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Abstract

Ceranies of lead  magnesume mobwme zirconitn
aovde, Phe Mg 2 o Nby o Zr )05 (0 2L 003),
e e been fubricated and chiaracterised, with ‘relavor’
ferroctectric properties shown by oall compositions
Samples have been prepared mea nvo stage ‘mived
avade’ sentheses, witle XRD studies confirning the
existence of a solid solution for cach composttion
the range A full dielectrie characterisation has been
carvied ouwt, with measurements made of &, and )
versus temperatire at fiee different frequencies
between 1O H: and 1 M H:

The variation of dielectric response with znconnmm
concentration, x, 18 deserthed through the use of fonr
copurteal parameters, ey oo 0h & e O antd AT
whiel are devieed from the variation of &, with
temperature A rattonalisation of the obserced tends
iopieen, employmg the “polarisation eluster” con-
coptied framevnork Constderation of the propertics of
NOO, MeO, and Zr() cation coordmation poly
hedra pernmts an understandmg of the compositional
dependence of the ‘reluxor” response, wineh s helpful
m o the destgn of new compositions with destrable
diclectrie propertics The dielectrie behaviow of the
relared svstenr Phe Mg (Nby 2 T )O can
also be wider stood i these tenn

D hergestellen wund untersuchien Bler Magnesinm
Neob Zirhonmmmoid Keranken— Ph Mg, _ |, -
N oo 20O 0 03 cergren alle reluvor
ferroclek trisches Verhalren, Die Proben wurden m
cuter sweistufigen ‘mived ovide” Syuthese hergestellr,
NRD-Uhnersuchungen bestatigten das Vorhandensei
ces Muschhorstalls (e jede Zusammensetzung
nerhalb des betrachteten Berewchs  Die delok -
tschen Konstaten oy und e wurden als Funk o der
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Temperatur ber funf verschiedenen Frequenzen 2wi-
schen 10O H: wund 1 M Hz gemessen.

Das dhelek trisehe Verhalten m dbhangighert tom
Zirkonnongehalt X kann durch vier empirische
Parameter, Tee, puc) G oo © tind AT, beschiieben
werden Diese lassen sich aus der Variation von ¢, nit
der Temperatur abletten Das beobachrete Verhalten
ke nnt Hilfe des “polarisation cluster’ Konzepts
erhlart werden D Betraclhtung  der Engen
schaften dev NbO . MpQ, und ZrQ,, Kationen
hoordmationspolveder crlaubt dic Abhangigkett des
refavor” Verhaltens von der Zusammensetzung 2u
verstclien Dies st ludtrerch ber der Ennwick lung nener
Zusanimenset zungen it gewunschien, dielek trisehen
Ergenschaften  Das diclek trischie Verhalten  dey
verwandten Svstenms Phe Mg Ny T )0
laft sich e glewher Weise cerstehen

Ona elabord ot caractérise des céraniques d'ovyde de
plomh, de nagndstum, de mobume et de Zirconnn
(POCMg o WNby o2 )0y (000,
toutes les compositions  choisies présentent  des
proprictés ferroélectrigues ‘d'oseillatenr arelavation’
On a prépare les cchantllons par e synthése
‘dovides mixtes” en deuy Stapes, des mesures de
diffraction X' pennettant de confirmer Fevistence
d'une solution solide powr chaque composttion On a
procedé d une caractérisation diclectrique compléte,
arecmesure de ey et ey en fonction de la températine o
cing fréquences difféventes comprises entre 100 H: et
! AMH:

On décrt la variation de la réponse diclectrigue
davec X, concentration en 2irconium, a larde de quatre
parametres empiriques, Tee, o00) e ey, 0 et AT qui
provicnnent de la variation de ¢, avee la température.
On rationalise les tendances observées danys le cadre
die concept “d'amas de polarisanon” En s'attachant
arx proprctes des polyvédres de coordmation cation
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ques NbO,, MgQ, et ZrO,,, on pent comprendre d'oi
provient la dépendance en composition de la réponse
ferroélectrique en “oscillateur a relavaton’, cect
deviart de mieus chosie de nouwvelles compositions
presentant les proprieteés diclectriques voulues  On
peut aussi mterpréter en ces termes le comportement
i systéme voism Phe Mg - Nby 2o T )0

I Introduction

A general techmque for investigating relaxor
ferroelectric ceramics 18 to carry out a partial
substitution of the cations tn a parent, model relaxor
composition with foreign cations, and to monitor
the effect on the dielectric properties In this
conlext, novel work 15 presented here on the
synthesis and characterisation ol the perovskite
(ABQ,) system zircomum-substituted lead mag-
nesium niobate. Here the B 1on sites (occupied by
Mg?* and Nb"* 10ns1n the parent composition) are
partly occupted by Zr'T ons,  to o give
PbitMeg,, -, \Nb, o)1 Zr Oy Tas seen from this
formula that the B-ton sites m the zirconium-
substituted compaosition are fully occupied, as in the
parent composition. Further, 1t s convenient to
employ the actonym PMNZ « [or this system, where
v orepresents the fraction of perovskite B-sites
occupied by zirconiumaons Values of v this study
lie 1n the range 0 < v < O0-3, Note that the universally
accepted acronym for the parent composition,
Pb(Mg, \Nb, )O,. 1s PMN.

