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An extension of the proton tunneling model is proposed in order to
study piezoelectric, elastic, and dielectric properties of ferro- and
antiferroelectrics of the KH>POy4 family, which are connected to
the shear strains u4 and us. Expressions for a number of relevant
physical characteristics of those crystals in the paraelectric phase
are obtained in the four-particle cluster approximation for short-
range interactions and in the molecular field approximation for
long-range ones. Due to a proper selection of the values for the
fitting parameters of the theory, a good agreement between
theoretical and experimental results for ferroelectrics KHaPOy
and antiferroelectrics NH4H3 POy is achieved.

Introduction

The structure of ferroelectrics of the KHyPOy- (KDP—)
type and of antiferroelectrics of the NHyH2POy4-
(ADP—) type, which compose a family of KDP crystals,
has the symmetry of the non-centrosymmetric point
group D,4 in the high-temperature paraelectric phase.
Therefore, those crystals possess piezoelectric properties.
In this work, the physical properties of such crystals,
connected to the shear strains us = 2up, and uz =
2uqe in a tetragonal coordinate system (a,b,c), are
studied. The theoretical aspects of the scope of those
physical phenomena in the crystals concerned are not
developed enough at the microscopic level. In particular,
a corresponding extension of the proton tunneling
model and a study, within its framework, of dielectric,
piezoelectric, and elastic properties of the KDP-family
crystals, connected to the shear strains w4 and wus,
are dealt with. The urgency of theoretical studies in
this direction is caused by a manifestation of the
piezoelectric interaction under the action of external
electric fields and mechanical stresses of a certain
symmetry on the crystal. They are also necessary for
investigating striction effects. Note that an extension
of the proton tunneling model, taking into account
the shear strain wg = 2uqp, has been proposed
in [1]. Relevant physical properties of KHPO, and
NH4H>POy4 crystals have been investigated in it, and a
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good agreement of the theory and experiment has been
obtained.

Fundamental results for deuterated ferroelectrics
of the KDP family, when the strains wu4 and
usz are present, were obtained in [2, 3]. In those
works, strain molecular fields, induced by piezoelectric
interaction, were indicated and a splitting, due to the
deformations of the configuration energies of deuterons
near a POy tetrahedron, was calculated. We shall
extend the first result of those works to include
the case of ADP-antiferroelectrics. Concerning the
second result, we propose another splitting of proton
configuration energies around a POy tetrahedron. It
differs substantially from that of [2]. The main difference
is that in [2], the condition of one proton on one H-
bond was required to be held at the energy splitting
of single-ionized configurations, separately for each of
two POy tetrahedron groups, which differ according to
different spatial orientations of tetrahedrons comprised.
We think that this demand is more rigorous than it
is necessary, with the necessary requirement being the
fulfillment of the condition of one proton on one H- bond
for all tetrahedrons in whole. Moreover, the energy of
lateral configurations was not split in [2].

In general, we propose an extension of the proton
tunneling model for the investigation of dielectric,
piezoelectric, and elastic properties, connected to the
uyg and us strains, of ferroelectrics and antiferroelectrics
of the KDP-family. Relevant physical properties of
those crystals in the paraelectric phase are calculated.
The results of the proposed theory are compared
with corresponding experimental data for KH,PO,4 and
NH4H2PO4 crystals.

1. Model Hamiltonian of the KDP-Family
Crystals under Strains u4 and us

Consider a ferro- or antiferroelectric of the KDP family

in the (z,y,z) coordinate system, also denoted as
(1,2,3), which coincides with a tetragonal (I42d)
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Fig. 1. Scheme of a primitive cell of a KDP-family crystal.
Encircled numbers enumerate hydrogen bonds. Non-encircled
numbers enumerate possible proton positions [occupied (solid) or
empty (hollow)] on a hydrogen bond. One of the possible proton

configurations is depicted

crystallographic one (a,b,c). The mechanical shear
stresses 04 = o0y, and o5 = 0, as well as an
electric field E = (Ei,FE2,0) are applied to the
crystal. They induce independently contributions to the
polarization P = (Py,P2,0) and to the corresponding
strains u4 and us of the crystal. Those two strains, for
the sake of convenience, will be united into a strain
vector u = (u4,us,0). Note that the u strains affect
identically both sublattices of the ADP-antiferroelectric.
Let the contributions to the Hamiltonian of the proton
subsystem, quadratic in strain and field, are negligible.

