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The article discusses the use of KDP ferroelectric crystals (phosphates and arsenates of
potassium, rubidium, cesium) and their deuterated analogues in various industries, including the
creation of electro-optical devices and as hydrogen sorbents. The paper describes the physical
properties of KDP crystals, changes in their properties near the phase transition temperature, as
well as methods for obtaining KDP nanocrystals and their application in biomedicine.

The paper also states that the phase transition in KDP crystals occurs near room
temperature and manifests itself in a change in their physical properties, such as dielectric
constant, optical properties, and heat capacity. In addition, approaching the phase transition
temperature causes a change in the crystal lattice parameters, which can lead to the appearance
of anomalous effects.

The structure of the unit cell of potassium dihydrogen phosphate (KH>PO,) is considered.
The plots of the temperature dependence of the order parameter of spontaneous polarization and
the plots of the temperature dependence of the configurational heat capacity of the crystal in the
phase transition region are calculated, and the plots of the temperature of the inverse and direct
dielectric susceptibility are calculated. Graphs of the order parameter, which characterizes the
degree of spontaneous polarization for different temperatures, depending on the strength of the
external electric field, are also calculated.

Keywords: KDP crystals, thermodynamic theory, ferroelectrics, hydrogen sorbents, molecular-
kinetic representations, order, Curie-Weiss law.

Introduction

KDP (crystalline potassium dihydrogen phosphate) is one of the most common
ferroelectrics (KH,PO4, RbH,PO4, CsH,PO4, KH;AsO4, RbH;AsO4, CsHyAsOy4). It is used in
various electronic devices, such as lasers, sensors and transformers. There are several methods
for obtaining KDP nanocrystals, including mechanical grinding, hydrothermal synthesis, and
supercritical slurry methods.

KDP (potassium diethyl phosphate) is a common representative of ferroelectrics. The
main properties of KDP are related to its crystal structure, which exhibits the effect of

Tosepxus. 2023. Bun. 15(30). C. 200-224 200



ferroelectricity under certain conditions. Ferroelectric materials have the ability to change their
polarization in response to mechanical stress or temperature changes. In addition, KDP has a
high second harmonic, which makes it useful for creating second harmonic devices. KDP
crystals are also well studied in the field of nonlinear optics and are used as a material for
creating quantum generators and detectors.

KDP has a number of advantages over other materials such as high second harmonic,
high optical non-linearity, high electro-optical constant and high thermal stability. In addition,
KDP is a relatively cheap material and can be grown in large volumes. In this regard, KDP is
widely wused in wvarious applications such as electronics, laser technology, optical
communications, acoustics, medicine and others. For example, KDP is used as a material for
creating crystal oscillators, piezoelectric transducers (sensors), acousto-optic modulators, etc.

KDP crystals is mixed uniaxial crystals (ferroelectrics, ferroelastics and simultaneously
pyroelectrics and pyroelastics). The physical properties of KDP crystals are simpler than those of
other ferroelectrics. They have only one phase transition from the para- to the ferrophase, they
have only one axis of spontaneous polarization and deformation. The temperatures of phase
transitions to the polarized and spontaneously deformed phases coincide. In this case, the phase
transition occurs at the same temperature with its increase or decrease, i.e. no temperature
hysteresis.

KDP nanocrystals and carbon nanostructures (fullerenes [1-4], fullerites [5],
endofullerins [6], graphenes [7-8], nanotubes [9-10]) with various synthesis methods [11-19]
can be used as fillers for creating new composites [20-23] suitable for 3D printing technology
[24-27].

In addition, KDP structures [28], as well as many other nanofillers [29-34], can be used
in the biomedical field, provided that they are nanosized. Such structures can also be used as
promising sorbents [35-43], for example, hydrogen sorbents, both in the form of carbon
nanostructures [44—48], metals and various alloys [49-66]. All this will complement the existing
developments in the field of hydrogen energy [67-73]. Of course, the main role in the properties
of a nanomaterial is played by the type of system, which can be single-component [74-75] or
multicomponent [76-79]. No less important is the technology of preparation [80-85] and
processing of the material before its use, which confirms the theoretical [90-92] and
experimental [93-100] data.

Thus, the study of KDP crystals is of scientific and practical interest.

The physical properties of KDP crystals undergo special changes [101-122] in the
vicinity of the phase transition temperature (Fig. 1), which manifest themselves as the
appearance of sharp peaks, kinks, bends, and jumps. KPD crystals are characterized by the
following properties:

I.  The degree of their spontaneous polarization P along the ¢ axis of the crystal
decreases with increasing temperature, at first gradually, and near the Curie temperature T,
sharply but continuously [105, 111], i.e. the phase transition is a transition of the second order,
close to the first (Fig. 1 (a)).

