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Abstract. The experimental data carried out by Mossbauer and magnetic resonances investigations of the
structural phase transitions in K2ZnCly crystals are discussed by a simple electrostatic model, calculat-
ing, the lattice contributions to the local electric potential V(r), electric field intensity E(r) and electric
field gradient tensor, Vog(r) and taking into account both the fractional electric point charges and rigid
lattice approximations. The validity of the model is proved by a good fit of the computing results and
experimental data of quadrupole splitting parameters at K sites obtained by 3*K-NMR methods in high

temperature incommensurate phase (~

Pnam symmetry). The experimental results obtained by Mossbauer

and EPR methods in commensurate phase (Pna2; symmetry) of iron and copper doped K2ZnCly crystals
are explained by relaxing the rigid lattice approximation. The insertion of probe ions appear to be done

on not-exactly-Zn>" site.

PACS. 76.80.+y Mossbauer effect; other -ray spectroscopy

1 Introduction

Like many other members of the A;BXy family [1],
K2ZnCly, shows the following sequence of structural phase
transitions. There is at T; = 553 K a transition from
normal paraelectric phase with the space group Pnam
(b > a > ¢) and four molecules per unit cell to an in-
commensurate phase (¢/a* = (1 —0)/3 with § < 1). At
T. = 403 K a lock-in transition to a commensurate fer-
roelctric phase (¢/a* = 1/3) with the space group Pna2;
and 12 molecules per unit cell has evidenced. Also at
T.1 = 145 K there is another phase transition to a mon-
oclinic commensurate ferroelectric phase with the space
group Alla and 48 molecules per unit cell.

Very recently, a second low-temperature incommensu-
rate phase between 152 K and 145 K has reported [2,3].
Quilichini [3] revealed by inelastic neutron scattering a soft
optic phonon with a wave vector ¢ = 0.50* + (0.5 — d)c*
6 < 1 responsible for this incommensurate phase tran-
sition. The structures and properties of some phases in
K2ZnCly differ considerably from those of the prominent
members of the A;BX, family. The unusual feature is the
presence, in the high temperature incommensurate phase,
of large thermal hysteresis, memory effects and extremely
slow relaxation of the dielectric constant [4].

In the present work the local electric potential, elec-
tric field intensity and static part of the lattice electric
field gradient (efg) behaviours at K sites in Pnam phase
of K2ZnCl, are probed by numerical calculations. These
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calculations have been performed using fractional ionic
point charges and rigid lattice approximations respec-
tively. We have extended the model relaxing the last ap-
proximation and allowing hopping of the sites along the
a axis and ferroelectric ¢ axis. We have evaluated the lo-
cal electric properties dependencies with the displacement
along one direction from the nominal cation sites. The
computing results have compared with the experimental
data obtained by NMR, Mossbauer and EPR methods on
iron and copper doped potassium tetrachlorozincate.

2 Local electric properties computation

The lattice contribution to the local electric potential
V(r), intensity E(r) and V(r) tensor at cation sites
r'o(Zo, Yo, 7o) in the ferroelectric structure of K3ZnCly have
been calculated by QSLATT3, a new version of the com-
puting program QSCOMP [5]. The starting expressions
are:

47750 |r - r0|
E(r') = —VV
efg=Vap(r) = —VE(r) = V(VV(r)) = | Vay Vyy Vy:
Va:z Vyz sz

(1)

where p(r) is the lattice charge distribution around r,
and €, is the vacuum electric permitivity. The computing
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procedure takes into account the point charge approxima-
tion of crystal field theory:

N
p(r') = Z qid(r' — ;). (2)

In this approximation the lattice contributions to the local
electric properties in r, are given by the relations:

N
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The positions r; (and d; = |r; —ro|) of the crys-
tallographic cationic sites are given by the subroutine
LATTICE according to the relation:

r; = (Tio +1la)i+ (Yio + mb)j+ (zi0 + nc)k  (4)
where ro(Zio, Yio, 2io) designates the positions of the N?
charges g; in the rectangular unit cell with the lattice con-
stants a, b, ¢, (i =1,2,... N = (21+1)(2m+1)(2n+1)NY).
The co-ordinates o, ¥io, 2io and the lattice constants
a, b, ¢ for the studied structure are obtained from X-ray
or neutron diffraction measurements. § is the Kroneker’s
symbol. The values for charges ¢; are given by the usual
ionic charges or they can be obtained by other procedures,
e.g. a valence summation, described recently in [7].