The total model Hamiltonian H of ferro- and
antiferroelectrics includes the “bare” and pseudospin
parts. The “bare” part describes a lattice of heavy ions
and does not depend explicitly on the proton subsystem
configuration. The pseudospin part makes allowance for
short- and long-range interactions of protons near the
POy tetrahedrons, which tunnel along hydrogen bonds,
and the effective interaction with the field E:

ﬁ:Np.c.Ubare+ﬁMF+ﬁshort_

—QQZSf

Here, Np. is the total number of primitive cells.
A primitive cell is composed by two adjacent POy
tetrahedrons with 4 hydrogen bonds belonging to one
of them (see Fig. 1). S'J‘}(n) is an a-component of the
pseudospin operator gf(n), a==x,2z, f =1...4, which
describes a proton state on the f-th hydrogen bond in

= 3 (1) S5 (m). 1)
n, f
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the n-th primitive cell. The eigenvalues of the operator
S’Ji(n) = :F% correspond to two possible equilibrium
positions of a proton on the bond (see positions I and 2
in Fig. 1). 20 is the energy of a proton tunneling along
the hydrogen bond. It is taken independent of the shear
strains u4 and us, at each of which the relevant pair of
hydrogen bonds rotates without essential changes of its
geometrical dimensions. Moreover, taking into account
the aspects of symmetry, the dependence of the tunnel
energy on such strains can be shown to be only even.
py = (u}, 1%, u3) is the effective dipole moment of a
primitive cell per one hydrogen bond. Its components
obey the relations [4-8]

—py = p1, py = py = 0;

=
S
Il

—p5 = pa, pi =p3=0.

=
N
I

Upare is the “bare” energy of a primitive cell of the
crystal, expressed through the electric field E and the
strains u [1-3]. It comprises elastic, piezoelectric, and
electric parts:

5
Upare = v Z (CEO

Ej
€5 ui = €0Xjn i 5 ) 2)

Hereafter, for convenience and to write expressions with
indices in a compact form, a function j(i) = ¢ — 3 is
: EO 0 0

introduced. The parameters C;;°(7T), €5iyi> ad X700

are the so-called bare elastic constant, bare piezoelectric
tension factor, and bare dielectric susceptibility,
respectively, T is the absolute temperature, v is the
primitive cell volume, ¢y is the dielectric constant.
The “bare” physical characteristics are responsible for
the temperature behavior of ultimate ones in the
temperature range far from the phase transition point
T.. On the basis of the analysis of experimental data [9],
the “bare” elastic constant CZ(T') is taken as follows:

CENT) = cE0 — KPM™(T — T.)0(T — T.), i=4,5,
where KP*™ > 0 and (T — T.) is the theta function.
The coefficient K™ can be characterized as making
allowance, phenomenologically, for the high-temperature

anharmonicity of the lattice. The constant cEZ° is
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conveniently interpreted as a relevant value of the elastic
constant at the phase transition point.

I:IMF :% Z Z Jf1f2(n17n2)x

ng,f1 na,fo

x(é}l (1)) Sf2 ns))

- > x

ni, f1

X | D0 Tp g (01,m5)(SF, (n2)) + 23 4, 0) | S5, ()
na, fa
(3)

is the mean field Hamiltonian of long-range dipole-dipole
and indirect (mediated by lattice vibrations [10, 11])
interproton interactions and of the mean field that is
linear in the strains u [2, 3] and is induced by the
piezoelectric interaction. ¢, = (1},%7,0) is the vector
of parameters of the strain molecular field affecting the
f-th hydrogen bond. The components of that vector
obey the relations

Y1 =~y =14 20, Yy=y;=

Vi = —y5 =5 20, pi=y3=0.

Hipory = 2 Z (ﬁtetra(n) + AI?A[<1,5(11)) (4)

is the Hamiltonian of short-range interactions between
protons near the PO, tetrahedrons, linear with respect
to the strains. I;[tetra(n) is the Hamiltonian of the proton
interaction near the POy tetrahedron of the KDP-family
crystal, and it does not include induced strains. Since all
further calculations are carried out for the paraelectric
phase, it can be written as follows:

Huctra(m) = V[ S5 ()5 ()+85 ()5 () +

+U (85 (m)S5 () + S5(m)S5 ()| + @ ﬁ NG

ISSN 0508-1265. Ukr. J. Phys. 2004. V. 49, N 7

The proton correlation energies U, V, ® around the
tetrahedron are connected to the ferroelectric energies
g,w,w of the extended Slater—Takagi model [10,12]:

1
U:—€+§w1,

which are introduced on the basis of the configuration
energies

1
V:—§w1, ‘I>:45—8w+2w1,

Ezéa—é:s, U):éf_l—c:s, w; = &g — Es.