II. The presence of an external electric field or an oriented external mechanical stress
increases the spontaneous polarization or deformation (Fig. 1(b)) [111], while the growth pattern
depends on the crystal temperature.

III. The specific heat capacity C at the Curie point undergoes a typical change - a sharp
peak-like growth (Fig. 1 (c, d)) [104, 106, 107, 115].

IV. The permittivity in the direction g, of the ¢ axis increases sharply at the phase
transition point (Fig. 1 (e)) [101, 102]. With a decrease in temperature at T—>T,, the value of &
increases according to the hyperbolic law up to a value of 10°, while the Curie-Weiss law is valid

£~ , and the inverse permittivity near the critical point above the Curie point increases

o
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linearly with temperature [112]. The permittivity of g, in the direction perpendicular to the ¢ axis
is also high. Above Ty, the value of ¢, slightly increases with increasing temperature, and below
the temperature Ty, it decreases.

V. The thermal conductivity coefficient n undergoes a kink at the phase transition
point (Fig. 1 (e)) [113, 114]. However, it should be noted that the nature of the temperature
dependence of the thermal conductivity coefficients of KDP crystals has not yet been fully
studied.
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Fig. 1. Experimental graphs of the temperature dependence of spontaneous polarization P(T) (a),
heat capacity C(T) (c, d), direct and reverse permittivity &. (T)(e), thermal conductivity
coefficient n(T) (f) , spontaneous deformation X(T)(g), elastic constants cii(T)(h), shear
modulus G(T) (i), as well as dependence of spontaneous polarization on electric field
strength P(E) (b) KDP of crystals in the vicinity of the phase transition temperature
(marked with circles on the abscissa axis of the curves (a)) paraelectric — ferroelectric

VI. Linear spontaneous strain X is a shear in a plane perpendicular to the ¢ axis (Fig.
1(g)) [103]. The upper part of the curve in Fig. 1 (g) corresponds to the electric field strength E,
parallel to the direction of polarization, the lower one corresponds to the field, which is strictly
opposite to the direction of spontaneous polarization. At temperature Ty, the upper and lower
parts of the curves converge, forming one curve.

VII. The elastic constant c;; at the Curie point T undergoes a relatively weak change:
there is a small abrupt increase and decrease for external electric fields directed along and
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against the c¢ axis, respectively (Fig. 1(h) [109]. The elastic constant ce; decreases with
decreasing temperature near the Curie point drops to zero [108].

VIII. Monayne casura G B Touke (ha30BOro mepexojia MMEET aHOMAaJWio B BUAC V-
obpaznoro muaumyma (puc. 1 (i)) [118].

The physical properties of KDP crystals have already been described in many works
[119-122]. In the same work, the thermodynamic theory of ferroelectrics of various structures,
including KDP crystals, is presented.

The statistical theory of KDP crystals will be presented below, which makes it possible to
determine, explain and substantiate the physical properties listed above, developed on the basis
of molecular kinetic concepts. It has long been established that the phase transitions from the
para- to the ferrophase of ferroelectrics and ferroelastics are transitions of the ordering type [103,
118-122].

It is of interest to determine the temperature dependence of the order parameter (T),
which is proportional to the degree of spontaneous polarization and deformation, as well as to
elucidate the conditions under which a phase transition in KDP crystals turns out to be a
transformation of the second order, close to the first, to estimate the Curie temperature (Ty) of
the phase transition, to establish dependence of the order parameter on the strength of the
external electric field (E) or external oriented mechanical stress, the possibility of manifestation
of features on the last dependencies, the evaluation of the configurational heat capacity, its
temperature dependence C(T) and the jump at the phase transition point, the determination of the
temperature dependences of the direct and inverse dielectric permeability € or susceptibility
(x=1+¢), checking the validity of the Curie-Weiss law for the value 1/ [123-125]. The answers
to these questions are disclosed below in the text of the work.

Structure of kdp crystals. Order parameters

The structure of Hy, potassium dihydrogen phosphate KH,PO4 was first studied by West
[126] and refined in [127, 128]. According to West [126], the unit cell of a crystal in the
paraphase is tetragonal with lattice parameters a = 7.434 A, ¢ = 6.945 A (Fig. 2(a)). Fraser
introduced into consideration an orthorhombic unit cell, in which the axes ai, a, are the
diagonals of the West cell (Fig. 2 (b)). The Fraser lattice parameters al, a2 in the paraphase are
equal (a1, a2). In the ferrophase at a temperature of 116 K they are a; = 10.53 A, a,=1044 A, ¢
=6.90 A.

Heat treatment in an electric field makes it possible to obtain a single-domain crystal
[129].

