KDP, as reported previously, and this difference arises from the slightly
larger displacement of the phosphorus atom in DKDP than in KDP.

In KDP, the atomic shifts along the c-axis indicate gradual increases with de-
creasing temperature just below T,. This character is consequently associated
with the temperature dependence of the spontaneous polarization.

Except for the temperature dependence just below T, in KDP, no remarkable
change is found in the crystal structure below the liquid-nitrogen temperature.
At very low temperatures, the thermal contraction of the cell affects the mag-
nitude of the displacements, i.e., the spontaneous polarizations, although the
decreases are small.

All the atomic distances and angles are examined in both KDP and DKDP.
From the result, remarkable differences are confirmed in the geometrical pa-
rameters relevant to the hydrogen bonds (O-H-: - - O bond), while no significant
difference is confirmed in the other parameters.

The separation distance between equilibrium sites of the hydrogen atom, 4,
is ca. 0.13A longer in DKDP than in KDP, and the distance between two
oxygen atoms of the hydrogen bond, Ro_o, has a difference of ca. 0.04A
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between KDP and DKDP. These two are reconfirmed in the author’s study,
and the author additionally found that deuteron has a smaller distance from
the acceptor oxygen atom; the distance rp is ca. 0.04 A shorter than 5 in both
the paraelectric and ferroelectric phases. rp depends slightly on temperature,

while ry strongly.

Even if the proton and deuteron are located at the same potential, the remarkable
difference should appear in their reciprocating motions between two equilibrium po-
sitions because of their mass. Consequently, it generates a difference in the strength
of the hydrogen bond; if a proton vibrates more frequently, it makes the distance
Ro_o shorter. Therefore, the isotope effect for KDP and DKDP can be explained as
a result of such a mass effect. Additionally, the difference between the behaviors of
proton and deuteron is found to definitely increase the difference of the spontaneous
polarizations; a heavy deuteron attaches closer to the acceptor O1, and the electron
charge transfer from O1 to D takes place, so that the shift of the phosphorus atom
can become larger.

Our structural analyses support a scenario in which the differences of the hydrogen
mass and the potentials associated with different distances between the two oxygen
atoms cause the differences in the transition temperature, the spontaneous polar-
ization, and the vanishing of the ferroelectric phases at different critical pressures in
KDP and DKDP. Namely, ‘tunneling’ hydrogen is the key to understanding the phase
transition of KDP-type ferroelectrics, although ‘tunneling’ may be a dynamical disor-
der without quantum coherency. Finally, a disordered or distorted HoPO,4~ cluster in

the paraelectric phase has not been established from the structural point of view. [75]
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Appendix

A.1 Interatomic angles, ¢Ypara, Yterro, and 1, and their
$p ¥
propagations of the errors

Here, the author presents the calculation process for interatomic angles, @para,
Vferro, and 1, and their propagations of the errors in both KDP and DKDP. They are

previously referred by Nelmes, Kuhs, and other workers. For O atom in H bond only

in paraelectric phase, it is defined by

¢(20 - 1
Ppara = arctan {_b_%;z-—;} ) (A.1.1)

and in ferroelectric phase as

c (i + 201 — 202)

{a2 ( +zo1 — 9602)2 + b2 (=1 + yo1 + yo2)

Pterro = arctan | — 12

(A.1.2)
And it is for H/D atom in H bond only in paraelectric phase as,
1
¥ = arctan i@-ﬂ)—f) . (A.1.3)
b (yr/p — 1)

The calculation of ¢p,rs does require the coordinate of only one oxygen atom of
unit cell content in paraelectric phase. On the other hand, o can be calculated
from the coordinates of two oxygen atoms (O and O3) in the ferroelectric phase, the
later of which has the translated coordinate of (zo, — 1/4, —yo, + 1/4,z0, — 1/4)
as a general equivalent position. Besides, ¥ for H/D atom in splitting state can be
calculated only in the paraelectric phase, but the calculation of ¢ is impossible and

nonsense in ferroelectric phase.
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For easy expressions, let us rewrite @para; Pferro, and ¢ as follows:

o= _Cz0—1/8) ¢ (za/p — 1/8)
~ b(yo—-1/4) b (yu/p — 1/4)’
,BE— C(l/4+201—202)

2 21172
{@ (1/4+ 201 — 202)” + 17 (<1/4+ yo1 + y02) }

. C(1/4+201—Z()2)
- ~1/2 )

v = a? (1/4 + zo1 — o2)” + b? (—1/4 4 yo1 + yo2)*,
Ppara = arctan q,

Pferro = arctan ﬁ )

1) = arctan a.