To describe the antiferroelectric ordering of the ADP
type in the proton model, other corresponding energies
are introduced [12]:

E=8y —E,, W=E —&,, W =Eo—E,.

The correspondence  between  ferro- and
antiferroelectric energies is easy to write:
sz—é,w:u?—é,wl:u?l—é, (6)

which may lead to the expressions for the energies
U, V, ® in the antiferroelectric approach. Moreover,
this correspondence makes it possible to use theoretical
results of ferro- and antiferroelectric approaches
simultaneously for the ferro- and antiferroelectric
crystals of the KDP family in the phase of their
structural isomorphism.

A correction AHys(n) to the Hamiltonian of
the proton configuration interactions near the PO,
tetrahedron, which is linear in u4 and us, was obtained
as a result of the consideration of all possible linear
splittings of proton configuration energies &g, &4, €1, &o
near it (see Table 1) which are stipulated by a symmetry
of those strains.

The Hamiltonian AHys5(n) equals the total
configuration energy of the protons near the
tetrahedron, > N sys4s,(N)0A45(51525354), but the

81828384
proton energy in a strain molecular field

Oas + 0 N N
S O (S5 - Sim) -

) 0 N N
2o L0y (Sim) - S5m),
which is allowed for in Hwr: ¢ = o
(0ai + 01;)/2. Here, 1tpp; has the sense of a

strain molecular field parameter, existing in [2, 3].

. 4

Ny sps3s5(m)= [] ( +sfo( )) is the operator of a
fi

four-particle configuration [10,12], where s; stands for
the sign of an eigenvalue of the Sf( n) operator in
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a specific “s;s2s3s4” configuration: sy = “4” or “—".
Therefore, the Hamiltonian AHy 5(n) reads:

AH4,5(Il) = —46144u4 [S'f(n)gj(n) 1 (n)—

~Ad1asus [ 55 ()55 ()5 () - S (S @S @] (7

We note that, for the consistent reproduction of
the piezoelectric phenomenon in the framework of those
model speculations, the inequality o; > |d14;| must be
held. The parameter d1,; = (01; — 04i)/2 may be of an
arbitrary finite value.

2. Four-Particle Cluster Approximation

Strong short-range correlations in the KDP-family
crystals, together with the lattice structure features,
make it natural to wuse the four-particle cluster
approximation for short-range interactions [10,12] when
calculating the electric thermodynamic potential (the
Gibbs electric function). For long-range interactions, the
molecular field approximation has been already done.
In those approximations, the electric thermodynamic
potential of the KDP-family crystal per a primitive cell
has the form

928 (T, ui, Ejiy, X, Png, Xing) =

1
= Ubare + ¢ > I8 (0)Pgy Pnga—

fi.f2
2 Zy 1 ¢
2 —S"m(1-@? 8
3 n 4 28 fz::l Il( Qf) ( )
in the paraelectric phase, where Q¢ =
PP+ (X +Xing)? B = 1/(ksT), ks is
the Boltzmann constant, J¢ £, (0) is a Fourier-

transformation matrix of the long-range interactions,
Jf1f2(0) = > Jf1f2(n1,n2)’ Zy = Sp [6—5H4:| is

n;—ns
the four-particle statistical sum. The four-particle
Hamiltonian Hy is given by

4
Hy = Hyetra + AHy5 + 2T ) S5+
f=1
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+§3(mﬁ§;+cgw$). 9)
f=1

Here, Hiotrn and A.F:T4y5 designate Hamiltonians (5)
and (7), respectively, without the dependence on n, I’
is a variational field independent of external factors,
while Cin.y and 7in.r are induced variational fields
(Cin.f|E:0,u:0 =0, 771n.f|E:0,u:0 = 0). Note that, when
deriving the electric thermodynamic potential (8), the
relations

(25 (n))=X+Xin.s, (257(n))=Pun s,

Xinf| g=0 =0, Pnys| g=g =0

u=20 u=20

were taken into consideration.
The unknown variables X, P ¢, and Xj,f are
determined by minimizing potential (8):

0928
0X

9926 _ O92m
6-P1nf aXin.f

= 0. (10)

E=0
u=10

For further calculations, an expression for the four-
particle statistical sum is needed. Let us write it