With the above mentioned quantities, the efg ten-
sor components Volé%“(ro) are calculated by subroutine
GRADIENT. The principal components Vx x, Vyvy, Vzz,
and the asymmetry parameter (n = (Vxx — Vyv)/Vzz),
the corresponding eigen vectors and the Euler angles («,
B, 7v), between the efg tensor principal axes and the crys-
tallographic axes, are obtained by the diagonalisation sub-
routine EIGEN.

The =™ (n = 1,2,3) dependencies of local electric
properties are more important for the ions directly co-
ordinated to the central ion, i.e. for ligands, than more
distant ions in the lattice.

On the other hand a complete neglect of distant ions
may led to inaccuracies of the computing data and their
comparison to the experimental ones. The new version of
QSCOMP allows to calculate the local electric properties
both of the ligand and also of the different surrounding
shells contribution and the rest of lattice one.

Vlatt (ro) _ Vlig(ro) + Vrest (ro)
Elatt (ro) _ Elig(ro) + Erest (ro)
Vol (ro) = Vo (ro) + Vag* (xo).
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The dispersion of V, E and V,g values related to the
shifted cationic position in the lattice is given by:
VIt (r, 4 0r) = V8 (r,) + VV**(x,) - or
E2t (v, + 0r) = El8(r,) + VE*(r,) - or
Vit (o + 01) = Vo5 (r0) + VVIE" (r,) - Or.  (6)
3 Experimental

The electric quadrupolar hyperfine interaction between
the probe and the neighbourhood can be evidenced by the
NMR, NQR, Méssbauer and EPR experimental methods.
The principal efg tensor components V°P® can be evalu-
ated from the spectra by the relations

2
(1 — Yoo )eQ39K
«— NMR, NQR method

2AE§2bS

(1 - ’700)66257176
«— Mossbauer method

Py
(1 - 7%)6Q63Cu
«— EPR method

4.1357 x 1071°

4.8038 x 1078

1+72/3 (7)

1.1577 x 10~8

where EOQbS, AE&bS, Pg% are the spectral parameters of
the mentioned experimental methods. ) is the nuclear
quadrupole moment and 7., is the Sternheimer factor.
The @ and values used in the calculus were Q(°"Fe) =
0.21x 10728 m?, 4, (*7Fe?T) = —10.6, Q(%*Cu) = —0.15x
10728 m?, 7, (B3Cu®") = —25, Q(*K) = 0.09 x 10~28 m?
and v, (3*KT) = —20, [6,7]. The numerical coefficients
are energy conversion factors between the specific to eV
units. The principals components of efg tensor, VO?};S in
V/m?, given in Table 1, have extracted by a refined anal-
yse of spectral parameters of hyperfine electric quadrupole
interaction from the 3*K-NMR spin-echo spectra recorded
in a superconducting magnet at Larmor frequency of
vr, = 16.628 MHz [13], from 5"Fe-Méssbauer spectra ob-
tained in transmission geometry in the velocity range
+3 mm/s using a 7 Co:Cu source (50 mCi) with f = 0.73
and Iy = 0.11 mm/s [12] and from EPR spectra carried
out with a JES ME-3X spectrometer with 100 kHz mod-
ulation [14], for pure and iron and copper doped K2ZnCly
crystals. The temperature instability over the measuring
period was less than 0.5 K.

The V2" values are compared with the V'3 obtained
from computing results taking into account the proposed
model.

4 Computation results and discussions
4.1 Calculation of V,g(r) on cation sites

The numerical computation of the lattice efg tensor at
cation sites in KoZnCly has been performed according to
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Table 1. Experimental values of the spectral parameters in specific units.