(A.1.4)

(A.1.5)

(A.1.6)
(A.L7)
(A.1.8)
(A.1.9)

By using of above «, 3, and v, We can obtain the propagations of the errors for ¢para,

VYferro, and 1 as following expressions.

Firstly, about p, .. is shown as follows:

Op 2 Op 2 Op 2
ara ara ara 2
= () s (B2 s () s

OPpara o
Oc 14+a2

Oppara @
b  1+a?

8(Ppamra _ a 1

dyo 1402 (_yo —1/4>’
a‘Ppata _ o 1

8z0  1+a? (zo - 1/8) ’

_ o
/“l’(Ppara. - 1 _|_ a2

890para 2 2
82 /’l'zo
(@]

(A.1.10)

(A.1.11)
(A.1.12)
(A.1.13)

(A.1.14)

I
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In the same way, p; can be calculated as below.

8y a\” 8y \? 8y \?
2 _ ke 2 - 2 2 2
ol {((%) S (3C> pe ® 3yH/D) Husyo znp) P [

(A.1.16)
9
5% -2 (_ ) (A.1.17)
B 1
5= 1fa2 (E , (A.1.18)

1
b
)
o __a (_ 1 ) (A.1.19)
(

! ) : (A.1.20)

1/2

_ la| Ko\ 2 e\ 2 ) g Hzy/p 2
M= T a2 (b) +(c>+ yu/p — 1/4 + za/p — 1/8
(A.1.21)
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Finally, p,,.... is shown below.

Opterro )’ Opterro \ Opterro \
2 erro 2 ITO 2 erro 2
N(pfe"o = {( aa ) Hq + 6eb Hp + e He

( <Pferro> ( goferrc,) )
0xo Hzo 0704 02
2 2

() s () e

(angzo) Haon + (3{;0;::,)2#202} 7 (A.1.22)
392?0 1 fﬁz ( %) ( +Zo1 —102)27 (A.1.23)
agoafzm 1 f[32 < %) (—% + Yyo1 +y02>2, (A.1.24)
39051”0 1 f 32 (%) ’ (A.1.25)
i 0 () (o)
angi,r;o —1 fﬁ2 (%) G + o1 - x02> : (A.1.27)
e 2 () ()
350;2;0 1 f@ (_g) (‘% + Yo +902)7 (A.1.29)
650::0 1 f B2 (1/4 + 2(1)1 - zoz) ’ (A.1.30)
8505320 1 f B2 ( 1/4+zc1)1 _zoz) (A.1.31)

18 [1

Fororro = 71 iz [72 {“2 (1/4+ 201 — z02)* 42 + b2 (—1/4 + yor1 + yo2)* 13

2
a* (1/4 +To1 — 11702) (”'-’2601 + 'u’ioz)
+b* (—=1/4 4 yor + yoz)” (k2 + #32,02)}

5 2 2 1/2
+(&) 4 — Hz01 T Fzo, ] . (A.1.32)

c (1/4+ zo01 — 202)°



A.2 Center of mass of KDP/DKDP 103

A.2 Center of mass of KDP/DKDP

Here, let us consider center of mass of KDP/DKDP in idea of fractional coordinate.

1 1
MallZg = MK | 52K + 5 (zx —1)| + mpzp

1 1
+ mo (220, + 220,) + Mu/p [QEzH/D -+ 25 (ZH/D — 0.25)

= mg (zx — 0.5) + mpzp + mo (220, + 220,) + MH/D (ZZH/D — 0.25) ,
(A.2.1)
where mg, mp, mo, mpu/p are atomic/ionic masses of 39.0983/Na, 30.973 762/Ny,
15.9994/Ny, and (1+Rgq)/Na, respectively, in which N and R4 represent Avogadro’s

constant and deuterium replacement rate, respectively. Therefore,

1
2% = — - [mx (2x — 0.5) + mp2zp + mo (220, + 220,) + mup (2zu/D — 0.25)],
a.
(A.2.2)
man = mg + mp + 4mo + 2mH/D. (A23)
For the propagation of error,
Y=f(X1,X2,X3,"'), (A24)
af \> af \?
wy = (6_)(1) wx, + (3—2 Wa, £ (A.2.5)
8z \°
Ozg 22 0zg 22 Oz 22
A.2.6
+ ( 320) Hoos ¥\ pag, ) Hoon T Femyn) o (A.2.6)
1 \2
= (o) [t b, (4, 02,) + Ao ]
a
(A.2.7)
2 2 2 2 2 ( 2 2 2 2 1/2
Pay = — " [mKuZK + mppz, +4mg (/.Lzo1 + u202) + 4mH/D,qu/D]
a.
(A.2.8)
Moreover,
2z = zi + 2g, (A.2.9)
Bl = ps 4 e (A.2.10)

1/2
fha = (uﬁi +u§g) : (A.2.11)

K3
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We can convert these calculations into ones of real space (e.g., in A, nm and etc.).