Apart [rom the obvious uppheation of high-
permittivity relaxor Ceramics in capacitors, Increas-
ing utilisation of these materials 15 to be found in
electrostrictive devices, where therr larpe electric-
field induced polansations are assoctated with a
mechamical strain, Since the subsequent develop
ment ol electrostrictive cerumics will embrace both
compositional and  microstructural lactors, the
compositionally based approach developed in this
paper represents an apphcable strategy lor optimis-
ing the properties of these materials

2 Experimental

2.1 Powder synthesis

Powders of PMNZ- v were synthesised from proprie-
tary powders ol PbQ), (MgCO,),Mg(OH),.5H,0/
Mg, Nb,O, and ZrQ),, using a ‘mixed oxide’ roule.
Two alternative two stage roules were evaluated,
with the twin aims of minimising the formation ol a
lead niobium oxide pyrochlore phase' and idenufy
ing the optimum method for incorporating zir
conium 1ons homogeneously into the perovskite
structure.

The two routes are designated | and 2:
Roure 1

(1 = YMgO + (1 — V)Nb,O, + WZ(0, —
Mg, . \Nb, -, Zr,,0,

PbO + Mg, - Nby,, -, Zr,,0, =
WPhMg,, - Nby - 0210,
(v = 0,000, 0:05, 0-10)

Route 2

(MgCO,), Mg(OH),.5H,0 + SNb,0, -
SMgNb, 0,

PO + (1 = YMgNb, 0O, + WZrO, —
WPh(Mg, ) sNby - Zr )0,
(v =0, 000, 005, 0-10, (-:20, 0 30)

In essence, zirconia is reacted i the first stage n
Route | und in the second stage in Route 2
Although MgO 15 employed in the first route and
(MaCO),Mg(OH),. SH,0O in the second, this1s not
thought to be a significant difference, since compar
able PMN samples can be made from erther starting
reagents

Since a Route | type of mechanism had been
found to be successlul in the synthesis ol
Pb(Mg, \Nb, )O, -PbTiO, (PMN-PT) ceramucs,’
it was hoped that this method would provide a
untform distribution of Zr within the columbite
structure (that ol MgNb,O,). This should fuvour, in
turn, 8 homogeneous distribution of Zr ions within
the perovskite PMNZ v phase

Route 2, by comparison, involves the formation ol
columbite, MgNb, O, prior to reaction with PbO
and ZrQ, It is therefore more convenent lor the
synthests of a range ol compositions from a single
batch of MgNb,O, This type ol reaction sequence
has also been successfully apphed to the synthesis of
PMN-PT compositions.”

Starting powders were ball-milled in acetone
using zircoma media for 24 h, m order to achieve
intimate mixing. Following solvent evaporation, the
first calcmation was carried out at 1050'C for 4 h
Subsequent calcination to form the perovskite
PMNZ- v phuse was carried out at 800" C for 2h.

2.2 Ceramic fabrication

A standard pseudo double-ended uniaxial die
pressing technique (10mm diameter, 80 MPa pres-
sure. Smin) was used to press the powders into green
pellets To wid pressing and green densification,
polymeric binders and plasticisers were added
(0 25wt% PVA and 0-75wt% PEG respectively), 1n
optimum amounts which were determined empiri
cally.? These additives were burnt off at 450°C for a
period of 4 h. Furnace ramp rates were « 2'Ch ™' in
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order to reduce the risk ol porosity or lamination
caused by sudden burn-out All pellets were
densihed by sintering at [220°C for 2h

2.3 Preparation and measurement of dielectric
specimens

Single phase samples ol comparable density (in
excess ol 98 5%y of theoretical density) were selected
for dielectric measurements The sintered pellets
were pround and polished down to parallel-sided
disks of thickness 200 gm and ultrasonically cleaned
in acetone. Gold electrodes were sputtered on to
hoth faces, which were subsequently covered with
atr dryimg silver pamt Complex impedance mea
surements were luken over 5 decades of frequency
HHOOHZz to T MHz) lrom =75 C to 100 C using an
HP4284A precision LCR meter in conpunction with
o Delta Design 9023 environmental test chamber.
The system was operated remotely [rom o personal
computer, using software developed at Leeds