16

down as follows: Zy= )" e B(Epitfini) Here, Epi are the
i=1

eigenvalues of the Hamiltonian Hy|g=o,u=0. The method

of calculations and their results can be found elsewhere

[7,8]. & is a contribution to the Hamiltonian (9)

T a b 1 e 1. Splitting of the proton configuration
energies near a PO4 tetrahedron of the KDP-family
crystal, stipulated by the shear strains ws and wus. (The
coefficients d,; and 01; were selected to provide dqa=
das5 > 0 and 814 = 615 > 0)

Configuration Energy Energy variation
“s1828354” dA4,5(s1525384)
“h 4 47 £ 0
“w_ _ " # 0
“fb — =42 —0aaUs — da5Us
“— 4+ €a dgaua + Ga5us
“— — 42 0aata — Ga5U5
“t4 -7 —dgaua + da5us
C— d1au4
“t =4+ —d15us
“++ -+ —014u4
“t 44+ &1 d15us
==t —d15us
e — =7 014u4
“__ + __" 615”5
“+ " 7614u4
“_pgn o 0
“popo» 0
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eigenvalues, dependent on external factors, with
&in.ilE=0,u=0 = 0. For further calculations, it is enough
to find it to an accuracy of the second order in the fields
Cin.r and 7in .

Using the conditions of minimum (10), we get a
system of transcendental equations for the variables
-Pin.f and Xin.f:

2 0Z
Poj=——r :
I T BZ,0Ci
2 0724
Xt =——— - X. 11
! BZ4 Onin.y (11)

The fields Cin.r and 7i,.¢, contained in that system, are
found by resolving the equations for the single-particle
average values of pseudospins:

Cin ;= -Pin f ]- - Qf

' 2BQf +Qy

1

-1 Z T (0) P g, = (3 yu) =5 (),

f1 1

X + Xins —Qy

in. In -2 — Q. 12
Nin.f = 250, 1 0, (12)

In the limits E — 0 and u — 0 in Eqgs. (11) and
expressions (12), we deduced an equation for X and an
expression for I'. They are coincide with those in [7,8].

3. Dielectric, Piezoelectric, and Elastic
Properties

Let us calculate dielectric, piezoelectric, and elastic
properties of the KDP-family crystals in the paraelectric
phase. This calculation was performed starting from the
equations of state and on the basis of the system of
equations (11).

Putting down the dielectric and elastic equations of
state from the electric thermodynamic potential (8)

1 < 9926 )
v \9E;i ) 1,

1/0
Ul:5<ag;E> ) 7::4757
g T,FE

where ¥ is a primitive cell volume in the paraphase, the
expressions for the equilibrium polarization P;;) and the

Pii =
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equilibrium stress o; are

Pitiy = €5aatts T €0Xja)500 Bit) + 5 mef“fl (13)

and

0; = CEO(T)u; — ——Zmewf —

J(l)l

2 074

~ 087 du;’ (14)

respectively.

From (13) and (14), making use of system (11), we
found the isothermal dielectric susceptibility of a free
crystal (o; = const):

xre . = 1 (9Pie)
i = OE;) ) 1.,

E=0
.
(hos)
=X;hi@ “oE i =4,5, (15)

(23

which is expressed through the isothermal dielectric
susceptibility of a strained crystal (u; = const)

o _ 1 (9P
Xij(@)i(i) = 0E;) ) 1

E=0
u=20
2
K50 Ri(1,1,1)
— 40 (%) 1, 1
= X030 T 2200 Ry (1,1, 1) Aryr— (16)
the isothermal piezoelectric tension factor
ej(iyi = —< il ) =
! 9Eji) ) 7.,,| BE=0
u=20
_ <37’j(i)> _
Ou; T.E| E=0
u=20
— eq Lt ,u](z) 61aiR1(_1>]—7_]-)j_l/JiRl(]-;]-:l) (17)
imiT g Ri(1,1,1)A4,,, — 1 ’
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and the isothermal elastic constant at a fixed field

60’,’
8ui T,E

TE _

i T

C

E=0
u=20

B0 — P (T -T.)6(T — T.)—

B [¢$R1(1,1,1) + 2i010iRa (1,1, 1) + 00, RI(=1,1,-1) Ay, 2 Ry(—1-1.1) g (18)
Rl(l,l,l)Alyl -1 v

Here, the following notations are introduced: Other isothermal piezoelectric and elastic