Cg = Czg

C
= [mk (2x — 0.5) + mpzp + mo (220, + 220,) + mu/p (22u/p — 0.25)],

Man
(A.2.12)

2

1

Mgg = (m 11) [mK (ZK — 0.5) + mpzp +mo (220, + 2202)
a

+mu/p (221D — 0.25)]% 2

2
[
+ (m n) [mi#ix +mppz, +4md (#Zol + i, ) + 4m}, /D#iH/D]
a.

- hi v
2
2| (Fe) o (He
G |:(c) +(zg) ]’ (A.2.13)
1/2
c\? bz, 2
Heg = |cg] [(H‘C‘) + (z_g) ] : (A.2.14)

Finally,

¢ = ¢+t cg (A.2.15)
Hey = He, + Hog) (A.2.16)

1/2
He; = (“i + “2) : (A.2.17)
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A.3 Propagation of the errors for calculation of spontaneous
polarization

In the point-charge method, contributions of spontaneous polarization from each
atom/ion in the KDP/DKDP unit cell can be written as follows:

Ps = %evomAl,

= A% (A= evom), (A3.1)

where V: unit cell volume in A3, Al: displacement along the c-axis of each atom in A,
e: elementary charge (1.602 17733 x 1071° C), v: valence charge of the ion (K: +1, P:
—1, O: =2, and H/D: +1), o: occupancy at a corresponding site, and m: multiplicity
for the general equivalent positions in the ferroelectric phase of the space group F'dd?2
(i.e., 16).

Therefore,
8Ps\” 8Ps\*
2_ (248 2 718 2
1)? —AL?
= A® (V) par+ A® (—“Vz ) i
A 2 2 Al 2 2 2 Bl ? L\ 2
= (v) {“Al + (7) Hy (=I5 {(E) +(%) } (A-3.2)
_ A AN pan? | cpv2)
pps = \Hat 37 ) B = | Ps| (Tl) + (7) (A.3.3)
Here, Al is given as following calculation using zaye and zg: zave is a average coordinate
z for the position of objective atom/ion in the paraelectric phase. (e.g., K: 0.5, P:

0) zg is the center of gravity in the ferroelectric phase of KDP/DKDP unit cell, and

calculated separately for obtaining the accordance of center of gravity in both the
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paraelectric and ferroelectric phases.
Al =c(z— zg — Zave) , (A.3.4)

2
Bar = (2 = 25 = Zave)” pZ + € (ui + #ig)

=A12{(&>2+( #§+M§g )2}, (A.3.5)

& Z— Zg — Zave

2
Har = {(z — Zg — zave)2ﬂg + ¢ ('U‘E + ﬂzg)}

PRCIR” ST . N
= |Al| (7) +( . : (A.3.6)

p)
Z — Zg — Zave)

uiy = (bo)® p2 + (ac)” g + (ab)?
{5+ (), aar

1
= {2 (2 (2] s
PS,All =Psx + PS,P + PS,Ol + Ps,02 + PH/Da (A.3.9)

1/2
/“LPS,AII = {H%’S,K + u’ZPs,p + ,‘szs,ol + H’%)s’og + ’U/%H/D} (A'3~10)
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A.4  Conversion from Ui perro and Usg Ferro 10 Uit para and

U22,Para

In this section, we should check the conversion of the anisotropic atomic displace-
ment parameters, U;;’s, from the ferroelectric phase (space group Fdd2, Orthorhom-
bic) to the paraelectric phase (space group I42d, Tetragonal) of KDP/DKDP.

Rotation angle from the ferroelectric lattice to the paraelectric lattice about the
c-axis is ca. —45°.

With 6, = —45°,

( Ull’p U12,1:> ) . ( COSQC Si1’10C ) ( Ull,p U12,F ) < COSOC —Sinec )
Uiap Uxpp ) \ —sinf. cosb. Uzr Unxp sinf, cosf.
:<?_ﬁ>(Un,F U12,F)<\/L§1 ?)