As can be seen from fig. 2, the atoms of Potassium (K) and Phosphorus (P) are located at
the nodes of the crystal lattice. Each of the phosphorus atoms is surrounded by four oxygen (O,)
atoms. The PO4 groups form almost regular tetrahedra, the centers of which are phosphorus (P)
atoms. Each PO4 group is connected to four similar adjacent groups by hydrogen bonds about 2.4
A long. The hydrogen bond is directed perpendicular to the ¢ axis and always links the “upper”
Oxygen of one PO4 group with the “lower” Oxygen of the neighboring group, as shown in Fig. 2

(a).
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Fig. 2. Unit cell of potassium dihydrogen phosphate KH,POj.
(a) Tetragonal structure of the paraelectric modification according to West [126].
(b) Orthorhombic structure of the Fraser ferroelectric modification (oxygen and hydrogen
atoms not shown). Arrows indicate the directions of displacements of potassium (K) and
phosphorus (P) atoms. The dotted straight lines mark the interstitial distances, the
interaction between the K and P atoms at which are taken into account in the calculations.

O — potassium atoms (K); . — phosphorus atoms (P);
@ — oxygen atoms (O); O — hydrogen atoms (H)

Each such bond has two equilibrium positions of hydrogen atoms at a distance of ~0.5 A
from each other, over which the latter are distributed statistically in the paraphase. In this case,
there is no spontaneous polarization and deformation of the substance. With a decrease in
temperature at T =—150°C = 123 K, the hydrogen atoms are ordered, which predominantly begin
to be located in one of the above equilibrium positions [130-133], for example, near the “upper”
or “lower” oxygen atoms, and a phase transition occurs into ferrophase. In this state, there are
always only two hydrogen atoms near each PO4 group. Potassium K atoms are surrounded by
eight Oxygen atoms of different PO4 tetrahedral groups, of which four (in the plane
perpendicular to the ¢ axis) are closer and four (two above and two below) are farther to the
Potassium atoms. The ordering of hydrogen atoms changes the structure of the crystal: the lattice
becomes rhombic, in which the square base of the West lattice lengthens along one of the
diagonals and contracts along the other. The ordering of hydrogen atoms causes a significant
shift of potassium (K) and phosphorus (P) atoms in opposite directions along the ¢ axis (Fig. 2
(b)) relative to the oxygen frame, which practically does not shift. The displacement of
potassium and phosphorus atoms causes spontaneous polarization and deformation of the crystal,
which are directed along the c axis. In this case, the displacements of hydrogen atoms are
perpendicular to the ¢ axis and do not contribute to spontaneous polarization. When the sign of
spontaneous polarization changes, hydrogen atoms shift from one equilibrium position to another
[132].

When developing a statistical theory of spontaneous polarization of KDP crystals, we will
consider the Fraser lattice and take into account the interaction of pairs of atoms KK, PP, KP (by
P we mean the Phosphorus atom with its nearest four Hydrogen atoms) at distances marked by
dashed straight lines with arrows in Fig. 2(b). Interactions of other atoms do not contribute to
spontaneous polarization and deformation, so they can be ignored.

1
r_ "__ _ _ 2 2 2
n=a /2, n'=a,/2, n=c/2, r3—Z«/a1+a2+c,
1
rl==ya +c*, r'=
2

(1)
a+c’,

N | =
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In the paraphase a;=a,=a, and the distances (1) are respectively equal to

1
B=r=r'=al2, r=cl/2, @W:ZV2a2+ca

)
ﬁzdzdzl a’+c’.
2
For potassium hydrogen phosphate, their numerical values in A are as follows:
=522 1'=5265; rn,=3,45; n=41; r,=6,26; r/=6,29. 3)

" "

Since the distances #', " and 7, s’ differ from each other insignificantly (by the
second decimal place), we will take #»'=r"and r/=r in the calculations.

When the potassium and phosphorus atoms are ordered and displaced, the distances (1)
change (decrease or increase) in comparison with their values (2) in the disordered state.
Approximately one can put

! "_ _o — .0 — 50
RERRR=R A, n=rn A, =1 %A, &)

' "__ o0
r,RE R =1 tA,,

where the values A; (1 =1, 2, 3, 4) are taken with the “+” or “—" sign, depending on the increase
or decrease in the interatomic distance. When the potassium and phosphorus atoms are displaced,
some interatomic distances (in planes perpendicular to the ¢ axis) remain unchanged.