. characteristics for this case can be calculated using the

1 already found parameters and taking advantage of the

R1 (51’82’53):74{2[%(8“’1”)2’{(? (Epi—e)+ well-known formulae (see, e.g., [9]). Thus, we obtained

=T a full kit of physical parameters for the paraelectric

phase, which describe dielectric, piezoelectric, and elastic

5325¢(Epi, €)UZ (Epi—e)]+ properties of ferro- and antiferroelectrics of the KDP

family, providing the strains uy and wus. Note that

all calculated characteristics, related to the strain w4,

1S 2 coincide with their counterparts related to the strain us

+ - 2; #(Epiy Epj )y[ﬁu2(gpi)u5 (Epj—e)+ if the relevant parameters of the theory are equal. Note
i=1 j= =1

+S]J/{3 (Epl)ub‘ (gm' —E)]+

6 15
+ Z 7(Epiy w)UG (Epi) + Z 7(Epiy w)UE (Epi—w1) },
i=5 =14

e M — =P ~ 2V20A(X —wy)

#A,do) = =, () 30V :
_AMA—e)(A—wy) B 2T
Z/{B(A)_ q’()\) ) Z/{5(>‘) - m:
A

e = T

D(N) = {(A=e)(A\=w1)2(4T? + 3)+

=

+4A2F2[2(z\—w1)2+(/\—6)2]} ,

1 1 1-X 1

A, = pizX _n
=y Ty x 4

vy = J11(0) — J13(0)
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also that the dielectric susceptibility (16) is identical to
the relevant results of [7,8,13].

4. Numerical Analysis and Comparison with
Experiment. Discussion of the Results

Obtained

Numerical analysis aims at the most accurate theoretical
description of the experimental data concerned for
KH5PO, ferroelectrics and NH,HsPO4 antiferroelectrics
in the paraelectric phase.

The optimal values of the parameters 2, ¢, w, and v
for a KHyPO, crystal and the parameters 2, £, @, and
vy for a NH4H5POy one are taken from [7,8] and [13],
respectively. They provide a good description of the
phase transition, thermal and dielectric characteristics
of those crystals, beyond taking into account the
piezoelectric interaction. Therefore, those values were
selected for current calculations. In so doing, the values
of the parameters ¢ and w for a NH4H,PO,4 crystal
were reevaluated through the relevant values of the
parameters & and @, making use of formulae (6). The
parameter w;, similarly to what has been done in
[7,8,13], was determined according to the relation w;
4w — 2¢, which corresponds to the equation ® = 0. Note
that the selected values of the theoretical parameters
lead to the following temperatures of phase transitions
in crystals: T, = 122.751 K in KH,PO, [7, 8] and
T. =148 K in NH4H,POy4 [13].

ISSN 0508-1265. Ukr. J. Phys. 2004. V. 49, N 7
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Fig. 2. Temperature dependences of the piezoelectric, elastic, and dielectric physical characteristics of KHaPO4 and NH4H2POy4 crystals
in the paraelectric phase. Experimental data: e [9], o [5], x [16], V [17], + [18], B [19]

The parameters 4 and 6&1,4 were determined
providing the best fit of the theoretical results to relevant
experimental data, the majority of them being depicted
in Fig. 2. The remaining theoretical parameters were
evaluated simultaneously. In so doing, the constant
cE? and the factor KJ3™ were determined according
to the most accurate consistence of theoretical and
experimental results for the temperature dependence of
the elastic constant cLf near T, (T — T. < 20 K)
and far from T, (T' — T, > 20 K), respectively. In
turn, the “bare” constants €, and x?; were determined
from the experimental temperature dependences of the

ISSN 0508-1265. Ukr. J. Phys. 2004. V. 49, N 7

piezofactor ef; [9,20] and the dielectric permittivity
el = 14+ x1#, respectively, in a high-temperature region
far from T,.. The following values for the primitive cell
volume have been taken: v = 191.127 x 10730 m? in
KDP crystals [14] and o = 210.994 x 1073° m? in ADP
ones [15]. The values of the theoretical parameters for
the KHyPO, and NH4H>PO,4 crystals are quoted in
Table 2.