7 Uigr U -5
_1f1 -1 ) ( Unr Usr ) ( 1 1
2 1 Uer Uxnr -1 1

1 1

2

1

2

1
Unr—Uiar Uior—Uxnpr 1
Unrp+U2r Unor+Uxnp -1 1

_ Un,r —2Uior + Una F Unr —Uxnr
Uiirp — Uor Unr+2Uirp+Unpr )
(A.4.1)
Therefore,
( U Uwzp \ _ 1 [ Unr—2U2r+Un2F Uiirp —Uxr
Uwsp Uxp 2 Uiirp — U r Ui p +2Ui2r + U2 /°
(A.42)
About propagation of errors,
1
f(z) = 3 (Ur1,r F2Us2,r + U2 F) (A.4.3)
1 3
OV, p = 3 (02U11,F + 2202U12,F + 02U22’F) } (A.4.4)
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Strictly, we must treat U;; (3 x 3 real-symmetry matrix) as follows:
Unip Uizp Uisp
Uigp Uxpp Uasp
Uizp Uasp Ussp
cosf. sinf. Uir Uizr Uisr cosf. —sinf.
= | —sinf. cosf. Uigr Uy Uxsr sinf. cosf
0 0 F Uxsr Ussp 0 0

cosf, sinf,

= —sinf. cosf.
0 0 1

COs chll,F + sin ch12,F —sin chll,F + cos ch12,F U13,F

cosO.U1op +sinf.Usor  —sinO.Uigp + cosO.Usar  Uasr
cos@.Uizp +sinb.Uxzr  —sinf.Uizp +cosO.Uxzr Ussp

OO OO
S
w
|

Ull U12 U13
= Uiz Uss Uss y (A45)
Uiz Uszz Ussr
U1 = cos? 0.Ur1,Fp +sin (260;) Urap + sin? 0.Usa F, (A.4.6)
U22 = SiIl2 chll,F — sin (20c) U12,F + 0082 00U22’F, (A47)
1 1
Uig = —5 sin (200) U11,F + (1 — 23in2 90) U12,F + 5 sin (29C) UQQ,F, (A48)
U13 = COS 90U13,F + sin 0.;U237F, (A49)
Uss = —sin0.Uis r + cos 0.Uss r. (A.4.10)

The O, atom in ferroelectric phase is corresponding to the oxygen atom with the
transformed coordinate of (—y,z, —z) in paraelectric phase. When we have to treat
the converted anisotropic atomic displacement parameters of O;r, we should pay

careful attentions about the transformed oxygen atom in paraelectric phase as follows:

0 -1 0 Uit,or,p Uizo1,p Uis,01,p 0 1 0
1 0 0 Ui2,01,p Ux201p Us2so01,p -1 0 0
0 - Uiz,o1,p U2z o1,p Ussonp 0 0 -1
Uxoip —Uzo1p Ussoip
“U12 onp  Unoip —Uwsop |- (A.4.11)
Uas,o1,p  —Uis,o1,p  Ussolp

Therefore, we can draw the relationship between converted anisotropic atomic dis-

placement parameters, U,

;5o of O1 atom in ferroelectric phase and transformed those

parameters, U;;.
Uty = Uss, (A.4.12)

Uy = U, (A.4.13)
Ujy = Uss. (A.4.14)

0
0
1
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A.5 About double-Morse Potential

The two kinds of potential model curves are well-known in the physical and chemical
consideration of particles like atoms and/or molecules; Both Lennard-Jones potential
and Morse potential curves are usually preferred.[A-1, A-2]

When investigating and considering a motion and/or a behavior of a particle in a
sense of physics, a assumption of a potential curve for the particle should be made
for any convenience on the treatment process, and it would yield usually the certain
advantage for the work. Since the beginning of studying the behaviors of particles such
as atoms in crystals or materials at microscopic viewpoints, two theoretical and/or
analytical potential curves have been well-known, and applied for a lot of problems
and works.

In general, the Lennard-Jones potential curve, V1j (z), are described as follows:

Vis (z) = 4D [(5)12 - (5)6] . (A5.1)

Let us consider its derivative function in order to search for its minimum of the

potential curve.

ha@ __yp [_2 ()¢ (gﬂ, (A52)
d=2%¢. - VL;—m(d) =—4D [172 (%)12 — g (g)ﬁ} =0. (A53)

Using the parameter d, we can obtain a easier form of the Lennard-Jones potential

curve.

v =0 |H(4) -3 (2)] (A54)
_D [(g)u _9 (g)ﬁ] . (A.5.5)

As seen above, The Lennard-Jones potential curve consists of the potential depth, D,
potential minimum position, d, and the two kinds of the powers of z. The unique shape
of the potential curve is predominantly decided by the two and only two parameters ,
D and d. The potential depth D may be considered as the bond energy of the system
for any cases.

On the other hand, the Morse potential curve is also used as a function with two

kinds of exponential terms.

