PHY SICS AND CHEMISTRY OF SOLIDSTATE @OI3UKA I XIMIS TBEPJOI'O TUIA
V. 18, Ne 2 (2017) P. 236-242 T. 18, Ne 2 (2017) C. 236-242
DOI: 10.15330/pcss.18.2.236-242

PACS: 77.22.Ch, 77.22.Gm, 77.80.-e ISSN 1729-4428

|.R. Zachek®, R.R. Levitskii%, A.S. Vdovych?

Hydrostatic Pressur e Effect on Relaxation of Quas-One-
Dimensional GPI Ferroeectric

L viv Polytechnic National University 12 Bandery Sreet, 79013, Lviv, Ukraine
?Institute for Condensed Matter Physics of the National Academy of Sciences of Ukraine
1 Svientsitskii Street, 79011, Lviv, Ukraine

Dynamic model of deformed quasi-one-dimensional ferroelectrics with hydrogen bonds is proposed. On the
basis of this model within the two-particle cluster approximation with taking into account short-range and long-
range interactions and strains ¢ and ¢s in the frames of Glauber method a dynamic dielectric permittivity of
mechanically clamped crystal is caculated. Hydrostatic pressure effect on temperature and frequency
dependences of the components of dynamic dielectric permittivity tensor of GPI ferroelectric isinvestigated.
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I ntr oduction
Glydnium phosphite (GPI) beongs to the I. Relaxation of mechanically clamped

ferroelectrics with hydrogen bonds. Crystal structure in GPI typecrystal

paradlectric ph_ase _is monodinic (space _group P2y a). We investigate dynamic properties of mechanically
Some changes in distances between ionsin thetetrahedra 3 GPI crystal in the presence of the dlectric fields

HPO,; and corresponding components of dipole E (=123 and hydrostatic pressure
moments of the hydrogen bonds in phosphate chains N _ _ ; :
generate total dipole moment along Y-axis. At the P=-S1=-S2="S3 on th? basis of dynarr_uc model,
temperature 225K crystal passes to the ferrodlectric state ~ Which is grounded on the ideas of stochastic Glauber
(space group P2;) with the spontaneous polarization, model [.3]' On the basis of methods, developed in [4.' 5,
perpendicular to the chains of hydrogen bonds we obtain such system of equations orpumyemo for time-
: dependent distribution functi f prot

In [1] on the basis of the proposed model of pen end IS UIOI“I wn |f)nso prloons -
deformed crystal within the two-particle cluster -a—&0s (=4 .léosqf gl—sqmthfbeéf(gt)ﬁ”\z, (2.1)
approximation a thermodynamic, piezodectric, elastic d f fa f 2
and thema characteristics of GPl ferrodectric are 2 e : : , -
caculated and good quantitative description of the where eqm(t) islocal field, acting on ' ~th proton in ¢rth
experimental data for these characteristics is obtained. cell. In order to obtain self-contained system of equations
Influence of e ectric fields on these characteristics of GPI we use two-particle cluster approximation. Within this
crystal is studied in [2]. approximation the local fields ef“(t) are coefficients at

The aim of the present paper is study of hydrostatic i ) - ) -
pressure effect on the temperature and frequency S N two-patide H® and onepaticle HD
dependences of the components of dynamic dielectric hamiltonians, obtained in [1,2]:

permittivity tensor of GPI crystal. S.3S

HO =.ow 8%_qlsﬁ+_q_q49

g ¢ 2 2 2 2 *

e 2

_Y1Sa_ Y252 Y3Sa3 Y4Sa4
b2 b2 b2 b 2 2.2)
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g<21:-1ﬁ, gggzz-iﬁ,
b 2 b 2

~ stqf

H(1)=———,

of b 2

2.3)
where such notations are used:
Y1 =b(Dyg +2np5hy + 200, + 20 hs+2nh, +
+M5E; +ME, +M3ER), hy =<s ¢ >,
Yo =b(Dyy + 150y + 200, + 20 hg+ 20, +
- My Ey - My, E;, + 1, Ey),
Y3 =b (D13 + 2010y + N0 +2Npshg + 2050, +
- M3E; + ME, - M3Ey),
Y4 =b (Do + 20101 + M phy + phg+ 20500, +
+m3E; - M3E, - MEy),
Vi =-bD; +y,, b=1/kT
Here D3, are effective fields, created by

neighbour out of cluster bonds.