Experimental method T Spectral parameters of Vobs
K] quadrupole splitting interaction [10%° 5]
S9K-NMR ~550 2e5" = 0.437 MHz; n = 0.13 [13]  2.001(3)
"Fe-Méssbauer effect 296 AEY™® = 0.306(6) mm/s [12] 1.273(12)
Cu’T-EPR 200 PP =-12.4(5) G 3.6(1)
PRe® =6.9(5) G [14] —2.0(1)
Pgy® =5.5(5) G —1.6(1)
the procedure described in the above section. The lat- 03 )
tice of rectangular unit cell was built by the subroutine o
LATTICE with the origin of coordinates in the crystal- N"E" 02
lographic position 4a for the normal (paraelectric), in- 3 |
commensurate and commensurate (ferroelectric) phases. % g, |
There are two and six different K positions and one and %"’ i
three different Zn positions in the paraelectric and re- g~ g0 % \ d{l i %ﬁ O PSR s PRI
spectively ferroelectric unit cell. The principal compo- N | <><§ 4
nents of the efg tensor were provided by subroutine 3 -0.1 3
GRADIENT, taking into account the LATTICE output ¥ = 1
data for N = 756 and 2268 ions situated at their crys-  >"-0.2+
talline sites, i.e. contained within a radius of 26 unit cells. 1
Table 2 is showing the fractional positions [3,9], and 037
electric point charges, obtained by the valence summation o )
procedure, described in [7], in the normal, N(b > a > ¢) T T T T T e 4 8o 0
incommensurate, INC and commensurate, C phases. The d=A-F /4]

fractional electric point charges of K5ZnCly structure are

q = Zg 1 V%, where v?, and N; are the valence bond and
the number of the nearest ions of ¢; charge respectively.
The electric charges are given in electron charge units.

The authors performed a numerical calculus of the
local electric properties, V(r), E(r) and V,g(r) at
cation sites in C (Pna2;-symmetry) and INC (~ Pnam-
symmetry, model 1 [3]) phases in order to compare them
with NMR, Mossbauer and EPR experimental data ob-
tained at the high temperature part of INC phase [13]
and respectively at 296 K and 290 K, corresponding to C
phase [12,14]. As one can see from Figure 1, the conver-
gence of the lattice sum contribution to Vlatt as function
of radius d for a given coordination sphere is practically
obtained for 7 A

Table 3 sums up the computed data V, Vzz and n
obtained at Zn and K sites of K2ZnCly, in the above men-
tioned phases for the ligand contribution (V'&, VJ£ and
n'8) and all 2268 neighbours (V3 VIt and n'at*) taking

into account the ionic point charges.

We considered of interest to calculate the relative devi-
ation between the computing and experimental data using
the relation R = |1 — VO /V .

The R values, shown in Table 3, have evidenced a
notable difference between V°P and V&% values (1 <
R'™* < 10), for all considered experimental data. That
one can explain by the presence of a slow spatial depen-
dence of Sterheimer factors. V& values are more closed
for experimental Mossbauer and EPR data V°P%, but the

Fig. 1. The convergence of V% with respect of radius of co-

ordination sphere.

li lig  pli
nearest are for NMR ones, (Ryjr < Rye: Brpr)- On

the other hand the Riﬁ ~nui values in INC phase are show-
ing that the point charge approximation model is not so
far from a realistic one. In order to improve the agreement
between V°P$ and V°2l¢, the authors taken into account an
fractional ionic point charge approximation for the rigid
crystal lattice.

The principal efg tensor components at K sites, cal-
culated for lattice contributions taking into account both
the nearest and all 2268 neighbours, are given in Table 4.
As it can be seen from the table, the computing val-
ues of VZZ, obtained in the fractional ionic charge and
rigid lattice approximations, are closely related to the ex-
perimental NMR, quadrupole splitting constant reported
in the reference [13], that means the well-known value
Yoo (B9KF) = —20 given in [6] corresponds to the next
nearest neighbours. This concordance for 3°K,ZnCl, in
INC phase, show the consistency of the approximations
used to describe the local electric properties in such kind
of crystals.