Vum (z) = D [exp (—2A (z — d)) — 2exp (—A (z — d))], (A.5.6)
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where D, A, and d are the potential depth, the curvature parameter, and the minimum
position of the Morse potential curve, respectively. The derivative function of the
Morse potential curve,

dVM (CD)

e = D[—2Aexp(—2A(x —d)) +2Aexp(—A(z — d))]

= —2AD [exp (—2A (z — d)) —exp (—A (z — d))], (A.5.7)

gives us the understanding of the minimum position d; the parameter d represents a
position of a well in the Morse potential curve, and the curve has the only and global
minimum. (. dWy (z) /dz|z=q = 0.)

For practical understanding of the Lennard-Jones and Morse potential curves, Fig-
ure A.1 shows a comparison of the two potential curves. As seen in Figure A.1,
the Morse potential curves have more flexibility on calculation modeling than the

Lennard-Jones potential curves for the extra parameter, A. These two kinds of the

LenrHard-JoneslPot. —
Morse Pot. ---

0.5 [ 4

Potential

-

-1.5 ' ' '

Figure A.1 Lennard-Jones and Morse potential curves with a common potential
depth, D, and a common distance parameters (i.e., one and only one minimum
position), d. Here, the Morse potential curve has a appropriate curvature pa-
rameter, A, which is fixed by the author for likely fitting onto the Lennard-Jones
potential curve. The Morse potential curves have more flexibility on calculation

modeling than the Lennard-Jones potential curves for a extra parameter, A.
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potential curves are convenient to express the microscopic behavior of the particles
such as atom in crystals at the chemical and physical viewpoints.
The double-Morse potential curve consists of two Morse potential curves back-to-

back with each other in mirror-symmetry style, as shown below.

Vou (z) = D [exp (=24 (z + d)) — 2exp (- A (z + d))]
+ Dlexp(—2A(—z+d)) — 2exp (—A (—z + d))]
= 2D [e7*4 cosh (2A4z) — 2¢7% cosh (4z)] . (A.5.8)

In following calculation, the existences of extremal value of Vpy (z) are checked.

—dVD(x: () _ 4ADe~ 4% [e~“4sinh (2Az) — sinh (Az)] =0, (A.5.9)
e~ 44 sinh (2Ax) — sinh (Az)
24z _ —2Axz Ax _ —Ax
_ e_Ade € _ € €
2 2
B B—Ad (eAa: 4 e—Ax) (eAz _ e—Aa:) B eAz _ e—Az
= 5 5
Az _ _—Azx
_ (e € ) [e_Ad (eAz + e—A:C) _ 1] =0. (A.5.10)

2

Here, a trivial solution, zq = 0, is easily confirmed. Furthermore, non-trivial solution,

zpwM, should be obtained, as shown below.

e fem 4% Al =, (A.5.11)

247 — gddeAT 11 =, (A.5.12)
Ad 4 (p24d _ ¢y 1/2

ehe = & @2 )~ (A.5.13)
1 Ad | (p24d _ 4 1/2

IDM = Z In ¢ (6 2 ) . (A.5.14)

It is possible for zpy to be a real and multiple root, and its condition is expressed as

follows:
e?4d _ 4 =, (A.5.15)
2Ad = In4, (A.5.16)
Ad =1n2. (A.5.17)

If the special condition, Ad = In 2, are hold, then Vpy (z) has only a single and global
minimum at zg = 0.

Figures A.2 and A.3 show the A and d dependences on the whole shapes of double-
Morse potential curves, respectively. *! These figure would be easy helps for beginners

learning the double-Morse potential curves, and the author hopes it.

*1 They are special demonstrations from the author for the sake of hard-working readers.
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Figure A.2 Examples of double-Morse potential curves with the common po-

tential depth, D, the various curvature parameters, A =1,1.5,2,3,4, and 5, and

the common distance parameter, d.
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For previous reports of KDP/DKDP, the particles , i.e., the protons and deuterons
have been usually placed in the double-Morse potential curves. Because the protons
and deuterons lie in two equilibrium sites with the equal probability in the systems,
the workers have been imaged the pictures of the particles motions and behaviors in
the double minimum potentials. Thus, the double-Morse potential curves are the most
likely candidates of the particle potential models for KDP/DKDP. e.g., Mashiyama
presented a report of the behaviors of protons and deuterons in the hydrogen-bond

of crystals using the double-Morse potential curves by numerical calculations, and he
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Figure A.3 Examples of double-Morse potential curves with the common po-
tential depth, D, the common curvature parameter, A, and the various distance
parameters, d = 0.13,0.15,0.2,0.3,0.4, and 0.5.
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mentioned the deference between them. [38]
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