The crystal lattice of a KPD crystal can be conveniently divided into two sublattices for
potassium atoms K and phosphorus P, respectively, which shift in opposite directions in the
ferrophase. When ordering, potassium atoms shift upwards (Fig. 2(b)), let's call these shifts right
r, and Phosphorus atoms - downwards. We will call them left /. In a disordered state and at the
first stages of ordering, the displacements of the K and P atoms can be both right and left. The
displacements of potassium and phosphorus atoms will be considered collinear. We denote the
probabilities of right and left displacements of K and P atoms in sublattices

NO ND N® N®
Pr(l) =T E(l) — , Pr(2) = 1)1(2) 2" , (5)
Nl Nl N2 NZ

where N=N;=N, are the numbers of sites (K and P atoms) in the sublattices, while the number of
all lattice sites is equal to 2N ; N, N\", N, N{? - the number of K and P atoms, respectively,

in the sublattices of the first and second with right » and left / shifts.
Probabilities (5) are related by relations

Pr(l) +Pl(1) =1, Pr(2) +Pl(2) =1. (6)
We introduce into consideration the order parameters for each of the sublattices
E=PV-RY, &=BY =R, (7

With complete disorder, when the probabilities of right and left displacements of all K
and P atoms are the same, the order parameters are equal to zero & =&, =0. In full order, all

Potassium atoms are right-handed P =1, B" =0, and all Phosphorus atoms are left-handed
P? =0, P®=1. In this case, the order parameters are maximum, equal to unity in absolute
value |&|=|&|=1 and opposite in sign & =-¢&,. The reversal of the signs of the order parameters
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means that the roles of the first and second sublattices have been reversed. Thus, we have
possible changes in the order parameters within

—1<E <+, H12E 21, (8)

Equations (5), (6) allow us to express the probabilities P, B, P?, P® | in terms of the
order parameters,

pr<1>=1+2§1 ’ pl<1):1_§1 , Pr(2)=1+§2 , Pl<2>=1_2§z . 9)

Free and internal configurational energy. Equations of thermodynamic equilibrium taking
into account the curie temperature

To solve the problems posed, it is necessary to calculate and study the free energy and
thermodynamic potential of the crystal [134].
The free energy of the system is determined by the formula

F=U-kThG, (10)

where U is the internal configuration energy, G is the thermodynamic probability, k is the
Boltzmann constant, and T is the absolute temperature.

The internal configuration energy is determined by the sum of the energies of the pair
interaction of atoms KP, KK, PP at distances (1). Taking into account the interaction of all pairs
of potassium and phosphorus atoms at distances taken in (2) and (4), the internal energy can be
written as

U =—Ngp (rvge(r) — Ngx Gy — A vge(ry — 4,) —
_NJE'E}(J‘"E)UHP(&} - N:E'i?z}(rz — daJugplra —42) — NEE']F.'E}(rZ + daJvgp(ra +42) —
—No s Wigse (s — N (s — BaWiese (s — Az) — N (s + A5 vgeae (s + 45) —
_Nﬁz}(’"ﬂl}w(&} - Ngz}(i"s — dg)vpplrs —4z) — Ngz}(i"s + 4z )Jvpp(rs + 43) —
—Nr (rsWige(rs) — N (s — A3 oge(rs — d3) — N (s + A5 )vge(rs + 45) —
_Nsﬁfl}(ré)vm (rad — N:E'}fl}(ﬂi — A Wig(re — 44) — fo'i'l}(ré + A Jogpelry +45) —
—Nga (ra)uep(re) — Neg (ra — Aa)ps(rs — A) — Ni5 (s + Ag)vpp(rs + 44),

(In

Where N.J'(r,), NJ)(r,£A,) are the numbers of pairs of atoms of the type
a, B =K, P, located at sites of type 1, ] = 1, 2, which are located at distances r, or , +A, (n=1, 2, 3,
4), indicated in brackets, and the quantities are the energies v,,(7,) , v,,(7, £A,), taken with the

opposite sign, of the interaction of pairs of atoms a, B = K, P respectively, at distances r, and
r,£A, . In formula (11), the superscripts “o0” of the quantities r, are omitted.

Below, the energy of interatomic interaction will be written in the form

() =Vkp > Vo1 +A)) =V £

1)1(1)(”2)201(<213 s Ugp(y iAz):’)1(<2}3 151((2; >

U (1) =03 5 U (5 £A) =03 63

Upp () =0 Upp(ry £A,) =03 £63) (12)
U (n) =i, U(ntA) =0 £

— @ — @ (4)
UKK(r4)_UKK > UKK(r4iA4)_UKKi5KK ’
(4)