On the basis of (2.1) we obtain such equations in
two-particle approximation for time-dependent unary
distribution functions:

aihlz-hl- Plhz+L1,aih2 =Ph;-h, +L,, (24
dt dt
d
aah3:-h3- P3h4+|_3,
d
a—h, =Ph,-h,+1L,,
dt 4 413 4 4
where such notations are used:
0 OU
Py eth?’""ﬂ'_fv- thg bw, Yr Yf 5
e o ou
L =1:h?ﬂ Yt thg M_'_Y_f:u
28 2 2 %

3
w=wC+Qdye; +dses.
i=1

Similarly we can obtain corresponding equations in

one-particle approximation:
adihf =-h; +thy—f
Let us limit oneself by the case of small deviations
from equilibrium state for calculation of equations (2.4)

and (2.5). For thiscasewe writeh ;  and effective fields

in the form of sum of equilibrium values and ther
deviations from equilibrium values:

hpg=hy +hyy, B = Eiteth
(2.6)

(2.5)

hy13 =13 +hy g,
Di3 = Dyg + Dyat+ Dyg = Doy + Dy

Y13 = Vi3 + Y1atr Y24 = Yoa Yo

We decompose the coefficients P; and L¢ in series

of Yft  limiting by linear items
2

p=p@+ Ypw | — 0, Y0 @27
2 2
where such notations are used:
o 1- a2 L0 - 2a sh)713’
3 Z13 Hs* Zy3
b0 1 g 2Ty
2 Zy ! g Zy
4a (1- a%)shyj, 4a [2a +(1+a®)chyy,)
PZI%) =- 2 ’LZ(Ll% = 2 ’
Zi3 ' Z33
4a (1- a®)shy,, 4a [2a +(1+a2)ch¥y]
P = ,
' 2% ' 2%

Zi3=1+a% +2achyys, Z,, =1+a”+2achyyy,,
13 13 24 24

. +h: — ~

ylsziml rl13+bn1+h13+bn;h24,
2 1-hqs

1+h,,

~ —~ 1 -
y24=b”;h13+§|”1 +bn3fiy,

- 24
The order parameters i, i, and the strains e are
founded from the system of equations:

~ 1 -~ -~ -~ -~ ~
13— [Sh(y13 + y24) + aZSh(yla - y24) + 2a5hy13] !
D

Yo4) +2ashyp,]

EO EO EO eo, 2d; 24
- P=Cie tCye, +Cz ez +Cges - —+ Me -

- 1 - - -
N2 :_[Sh(y13 +Yo4) - aZSh(yls -

+=~2 +1~ = +1=~2
N3+ 2hidy, +y 3hs),
2d 2d
0=cEle +cE%: +cflec +cfle - =5+ 5’
u u

- i(y l+5ﬁ123 +2 oo, +y §5ﬁ224),

1 + 1= + 11 + 1=
- I(y 14h123 + A/ 24h13hz4 ty 34h224)v
2dg . 2dg

0=cle, +cfle, - =8 +=5 -
6 66 °6 " uD

1 — ~ o~ —
- EW 16013 + 2 5edTog +Y 3d121),
where such notations are used:
D = ch(¥us + Yas) +@°Ch (Y13 - Y2a) *
+ 2achyy5 + 2achy,, +a2 +1,
6 ~ 6 .
n'=n’+3y e a=exp|- b(vv°+édjej)t\ug-
j=1 1 =1
Me = 2a°ch(Viz - Vos) +2a° + 2achyys + 2achyy,.
Subgtituting (2.6) and (2.7) into egquations (2.4) and
(2.5) and excluding parameters p,,, ,D,,, ,» We obtain the
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differential equations for time-dependent GPI unary
distribution functions of deuterons. Solving these
equations we obtain the components of dynamic
dielectric susceptibilitiy:
1 d(hy-h
Cf1a3(W) = C1ag + “ma[”?{(slzM -

dEl,St

0 02 C-X’Z
]: Ce + | ,
dhy +ha)
dE ,;

d(h, +hy) g cY
y 2t 4t =c e0 + i
4 —dEzt ] »ta

Here such notations are used:

xz_b 1157

C1% —Zw{i[(nﬂz)znw(nﬁf)zmz]m

mt féz[(”i(éz)zmlméz + (r’rﬁglz)zn'nzn'nil -
- M5 Mhy* (Mymay + mpmy, )]},
SARLILEG AL AT
A P AL #4
mt 1),/2[(n1y3)2mlmz+2 + (n'g’4)2m2ml+1 -
- MYy, (Mymg; +mpmi5)]},
(t % '1=%[(mll+m22)i\/(mi1— Mp2)? +4mim; |

d(hy - hy)
- n?'z—
4 dEy 4

1
Co (W) = ng +|'mu—[”h)§

_ 1
(t 1),/2) ! =§[(mn+m22)i\/(ml+1' M3y)? +4m,mg, ]
+ 1 + + 1 +
miy :g(l' bnjrsKis), My :g(l' bn314K24),

1 0
miy :g[(l’f K13)P1(3) +bn3rsKysl,

1 0
My = 1+ Ka) PR +bn3ra4Kog],

my = —Kqalha, My, =—Ko,los,
h 13113 2 24124
1)~ 1
Fl(S)h13+LZ(L.??

D 1
- PS 20 +L5)
2n3 - (PShys + L)

2n3- (PN, +15)) ,
- ~ 12 _ ~ \2
n3=1- N13)" 1y =1- (24)°-
The components of dynamic dielectric permittivity
of the clamped GPI crystal are asfollow:

a
> 4pCi

ef(w)=ef®+q 1+t ?)2' @ =xY,2)
i=1

K 13 24

_§ 4pwtfct
F W ia=.11+(Wtia)2.
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II. Comparison of numerical
calculations with experimental data

For quantitative estimation of the temperature and
frequency dependences of corresponding  physical
characteristics of GPl crystal, obtained within the
proposed theory, we need to set the values of the
following parameters:

- parameter of the short-range interactions w®;

- parameters of the long-range interactions
nfning;

- effective dipole moments nf; ,, ;

- deformational potentialsdi, y 5 ;

- "seed" dielectric susceptibilities ¢ £°;

0 0
- "seed" coefficients of piezodectric stress i, €s;
- "seed" dlastic constants ¢fy, ¢£°, c5°, c&;

- parameter a, that determine time scale of

relaxation processes.
The values of given theory parameters are determined
studying of the static properties of GPI [1]. For the
crystal of [6], where the phase trangtion temperature
T, = 225K these parameters are as follow:

WOk =820K; APt =t =AYt =2643K ,
AL =Ry =02K, A% =n’* kg
d, = 500K, d, = 600K, d5 = 500K ,d, = 150K,
ds =100K,dg =150K,d, =d, /K ;
Y1 =87,9K;y 5 = 237,0K;y '3 =1038K;y 1y = 149K;
Y5 = 213Ky s =1438Kyy | =y .T/ Kpg.

The effective dipole moments in the paraglectric
phase are equal to 1, = (0,5; 4,02;4,3) 40" esu >cm,
m, = (25:30,2,2) 40 ®esuxcm. In the ferroelectric
phase ny, = 382x10 **esuxcm.

In [7] the trandtion temperatureis 7, = 223.6K and

:r—fé‘)_

the parameters w’, nyn;.n;, di y i, nfyp one

should multiply on the coefficient 0.994.

Parameter o is determined from the condition of
agreement of theoretically calculated and experimentally
obtained frequency dependences of e,,(w). At that we

consider, that parameter o dightly changes with
temperature:

a =[16- 0011(DT)]40*c?, DT =T-T.
The volume of primitive cdl of GPI
U =0,60140 %em °.
The" seed " parameters:
€91 = €3, = €33 = e = 0 esyen,
cf =01 c52=0403 c52=05
cOF =26,9140° dyn/cm?, cEP =145x10% dyn/cm?,
c50 =11,6440% dyn/cm? ,cE? = 20,3840 dyn/cn?

is the
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cE0 = 624,41x0% dyn/cm? , ¢’ = 391x10° dyn/cn?

5 =564x0° dyn/cm? , c&° = - 2,84x10% dyn/cm?,

E0 _
Cs5 =
e =-11x0 dyn/em?, ¢ =

cE0 = (65- 0,04DT) 0% dyn/cm?