The comparison between R values obtained in the ionic
(see Tab. 3) and fractional ionic point charges (see Tab. 5)
has shown a narrowing tendency of their field, but per-
fectible especially for %Cu?*. In order to obtain a good
fitness between the experimental and computing data one
can relax the rigid lattice approximation.
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Table 2. The fractional position [3,9] and fractional point charges of ions in the N paraelectric, INC and C ferroelectric phases
of K2ZnCly obtained like as in [7].

Site z°/a y°/b z°%/c ql/e/]
N* Pnam phase

K1 0.6354(15) 0.4114(12) 0.7500 1.1064(2)
K2 0.4942(10) 0.8129(6) 0.7500 1.0172(2)
Zn 0.2195(4) 0.4205(4) 0.7500 2.0004(2)
cL 0.9768(4) 0.4288(4) 0.2500 ~1.0512(2)
Cly 0.3231(4) 0.5797(4) 0.2500 ~1.0715(2)
Cls 0.3063(4) 0.3368(6) 0.0055(5) ~0.9880(2)
ClL 0.3202(17) 0.3368(17) 0.0055(5) ~1.-133(2)
INC*™ Model 1

K1 0.6339(16) 0.4143(18) 0.2500 1.219(2)
K2 0.4960(13) 0.8126(9) 0.2500 1.000(2)
Zn 0.2190(6) 0.4188(5) 0.2500 2.000(2)
CL 0.9748(6) 0.4342(5) 0.2500 ~1.160(2)
Cl 0.3309(6) 0.5782(2) 0.2500 ~1.097(2)
Cls 0.3028(7) 0.3325(6) 0.0055(7) ~0.983(2)
Cl 0.3028(7) 0.3325(6) 0.5058(10) —0.983(2)
C*** Pn2; phase

K1 0.0433(1) 0.0814(4) 0.7866(9) 1.235(3)
K2 0.3797(1) 0.0855(5) 0.7638(9) 1.152(3)
K3 0.7106(1) 0.0833(4) 0.7223(7) 1.023(3)
K4 0.3319(1) 0.6875(3) 0.7219(6) 1.028(3)
K5 0.6660(1) 0.6863(3) 0.7388(6) 1.037(3)
K6 0.9986(1) 0.6883(3) 0.7932(6) 1.011(3)
Znl 0.0721(1) 0.4194(1) 0.75000 2.000(3)
Zn2 0.4050(1) 0.4181(1) 0.7796(2) 2.000(3)
Zn3 0.7403(1) 0.4177(1) 0.7365(2) 2.004(3)
CL 0.9917(1) 0.4337(3) 0.6731(6) ~1.267(3)
Cly 0.1123(1) 0.5756(3) 0.8151(7) —0.987(3)
Cls 0.0844(1) 0.3012(3) 0.9795(6) ~1.099(3)
Cl 0.1111(1) 0.4366(3) 0.4910(6) ~1.055(3)
Cls 0.3229(1) 0.5782(4) 0.8129(7) ~0.990(3)
Cls 0.4439(2) 0.3072(5) 0.8132(9) ~0.969(3)
Cl; 0.4353(2) 0.3480(4) —0.0004(7) —0.787(3)
Cls 0.4306(2) 0.4358(3) 0.5110(6) ~0.900(3)
Cly 0.6591(1) 0.5760(4) 0.8044(7) ~1.355(3)
Clio 0.7794(1) 0.3615(3) 0.6660(8) —0.948(3)
Clu 0.7778(1) 0.2042(3) ~0.0026(6) ~1.126(3)
Cliz 0.7560(1) 0.2042(3) 0.5177(6) ~1.003(3)

*a = 8926 A; b = 12402 A; ¢ = 7.256 A; **a = 896 A; b = 12.54 A; ¢ = 7.30 A;
*r0 = 26.778 A; b=12.402 A; ¢ = 7.256 A.
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and R at K and Zn sites, calculated in the ionic point charge approxi-