— —_,,# 4)
Vpp (1) =Upp Vpp(ry, £A,) =Upyp ié‘;P .
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The calculation of the number of pairs NJ)(r,), N3 (r,+A,) for the structure under

study in Fig. 2 (b) gives the following expressions

N (1) =4NPP? + P'P?) =0,
N (1) =2NPP? + PP =0,
N (1) = 2N + ") =2N,
N ()= 2N(P? +P®)=2N,
N (1) =4NPVP? + PVP?) =0,
NUD(r,) =4N(P® + PV ) =4N
N®(r,) = 4N(P®" + PP )= 4N,
NO2(r 1 A,) = 4N(PUP® 4 POPI) = 4N | (13)
N, +A,)=NPP? + PPPM)=N,
N (@ +A)=2NPVPY =0,
NG (r, +A,)=2NPPP? =0,
N (1, £A;) =2NP"P? + PPP") = 2N,
N, +A,)=4NPVPY =0,
N (r, £A,)=4NPPP? =0,

On the right in formulas (13), the values of the numbers of the pairs under consideration
are written out with complete ordering, when P’ =1, B =0, PP =1, B®=1.
Substituting the numbers of atomic pairs (13) into formula (11) for the energy U, taking

into account relations (6), we find the internal energy of the crystal, expressed in terms of
probabilities (5), in the form

U= —2N|:2l),(<1;, +o) +(u,(<3,3 +05) + 21);?13)4-2(1);;2 +u§;,‘2)+

(14)
+2(PPRY + PPRM)S |, 5=5, .

Substituting probabilities (9) into the resulting formula (14), we find the configuration
energy

U=-2N(v-§£96), 15)

as a function of order parameters & , £, and energy constants v and . In (15), the
following notation is introduced:

250 1@ (B 4B 3) @ L@
L =20, + Ugp +(UKK +Upp +2!)KP)+2(UKK +UPP)—5 . (16)

The thermodynamic probability G is determined by the rules of combinatorics

N N,!
O NI NN (17

Taking into account the Stirling formula InX! = X(InX — 1), which is valid for large
numbers X, taking into account formulas (5) for the probabilities P, B”, P¥, B | we find the
natural logarithm of the thermodynamic probability G in the form
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nG=-N(P"mP"+R" R + P* mP? + B mR?) (18)
which, taking into account formulas (9), takes the form

1 1 1 1- 1
lnGZ—EN[(1+§1)IH+T§+(1—§])IHT§

1+§2 1_952
2 2

(19)
+(1+&,)In

+(1—§2)ln

].

Substituting relations (14), (18) or (15), (19) for the quantities U and G into formula (10)
for the free energy F, we find the free energy of the crystal, expressed in terms of probabilities
PV, PO, PP P® orin terms of order parameters & , &, respectively, in the form

F==2N[v-8+2(P"R? + BYR")5 |+ 0
+kTN[P}” InP" + PV In PV + PP In PP 4+ p? lnPl(Z)]

or

F= —2N(u—.§l§25)+%kTN[(l+ 51)1n%+
21)
CHS T T L S L U
2 2 2
The last formula determines the dependence of the free energy of the crystal on
temperature T, order parameters ¢& , & and energy constants v, 0.

The change in the free energy of the system when the order parameters change from
values & , &, to zero per one site of the crystal lattice is equal to

_F(£,&)-FO)

s 2N

=—u+§1§25+lkT[(l+§,)lnl+§‘ +
+(1-¢ )lnﬁ+(1+§ )1nﬁ+(l—§ )lni+2ln2]
: 2 ? 2 g 2 '

The conditions for thermodynamic equilibrium of the system are determined by the
equalities
of/10& =0, of/0& =0, (23)

which, taking into account formula (22), give the relations

kT 1ni+—§' =—40¢, , kT 1n1+—§2 = —45¢. . (24)

1 2

The resulting equations (24) admit solutions: &, =-& and & =¢. With such

replacements, the first equation in (24) transforms into the second and vice versa. We are
interested in the first solution

5251 2_52 > (25)

which corresponds to displacements of potassium and phosphorus atoms in opposite directions.
In this case, two equations of thermodynamic equilibrium (24) of the system turn into one.
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Free energy (22) and equilibrium state equations (24) take the form

f=—u—.§25+%kT[(l+§) e (1-&)m §+2ln2} (26)

kTln 1* S _ a5t 27)

Assuming in equation (27) E—0, we find the phase transition temperature (Curie point)
kT =20 =w, (28)

The quantity , is the energy of ordering the system.

In the process of ordering, the value of ® may depend on interatomic distances, taking
into account the latter, on the order parameter . Calculations show [134] that the ordering
energy in the general case is a fractional rational function with polynomials in the numerator and
denominator of the fourth degree in the order parameter &. In special cases, this dependence is
simplified, and the value ® may turn out to be a quadratic function of the parameter &. Consider
the last case when

=0 +at’ . (29)

In this case, the temperature dependence of the order parameter &=¢&(T) is determined
by the formula

kT1n1+§ (a) +al’ )§ (30)

with ordering temperature (28).