3 Results

3.1 X-ray diffraction analysis

The X rav diffraction patterns (Siemens Kristallo
llex 805 diffractometer with DIFFRAC 500 soltware)
obtaimed trom both powders und sintered ceramics
are givenin Fig | Frgures 1[G and (b) refer to Route
I und Fig. I(¢) and (d) to Route 2,

Itis seenn Fig I(a) thut the zirconmmum ions have
only limited solubility in the parent MgNb, O,
columbite phase  there s a small shift ol (he
difftaction peaks to lower angles ol the peaks
pomg from v =010 v =001 Mg, . Nb,,
Zr,,0, idicatve of a small increase mn umt cell
size upon substitution Zr** for Mg ™ and Nb''
However, the dominant feature upon addition ol
Zirconiunt tons 1s the appearance of extra diflraction
peaks corresponding to ZrQ, as a second phase
Most noticeable s the peak at o = V157 A interpre
ted as the ZrQ), peak with the highest intensity

Figure 1(b) shows the difiraction patterns ob-
tained for PMNZ v powders (v = 001, 005, 0 [0},
followmg the second calcmation of Route | In
general, these do not correspond Lo single phases or
sohd solutions  Note the presence of o large
pyrochlore peak ut =291 A, even in the v =0
composition. where the diffiaction pattern ol the
corresponding precursor v = (Ycolumbite phase (Fig.
1) 1s satisfactory

Figure I(¢) and (d) give difiraction patterns for
PMNZ « compositions in powder and sintered form
respectively, as produced by Route 2 Figure l(c)
contams evidence of small amounts of second
phases. inamounts apparently uncorrelated with the
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Fig. I. X ray diffraction patierns corresponding 1o (a) the

compostiions Mg, - (Nb, |, Zr,,Q, lor v =0, 001 and 004

(b) PMNZ v powders produced by Route [, Tor v =001, 005

and 010, (() PMNZ « powders produced by Route 2, lor

v=000005and 010, (d) sintered PMNZ « samples produced
by Route 2 for v = 0,001,005, 010 and 020
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Fig. 2. Varnanion with temperature of relative permitiivity ¢ lor PMNZ v ceramies synthesised by Route 2, (a) The influence of
Irequency s shown fora sample with v = 0 Similar mAuence 1s observed for samples with other v values (b) The influence ol v value in
measurements made al T00KkHz The composttions are v =001, 005 01,02 and 03

value of v, Following renulling und sintering, these
second phases disappear, to give nise to diffraction
palterns as im Fig 1(d) It should be noted here that
the diffuse amorphous peak at fow angles 15 a
consequence of the glass sample holder and not of
the sumples themselves.

Route 21s therefore the more successtul method of
producing PMNZ . as verified in Fig. I(d) for
values of v up 1o 0-20 The parent phase (v = 0) was
found to correspond exactly to the known PMN
phase (JCPDS data fle 22 1199). Upon zirconium
substitution, all the peaks are shifted to shghtly
smaller angles, indicative ol a small increase in unit
cell size. Thus the X-ray evidence points towards the
formation of 2 solid solution in the runge 0 < v 02

3.2 Dielectric measurements

Figure 2(aHHIl) gives the measured variation with
temperature and frequency of relative permittivity
(¢)) fTor PMNZ-y ceramics (v =0, 001,005, 0 1,02
and 0 3) synthesised by Route 2. In order to focus
attention on the dependence ol key parameters of
the dielectric response upon composition, some
[eatures of the data for 100kHz (the lowest
measurement frequency) are highlighted in Figs 3 to
S. More speaitically, Fig 3 gives a plot of the
variation of the lemperature of maximum relative
permittivity, Tt .. with v Figure 4 gives the
vartation ol the magnitude of the maximum
permittivity, ¢ ., with Fig. 5 a compilation of
dielectric loss curves at 100 Hz
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[Uisseenin Fig, 3 that Tie, . Jincreases umlormly
with van o variation which tends towards linearly
drmav hOwever, falls with v non-lineanty, as in
dicated m Fig 4 by the approximate curve As
regards dielectric loss, Fig 5 shows that there 1s o
general reduction i " with .