854x10° dyn/cm? , ¢ =1531x0™ dyn/cm?
11,88x10% dyn/cm? .

different AT, a that the smaller AT the stronger this
increasing. At the frequenciescloseto v, thevalue of eg;

decreases with pressure, but the value of eff increasesto

some maximum value with further decreasing. At the
frequencies higher then v, increasing of hydrostatic
pressure leads to decreasing of eg and eg. As we can

see from the frequency dependences of permittivity,
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Fig. 1. The dependences on AT of redl eg and imaginary eg parts of dynamic dielectric permittivity of GPI at
different frequenciesv (GHz): 0.015—1, ¢[7]; 0.23—2, A [7]; 0.61—-3, ¥ [7]; 20— 4, m [7] and at different
values of hydrostatic pressure p (10° dyn/cm?): 0.0—a 1.7—b; 3—c; frequency dependencesof ef, and e}
at different AT (K): .0-1; 2.0--2; 5.0 -3; m [17] and at different values of hydrostatic pressure p
(10° dyn/cm?): 0.0—a; 1.7 — b; 3 —c; pressure dependences of e§,, and eg at different AT (K): 1.0—1;2.0-2,
; 5.0— 3 and at different frequenciesv (GHz): 0,015-4g 0.23—b; 2.0—c.

In fig. 1 are presented dependences on DT of real
e, (n,T) and imaginary eg} (n,T) parts of dynamic

dielectric permittivity of GPI at different frequencies and
a different values of hydrostatic pressure, and

experimental data [7]; frequency dependences of e, and
efy at difforent DI' and a different values of
hydrostatic pressure; and pressure dependences of
ef,and e at different DI and at different frequencies.

Maximum values of real eg pat of dieectric
permittivity of GPI decrease and shift to the higher
temperatures with increasing of hydrostatic pressure. At
the frequencies less than relaxation frequency
(vi» 8X0°Ty) increasing of hydrostatic pressure,
applied to the crystal, leads to increasing of real eg and
imaginary eg parts of dielectric permittivity of GPI at
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hydrostatic pressure shifts region of dispersion to lower
frequencies.
In fig. 2 are presented dependences on AT of real

efi(n,T) and imaginary ef§ (n,T) parts of dynamic

dielectric permittivity of GPI at different frequencies and
at different values of hydrostatic pressure; frequency

dependences of efand el at different AT and at
different values of hydrostatic pressure; and pressure
dependences of efy and e at different AT and at
different frequencies. Analogous dependences of real eg;
and imaginary e pats of dynamic dielectric

permittivity of GPI are presented in fig. 3.
Character of the pressure dependence of real eg; and

imaginary eg§ parts of dielectric permittivity of GPI is
similar to the pressure dependence of ef; and ef§, but
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Fig. 2. The dependences on AT of red ef; and imaginary e parts of dynamic dielectric permittivity of GPI at

different frequenciesv (GHz): 10.0 —1; 20.0 — 2; 40.0— 3 and at different values of hydrostatic pressure p
(10°dyn/cm?): 0—a 1.7—b; 3—c; frequency dependences of ef; and e at different AT (K): 1.0-1;5.0-2;
10.0 -3 and at different values of hydrostatic pressure p, (10° dyn/cm?): 0—a; 1.7 —b; 3—c; pressure
dependences of ef; and e at different AT (K): 1.0—1; 5.0—2; 10.0 — 3 and at different frequenciesv (GHz): 1.0
—-a30-Db;6.0-c,10—-d; 20-f; 40—e
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Fig. 3. The dependences on AT of real eg, and imaginary e parts of dynamic dielectric permittivity of GPI at
different frequenciesv (GHz): 10.0 —1; 20.0 — 2; 40.0 — 3 and at different values of hydrostatic pressure p
(10°dyn/cm?): 0—a 1.7—b; 3—c; frequency dependences of eg; and eg at different AT (K): 1.0-1;5.0-2;
10.0 -3 and at different values of hydrostatic pressure p, (10° dyn/cm?): 0—a; 1.7—b; 3—c; pressure
dependences of e, and e at different AT (K): 1.0—-1; 5.0-2; 10.0 — 3 and at different frequenciesv (GHz): 1.0
—-a30-Db;6.0-c,10—-d; 20-f;40-¢
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Fig. 4. The Cole-Cole curves at different AT (K): 1.0—1,a[7]; 20-2, o[7]; 5.0-3, o [7] and at different
values of hydrostatic pressure p, (10°dyn/cn?): 0—a; 1.7 —b; 3—c.
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Fig. 5. The temperature dependences of inverse relaxation times (t /)" Land (t 28y 1 at different values of
hydrostatic pressure p, (10°dyn/cn?): 0—1; 1.7-2; 3.0-3