On fig. Figure 3 shows graphs of the temperature dependence of the order parameter,
constructed by formula (30) for various values of the dimensionless energy parameter o/,.
Experimentally, this dependence is characterized by graphs of the temperature dependence of the
degree of spontaneous polarization P(T) fig. 1(a).

As can be seen from fig. 3, the nature of the dependence &(T)near the Curie point
strongly depends on the value of the energy parameter a/m,. For negative values of o, the graphs
E(T) near Ty turn out to be gentle. If a>0, the graphs in the considered temperature range (To)
become steep, and with an increase in the numerical value of o, the phase transition can even
turn out to be a first-order transformation.

From a comparison of the calculated graphs in Fig. 3 with the experimental ones in Figs.
2 (a), we can conclude that in KDP crystals, in which the transformation of the paraphase into
the ferrophase occurs according to the type of second-order transition, close to the first, the
dependence & = E(T) should be described by function (30) with a positive value of the energy
parameter o, for example, o/®,=0,2. In this case, the order parameter, like the spontaneous
polarization, changes continuously but abruptly near the Curie temperature.
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Fig. 3. Calculated graphs of the temperature dependence of the order parameter of spontaneous
polarization, built according to formula (30) for the values of the energy parameter
o/®m,=0 (dashed curve), + 0,2; + 0,4; £ 0,6 (curves 1, 2, 3 for the “+” sign and 1', 2', 3’ for
the “— sign)

Configuration heat capacity
Knowing the internal energy of the system, which, per one lattice site at =& =-¢, ,

taking into account formulas (15) and (29), is equal to

u=%=—%(w0+a§2)§2, 31)

formula it is possible to estimate the temperature dependence of the heat capacity by the formula

cofu_ouds_
oT 8¢ dT

+ 2a§2)§% . (32)

dg

In this case, the temperature dependences of the values of & and T must be determined

from formula (30). Differentiating equality (30) with respect to temperature, we find the
derivative d&/dT

46 _pmlte 2[@, +6aE? - szj , (33)
dT 1-& 1-¢

and then the heat capacity C in units of the Boltzmann constant in the form

(1+2“§2)§1n1+5

€L @ 1-¢ (34)
k 2[kT/a2;0_1_6a§2J
1-¢ @,

On fig. Figure 4 shows graphs of the C(T) function in the phase transition region, plotted
according to formula (34) for various values of the dimensionless energy parameter o/®,. In this
case, for each value of a/m, and a certain temperature, the value of the order parameter & was
determined by formula (30), which was then substituted into formula (34).
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As can be seen from fig. 4, at the phase transition point, the configuration heat capacity
increases and has a peak, which is the sharper and higher, the greater the value of o/®,. This
means that in KDP crystals, the paraelectric-ferroelectric phase transition occurs at positive
values of a/m, and should be close to a first-order transition. At the same time, with an increase
in the coefficient o/,, the heat capacity jump at the Curie point (To) increases.

Comparison of the calculated graph in Fig. 4 with the experimental graphs in Fig. 1 (¢)
and (d) indicates a qualitative agreement between theory and experiment.

Thermodynamic potential. Dependence of the order parameter on the electric field
strength

If the crystal under study is in an external electric field with a strength E and under the
action of an external mechanical oriented voltage & , then its state will be determined by the
thermodynamic potential. In this case, the degree of spontaneous polarization P and deformation
X will be proportional to the order parameter &:

P=k&,  X=K¢&. (35)
Therefore, the thermodynamic potential can be determined by the formula
O=F+EP+5 X =F+2NkEE-2NKk'c& (36)

where the signs “+” and “— correspond to the work of external forces or the work done by the
system.

Taking into account formulas (26), (35) and (36), the change in the thermodynamic
potential per one site of the crystal lattice will be equal to

OE)-D(O0) _ 1

P=0N E(“’o vagt)s+ -
+%kT{(1+§) e -emi=t +21n2} KEE- Kot |
The equilibrium state equation takes the form
~(o, +2a& ).§+ —kTIn ”zz kE-kK'c=0. (38)
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In the absence of external forces (E=6=0), assuming in (38) £—0 and taking into account
that m,=kT,, we find the temperature dependence of the order parameter near the Curie point in
the form

¢ JHL=L) (39)
2a
It follows from this relation that in the absence of order at temperature T>T, we have
o>0. If T<T), then at the phase transition of the second kind should be a<0. However, during
phase transitions close to the first order, the phase transformation temperature may somewhat
exceed the Curie temperature, and, as was found out above, it is possible that in an ordered state
near the Curie point we will have T>T, and o>0.
Assuming in equation (38) =0, we find the relation