Cationic site 1% Vzz n R
vVl [10%*2%] YK PFe  ®Cu
INC Model 1
K1t —24.75 1.5041 0.83 0.3302
** -5.67 —0.1924 0.71 9.3992
K2+ —31.24 1.2619  0.38  0.5487
t -7.14 -0.7278 0.85 1.7491
Pna2; phase
Znl* —25.47 0.536  0.74 1.3371  5.6427
T+ —15.11 —0.370 0.87 2.4397 7.1838
Zn2+ —25.66 —0.553 0.27 1.3014  5.4385
T+ —14.97 —0.366 0.21 2.7878 8.7281
Zn3* —25.44 0.541 0.75 1.3525 5.5813
++ —15.24 0.386 0.91 2.2972  8.2241
T Ligand contributions; 7726 neighbors cells contributions.
Pna2 phase
¥,,,2268 neighbowrs
F,90° ) Br=(6,8,0) —
-0.40 —e— 5r=0.150A Br=(50.6:90)
044 ] —a— §=0.175A 042 048
= -048 ] —v— 5=0.2004 044 pa8 ]
S 082 046 052 ]
% 0564 -048 0.54 1
Lu"'D'BS} -0.50 0.56
31?3- _ 058 J
0.12] 893 ]
12 h 005
= 0.08] 0.05 + ]
S 004 ] 0.00 0.00 4
% 000 -005 ] 0.05 ]
W0.04 ] -010 -0.10
ok ok 3
04 0.05 :
000 0.00 ] 009
0044 005 ] 008
R TE 010 006
:“}'0-15- &1%3— §§§ '/././_k_-——c—._\_\.\-
= 580 3 :
st 15.02 15.02
15.105 -15.04 15.04
=—-15.110 <1506 15.06
S 1::;:: -15.08 16.08
- ] . 15.10
1::3?.. I L B e o L R L s ::13 LN AL AL A LA LA | T T 7§ 7T 1 1542
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Fig. 2. The dependences of the local electric properties V(r), E(r) relative to or = r — rzn1 in different crystallographic planes

in Pna2; phase.

Table 4. The numerical values of Vzz, and R at K sites, cal-
culated in the ionic fractional charge approximation for incom-
mensurate phase.

Site \% Vzz n R
VI [10% 3]
INC Model 1
K1 + —27.52 1.6840 0.75 0.1870
++ —6.05 0.4028 0.96 3.9672
K2 + —31.95 1.5729 0.24 0.2720
++ —6.09 0.8413 0.09 1.3782

4.2 Calculations of V(r), E(r) and V,g(r) taking into
account metallic cation displacements

To establish the real site of the iron and copper probes
in the lattice an effective-field model [10] has been de-

Table 5. The numerical values of VZH; nle, Viatt and platt
at Zn sites, calculated in the fractional ionic point charge and

rigid lattice approximations.

VZZ n R
V]  [10*°%] *Fe

Cationic site 1%
63 Cu

Pna2; phase

Znl + —28.091 —1.0175  0.72  0.2157 2.4988
+4+ —16.564 —0.8916 0.75  0.4278 2.9928
Zn2 + —23.398 —0.7717  0.92  0.6496 3.6132
+4+ —12.786 —0.5343 0.89  1.3826 5.6629
Zn3 + —28.212 —1.2016  0.43  0.0594 1.9627
+4+ —15.021 -0.8375 0.59  0.5200 0.2507

veloped. In the first step, the position of the probe was
gradually shifted from the cation site with dr(dr, o, @) =
r —rz, and V(r), E(r), Vag(r)-tensor components were
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Table 6. (a) The numerical values of V (r), VA2, n, Euler angles and R ratio, calculated in the fractional charge approximation
at ®Fe in shifted Zn positions. (b) The numerical values of V (r), V42, 7, Euler angles and R ratio in the ionic fractional charge

approximation at shifted Zn 1 positions for ®Cu?* probe.