In Fig. 2, the temperature dependences of “principal”
characteristics, namely, piezoelectric e],, elastic ci,
and dielectric e{* ones, for KHoPO, and NH,H>PO,

crystals are shown, as well as a piezomodulus df,
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T a b le 2. Values of theoretical parameters for KH2PO4 and NH4H2PO4 crystals

Crysta.l w, €, Qy Vi, ¢47 61(147 05407 ’szra’ 8?47 X?l K1,
K K K K K K 1095 109 3 — 1073% C-m
KH,PO4 600 55 138 40 30 5 13.51 0.0045 0.0065 25.6 13.07
NH4H2PO4 530 -40 84 70 10 2 9.3 0.0038 0.0075 32.8 12.12

calculated making use of them. In general, we have a
good agreement between the theory and experiment.
Theoretical values of the piezomodulus d{, at ambient
temperature coincide well with relevant experimental
data [9,20] for both crystals. From Fig. 2, it is seen
that, near T, the temperature behaviors of the depicted
dielectric and piezoelectric constants of the ADP crystal
are sharper than those of the KDP one.

Note that, in a high-temperature region far from T,
it is impossible to fit well the theoretical elastic constant
cIP at K§P™ = 0 with experiment, because it saturates
in this case (cIf — cFP). It means that the lattice
anharmonicity, taken into account phenomenologically,
plays an important role at such temperatures.

A distinction between the theoretical temperature
dependences of the dielectric permittivities ey =
1 + xF7 and ef* for the KDP and ADP crystals
is very small. It amounts no more than 0.02% of
the permittivities themselves. Such a distinction is
unnoticeable experimentally. It is also the case for the
theoretical values of the elastic constants cf and cf,
of those crystals.

Concluding Remarks

In this work, an extension of the proton tunneling
model, which makes it possible to study, in a linear
approximation, the influences of the stresses o4, o3
and the electric field E = (E;, E»,0) on physical
characteristics of ferro- and antiferroelectrics of the KDP
family, has been proposed. The extended model makes
allowance, at the microscopic level, for the contribution
to the proton subsystem energy linear in the strains
ug and ws. A high-temperature anharmonicity of the
lattice in the paraelectric phase is taken into account
phenomenologically.

In general, this model, provided the proper selection
of the theoretical parameter values is done, makes
it possible to describe adequately and quantitatively
the experimental data concerning the temperature
dependences of the full kit of dielectric, piezoelectric,
and elastic parameters, connected to the strains w4
and us, of the KHsPO, ferroelectrics and NH,H>POy
antiferroelectrics in the paraelectric phase.
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To summarize, it should be noted that, for an
adequate reproduction of the complete physical picture
of piezoelectric and elastic phenomena in ferro- and
antiferroelectric phases of the KDP-family crystals, a
striction has to be taken into account.

This work was supported by the State Foundation
for Fundamental Investigations of the Ukrainian
Ministry in Affairs of Science and Technology (Project
No.02.07/00310).
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TEOPIA ITOB’ABAHUX 3 JTEQOPMAIIAMU us I us
®IBUYHUX BJIACTUBOCTEN CETHETO-
I AHTUCETHETOEJIEKTPUKIB CIM’I KH2PO4

B.M. Jlicnudi, P.P. Jlesuybkud
Peszmowme

3amponoHOBaHO PO3BUHEHHSI MPOTOHHOI MOZENi 3 TYHEIIOBAH-
HSAM JJIsE  JOC/IIJPKEHHsI I1’€30€JIEKTPUYHUX, IMPYXKHUX Ta Jie-

ISSN 0508-1265. Ukr. J. Phys. 2004. V. 49, N 7

JIEKTPUYHUX BJIACTUBOCTEM, fAKi MOB’d3aHi i3 3cyBHEMH aedOp-
MallisiMH U4 Ta U5, CEPHETOEJIEKTPHUKIB I aHTHUCErHEeTOEJIEKTPUKIB
cim’i KH2PO4. B nabimKkeHHI YOTHPUYACTUHKOBOIO KJIACTEPA
33 KOPOTKOMIMHMMHU Ta MOJIEKYJISPHOrO IOJS 33 JAJIEKOMIAHUMU
B3aEMOJisIMU OTPUMAHO BHDPA3U IS BiANOBIgHOTO pany &izmd-
HAX XaPaKTEPUCTHK X KPHCTAJIB y MapaeseKTpudHii dasi.
Hausiexkaum BHOOpPOM 3HAYEHb MapaMerpiB Teopil JOCSATHYTO I0-
6pOro y3ro[:KeHHsI TEOPETHIYHUX Ta €KCIIEPUMEHTAJIHHUX DPEe3YJIb-
TaTiB s cerrHeroenekrpuka KHoPOy4 i anTHcermeroesekTpuka

NH4H2POy4.
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