KE = (20 + w,,).»;-%mni*—g , (40)

which determines the dependence of the order parameter on the strength of the external field
E=E(E). By setting in equation (40) all possible numerical values of the order parameter 0 < |§| <1

, it is possible to determine the value of kE for certain temperatures and plot graphs E(E) for the
given temperatures.
It is convenient to introduce into consideration the dimensionless quantity

x=(T-T,))/T, 41)

and establish dependence §(E) for different values of x. In this case, formula (40) takes the form

K [2% e qle_ Lo gymits
on_[zwog +1J§ 2(1 x)lnl_é. (42)

1+&

Near the Curie point at {0, taking into account that 1nﬁz2§ , instead of formula

(42), one can obtain an approximate formula

LN LA (43)
a)o a)o

From formulas (42), (43) it follows that the dependence (E) must be non-linear.

On fig. Figure 5 shows the graphs of the dependence & = E(E), constructed according to
the approximate formula (43) (solid curves) and the more accurate formula (42) (dashed curves)
for different values of x and the energy parameter a/m, = 0.5. As can be seen from fig. 5, the
dependence E(E) is non-linear, but with an increase in the value of x, it approaches linear.
Graphs corresponding to the value x=1, built according to formulas (42), (43), coincide. For x<1,
the dotted curves corresponding to the more precise formula (42) pass above, and for x>1, they
pass below the continuous curves constructed using the approximate formula (43). In addition,
dotted curve 2 has a feature in the form of the presence of an extremum of the value E. This can
be explained by the fact that positive values of the parameter a>0 correspond to a first-order
phase transition. Section AB of curve 2 (Fig. 5) corresponds to an unstable state and is not
realized. At the value of the order parameter corresponding to point A (§=0.9), a sharp decrease
in the degree of crystal polarization to zero should occur during phase transitions of the first

212



kind. Therefore, the feature revealed in the calculations should not manifest itself
experimentally.

Comparison of calculated graphs in Figs. 5 for a>0 with experimental curves in fig. 1(b)
indicate their qualitative correspondence.

Dielectric susceptibility

Formulas (42) or (43) make it possible to estimate the dielectric susceptibility y or the
permittivity e=1+y of a crystal.

The dielectric susceptibility is given by

g,y =0P/OE =k | OF | (44)
where ¢, is the electrical constant, which we include in the coefficient k.

Fig. 5. Calculated graphs of the order parameter,
which characterizes the degree of
spontaneous polarization, for different
temperatures (x = (T —T,)/T,) depending
on the strength of the external electric
field, constructed according to formulas
(43) (continuous curves 1, 2, 3, 4) and (42)
(dashed curves 2', 4") for a/w, = 0.5 and
numerical values of x =0; 0.5; 1; 2 (curves
1,2,3,4)

0,61

For potassium dihydrogen phosphate, the permittivity is a tensor with components g,
€22, €33. We will consider the component along the polar axis ¢ €. =¢33 and the corresponding
dielectric susceptibility .

Using the approximate formula (43), which is valid near the Curie point, we find the
relation

L6 x, (45)
X

which, taking into account formulas (39) and (41), gives

21 _

Ve

{Zk(T—TU) at £#0, (46)

“KT-T) a &£=0.

As we can see, from the obtained expressions (46), in this case, the rule of negative two is

fulfilled:
EWERS
op)../ \er ).,

Using a more precise formula (42), we obtain the inverse dielectric susceptibility in the
form:
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I+x
K21 |=2x[1+———=—| at £=20
L ( 205} : (48)
w, x 2l x——
a)o
x at £=0.

As we can see from these relations, the dependence of the inverse dielectric susceptibility

on temperature l(x) in the absence of dipole ordering (£=0) is linear. However, at (x—0) this
X

dependence is already nonlinear. However, near the Curie point ((x—0), the dependence l(x) is

close to linear, and therefore the rule of negative two is valid. The dielectric susceptibility at
x—0 (T—>T,) increases to infinity (y—>0).

Comparison of the obtained calculated graphs with experimental fig. 1 (e) for the
permittivity again indicates their qualitative correspondence. These patterns are illustrated by the
graphs in Fig. 6, which are built for the energy parameter 2a/m,= —0,15. The dependence 1/&.(T)
for a KH,POy crystal at T>T, = 123 K is linear. At T—>T,, the experimental graph €.(T) has a
sharp peak.