(a)
Cation [or| \% ) ) Vzz n o 8 ¥ R
site [A] [Vl I Bt (VY 1
Znl + 0.13 —-28.14 170 222 —1.2427v 0.72 -90 -90 —90 0.024
++ 012 -16.35 156 131 —1.2064 0.92 —-90 —-90 —90 0.055
Zn2 + 0.13 —=2344 90 60 1.0967  0.95 0 57 =90 0.161
++ 014 —-12.93 140 130 1.2895  0.60 0 48  —90 0.013
Zn3 + 0.14 —2830 23 332 1.2485 077 90 —-90 —63 0.020
++ 013 -15.05 188 9 —1.1937 0.96 0 -90 —-90 0.067
(b)
025 —2822 90 180 —-3.3097 0.72 -90 -90 —90 0.075
0.30  —28.30 230 0 —-3.4466 092 -90 —-90 —90 0.033
0.45 —2827 190 90 —3.4609 095 —-90 —-90 —-90 0.29
AE [mm/s] the cation sites taking into account the fractional ionic

Fig. 3. The quadrupole splitting AEq dependence on dr =
r — rzn1 in the ab plane in Pna2; phase of 5"Fe:KoZnCly.

calculated. All ionic point charges have usual ionic charge
values. The dependencies on dr, of the local electrical
properties at Znl site corresponding to Pna2; phases are
shown in the Figure 2. As we can see the local electric
properties V(dr), E,(dr), E,(dr), E,(ér) are oscillating
functions relative to polar angles. One can point out the
differences of the local electric properties’ dependencies in
the crystallographic planes containing c-axis. The depen-
dence of the quadrupole splitting parameter AEq, on dr
are plotted in Figure 3 for (ab) plane in the Pna2; phase.
The AEq parameter generally shows an increasing depen-
dence on dr and the maximum AFEq values are reached
along a-axis, ¢ = (180°+190°). For these values the prin-
cipal Vz; axis is along b one and asymmetry parameter is
in the range n € (0.25 + 0.50). In order to determine all
the dr positions corresponding to AE&bS for °"Fe and to

Pg% for 63Cu, the QSLATT3 program swept step by step
(Adr = 0.025 A, Ap, A9 = 10°) the whole space around

charges determined by the valence summation procedure.

The founded positions dr(dzx, dy, §z) are selected by the
criteria of the minimum of electrostatic energy, ¢V (r) of
iron and copper probes. The most closed computed values,
Ve to V2% (57Fe and %3Cu) obtained in the fractional
ionic approximation for shifted Zn positions are given in
Tables 6a and respectively 6b.

As one can observe from the R values the °"Fe Moss-
bauer and Cu?t EPR experimental data could be ex-
plained by the location of the probes in the Zn sites shifted
with |dr| = 0.15, 0.30 A for iron and copper probe respec-
tively. It was difficult to distinguish between the equivalent
Zn sites in the commensurate phase due to small differ-
ences, V(rzn;) — V(rznj). The authors suggest that the
difference of the |dr| values for iron and copper ions could
be explained by the different ionic radii and electronega-
tivities.

5 Summary

The electrostatic model computation of the local electric
properties at cation sites in the in- and commensurate
phases of K2ZnCly was developed. The relative deviation
between the experimental and computing results, R val-
ues, provides a rather good agreement with the magnetic
resonances and Mossbauer data, by taking into account
the ionic fractional charge approximation. The computed
39K efg values incommensurate phases fit well with the
NMR data [13]. Consequently we conclude that the frac-
tional ionic point charge model is an acceptable model
to calculate the local electric properties in the structural
phase transitions of K5ZnCl,. Moreover the location of the
3d impurities (Cu and Fe) have been determined by relax-
ing the rigid lattice approximation. Off-centre Zn sites for
the impurity probes in the crystal were proposed in order
to explain the experimental EPR and Mossbauer data car-
ried out in the iron and copper doped KsZnCly crystals.
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