the values of e,(n,T) is »10 times larger than

e,(,T). Behaviour of rea efy and imaginary eff
parts of dielectric permittivity of GPI in the presence of
hydrostatic pressure depends on deviation of temperature
from phase transtion temperature DT and on frequency
n of external eectric field. At small values DT and pre-
relaxation frequencies increasing of pressure leads to
nonlinear increasing of ef; and eff, a that increasing
of AT leads to decreasing of permittivity. In the region of
relaxation frequencies permittivity increases at first and
then decreases, and maximums of permittivity on the
pressure dependence shift to the lower pressures with
increasing of frequency. At the over-relaxation
frequencies increasing of pressure leads to decreasing of
permittivities ef; and eff, but increasing of DT leads to
increasing of permittivities.

In fig. 4 are presented Cole-Cole at different AT and
at different values of hydrostatic pressure. In al cases
radii of Cole-Cole semicirclesincrease with increasing of
pressure and decrease with increasing of AT.

Temperature dependences of inverse relaxation times

) and (t %) ! at different values of hydrostatic
pressure are presented in fig.5. Their minimum values
shift to lower temperatures with increasing of hydrostatic
pressure; magnitudes of  (t )" decrease with pressure,

[1]
[2]
[3]
[4]
(5]

J. Glauber, J. Math. Phys.4(2), 294 (1963).
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but (t %)% donot change.

Conclusions

In the present paper within modified proton ordering
model of quasi-one-dimensional GPI type ferrodectrics
with hydrogen bonds with taking into account of
piezoelectric coupling with strains &, g in ferroelectric
phase within the two-particle cluster approximation we
have studied hydrostatic pressure effect on the
temperature and frequency dependences of the
components of dynamic dielectric permittivity tensor of
GPI ferroelectric. We have determined that hydrostatic

pressure increases relaxation time't /', in consequence of

which the frequency dependence of dielectric
permittivity shiftsto the lower frequencies.
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L.P. 3aqu1, P.P. HeBHHLKHﬁZ, A.C. BJIOBI/I‘IZ

BuiuB riipocTaTH4HOr0 TUCKY Ha peJIakcaulilo
KBa3i0JHOBUMIPHOIO0 cerHeroenekTpuka GPI

YHayionanvnuii ynisepcumem " Jlvgiecora nonimexuixa” eyi. C. Bandepu 12, 79013, Jvsis, Vpaina
2Inuemumym izuxu kondencosanux cucmem HAH Yipainu, eyn. Ceenyiywrozo, 1, JTvsis, 79011, Vepaina

3anpornoHoBaHa JUHAaMiYHa MOEINb J1e(h)OPMOBAHUX KBAa310JHOBHMIPHHUX CErHETOCTEKTPUKIB 3 BOJHEBUMHU
3'mkamu Tty GPl. Ha ocHoBi wmi€i mozmeni B HaONMKEHHI JIBOYACTMHKOBOIO KilacTepa 3 BpaXyBaHHSAM
KOPOTKOCSDKHUX 1 JaIeKOCSDKHHUX B3aeMOJiil Ta medopmaniit & 1 &5 B pamkax Merony [naydepa po3paxoBaHo
JIMHAMI4HI J[ieJIeKTPUYHI IPOHUKHOCTI MEXaHIuHO 3aTHCHYTOro Kpucraiy. J{oCiIi/UKeHO BIUIMB IiipOCTaTHYHOrO
TUCKY Ha TEMIIEPATYpHi 1 YaCTOTHI 3aJEKHOCTI KOMIIOHEHT TE€H30pa IMHaMiYHOI AieJICKTPUYHOI IPOHUKHOCTI
cerneroenexrpuxa GPI.

KirouoBi cjioBa: cerHeTOCNEKTPHKH, KIIacTepHE HAOIIKEHHS, AMHAMIYHA JieJIeKTpUYHAa HPOHHUKHICTE,
ipOCTaTUYHUN THCK.
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