We also note that since the order parameters of spontaneous polarization and deformation
coincide in the crystals under study, the temperature dependences for the direct and inverse
elastic compliance can be obtained similar to those obtained for the direct and inverse dielectric
susceptibility. To do this, in equation (38) one should take E=0, as a result, we obtain the
dependence &(c), similar to that following from equation (40) for {(E). Such studies make it
possible to explain and justify the increase in spontaneous deformation X with decreasing
temperature at T—>T, (Fig. 1(g)), a sharp decrease in the elastic constant ces (Fig. 1 (h)) and the
shear modulus G (Fig. 1 (i) ) at the Curie point. In this case, in accordance with theoretical
calculations, the G(T) dependence of the KH,PO4 crystal near the Curie temperature should be

linear, which also manifests itself experimentally, and the slopes of the G(T) curve at T < T, and

T > T, are such that the tangent of the slope of the first exceeds that in the case of T > T,.in
absolute value.

T0F

Fig. 6. Calculated graphs of the temperature

dependence (x=(T-T,)/T,) of the
\ o inverse 1/y (continuous curves) and direct
\ ¥ (dashed curves) of the dielectric
susceptibility, constructed by formula (48)
\ fos for the numerical value of the energy
) parameter 20/w, = -0.15
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Conclusions

Thus, the developed statistical theory of spontaneous polarization and deformation in
nanodispersed powders KDP crystals, taking into account the interpretation of the paraelectric-
ferroelectric phase transition as a type of ordering, made it possible to establish and explain the
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temperature dependence of the order parameter, the nature of this dependence, close to a first-
order transition, the dependence of the order parameter on the strength of the external electric
field, justify the manifestation of its nonlinearity, clarify the feature of the temperature
dependence of the configurational heat capacity and show that it is close to the experimental one
precisely for the case of a phase transition similar in kind to the first one, and also show that the
temperature dependences of the direct and inverse susceptibility are such that the Curie-Weiss
law is valid (nonlinear dependence of the value 1/y on temperature) and near the Curie point the
rule of negative two is feasible.

All revealed regularities were compared with experimental data, a qualitative agreement
between the results of the calculation analysis and experiment was obtained, which indicates the
correctness (adequacy) of the developed statistical theory.
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Pozensaoaemvcs  suxopucmanns  kpucmanie ¢hepoenexmpuxa KDP (hocchamu ma
apcenamu xauiro, pyoioiio, yesir) ma ix 0elimeposanux aHaulo2i8 y Pi3HUX 2any3sX, Y momy Yucii
Y CMBOPEHHI eNeKmpoOnMUYHUX NPUCMPOI8 ma K NO2AUHAIOYUX 600eHb. Onucyromscs Qizuuti
enracmugocmi KDP - kpucmanis, smina ixwix enacmugocmei nooausy memnepamypu ¢azo8o2o
nepexooy, a makodxic Memoou ooepxcanua Hanokpucmanie KDP ma ix 3acmocysanus 6
OiomeOuyuni.

Taxooc y pobomi exasano: ¢pazosuil nepexio y xpucmanax KDP, wo 6i0b6ysaemucs
O1U3bKO KIMHAMHOI memnepamypu i 6UAGIAEMbCA Y 3MIHI iX DI3UYHUX 81ACMUBOCTeEN, MAKUX K
OieleKMpUYHa NPOHUKHICMb, ONMUYHI eracmusocmi ma menioemuicms. Kpim moeo,
HaOudHCeHHs 00 memnepamypu azoe020 nepexooy BUKIUKAE 3MIHY napamempis epamxu
KpUCMana, wo mMoxce npugecmu 00 Nos8U AHOMATbHUX edheKmis.

Poszenanyma cmpyxkmypa enemenmapnoi xomipku ouciopogocpamy kanito (KH,PO,).
Ilobyoosani  epaghixu memnepamypHoi 3anexcHocmi napamempy NOpsOKy CHOHMAHHOL
noaspuzayii. ma epagixu memnepamypHoi 3anedCHOCmi KOHQDIZYypayiiHoi Mmeni0eEMHOCMI
Kpucmana 6 ooaacmi ¢hazoeo2o nepexody ma no6yo0oeari epagixu memnepamypHoi 3a1eHCHOCmi
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360pomuoi ma npamoi Oierekmpuunoi cnputHamiugocmi. A makxoxc nobyoosaui epagixu
napamempy HNOpsaoOKy, WO XapaKkmepuzye CmyniHb CHOHMAHHOI noasapuzayii Onsi  pPi3HUX
memnepamyp, 3aJ1eHCHO 8i0 HANPYHCEHOCMI 306HIUHBLO2O eJIeKMPUUHO20 NOJIA.

KarouoBi cioBa: KDP-kpucmanu, mepmoounamivna meopis, @epoeiekmpuKu, NOAUHAOYI
800Hb, MONEKYIAPHO-KIHEMUYHI yA6leHHs, Nopa0oK, 3akoH Kiopi-Beiica.
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