Three further parameters, 6., and AT, are
mvoked (o quantfy the variation of ¢ with
lemperature and frequency, with the values of these
quoted in Table | The frst of these, o, was
introduced by Kirilllov & Isupov® to quanuly the

‘diffuseness’ ofa given #(T) maximum. According to

Table 1. o, and AT lor PMNZ \ ceramicsy
Composttion (v) o (K) . AT (K)
000 43 66 I 5 2370
0ol 46 47 I 63 2730
004 4929 I 649 2637
010 52 K0 I 78 2500
020 5530 21 19 80
030 51 76 I 96 1821

this parametrisation, the followng general relation
ship upplies

' )
| | (r-1T, )
_ - ' m.x'g ( I '
! o 3, v
b Croma "‘J'I‘ITIJIO

The second parameter, ;, termed ‘critical exponent’,
relates to an alternative parametnsation proposed
by Uchino & Nomura ”

I 1 (T-T,
_ — ( ,Im‘lj)_ (7)

o C

T T max

[ Tor o normal (re non diffuse) terroelectric and
ristng towards 2 for a relaxor
In the current work, & and  are regarded as
independent indicators of diffuseness, with a third
parameter, AT, utthsed to quanufly directly the
degree of relaxation behaviour
AT =T,

N man | MH,

The exponent lies inthe range [ < < 2 tending to

(1)

AT quanufes the observable relaxor properties
expheitly the extent to wiich the dielectric maxima
are shifted to higher temperatures with increasing
lrequency

From Table 1t 1s seen that both o and |, rise in the
composition range =0 to v =020, indicating, u
progressive increase 1n difuseness, with both o and
s vitlues Tallimg off between v = 020 and v = 0-30
The AT parameter reaches o maximum lor the
v =001 composition, Lallmg off at larger values of
Thus he predominant trend 15 that arconium
substituion reduces  the depree  of  relaxation
behaviour

'; max 1OOH,

4 Discussion

4.1 Crystal structural considerations

The increase in unit cell size with Increasing
(Fig  Hd) s to be expected from considerations
ol the relevant six lold coordinated 1onie radn’
PMMet ) = 0724, PMZe ) =072A, 1VIND ) =
064 A and r¥"Ph? )= 1 A,

From the formula of PMNZ \, Ph(Mg,, -, ,
Nb, - Zr )0y, these 1ome radn give rise to the
following predicted (idealised) cubie cell parameter,
ty

aglA) = 405333 + 0106 66 (4)
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Straightlforward appheation of the Bragg equation
reveals that the observed shifts Lo lower angle upon
Zr** substitution are consistent with the above
variation n a,,.

4.2 The variation of dielectric response with x
The above results concerning dielectric response can
be summarnsed in the following lour trends:

(1 Upon the substitution ol zircconium 1ons n
PMN. Tie .,) nses (Fig 3).

() As zneonium tons are introduced into PMN,
fr man alls Trom a value i excess ol 18000 for
v =0 to approximately 6500 for =03
(Fig 4).

(i) The diffuseness, &, shows an overall increase
lrom 4366 K 1in the =0 composition (o
5376 K lor v =03 (Tuble )

(1iv) The degree of reluxation behaviour, AT,
shows an overall decrease rom 23 70K for
v=0to 821K tor v =03 (Table 1)

In connection with the first trend, 1t 1s clear that the
zitcontum 1on, Zr* s effective i stabilising the
polarisation within the polarisation clusters ol the
relaxor to a higher temperature than in the parent
compostiion, PMN This may be attnibuted to the
probuble distortion ol the oxygen oclahedron
coordinating the zircontum 1ons, as shown in Fig, 6.
This type ol distortion, in which the upper triangular
fuce of oxygen 1ons becomes larger than the
lower triangular face, 18 commonly l[ound In
rhombohedral perovskites ® The unequal edge
lengths in the triangles permit a relatively lurge 1on,
such as Ze * | to be displaced rom the centre of
coordinates of the O, octahedral cage towards the
larger luce, thereby creating an electric dipole
moment

Such ZrO,, dipoles could act as structural units
which would be stuble Lo higher temperatures than
their NbQ,, counterparts. Furthermore, these ZrO,,
octahedra would lavour the parallel (ferroelectric)
alignment ol neighbouring NbO, dipoles, through
electrostatic nteractions The persistence ol the
polar ZrO, octuhedra to higher temperatures would
thus provide a mechanism lor stabthsing neighbour-
g NbQ, dipoles o higher temperatures than in the
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Fig. 6. The anticipated rhombohedral distortnon of the ZrQ,,
calion coordination polyhedron (a) in chnographic projection;
(b) viewed along the trigonal three lold axis

parent composition. The associated polarisation
clusters would consequently be stable to higher
temperatures, with a predicted increase in Tie
with

Since the parent composition, PM N, 1s character-
ised by a small rhombohedral distortion, it 1s hikely
that the Mg0Q, octahedra will exhibit similar
distortions to those postulated for ZrQ,, units Note
rom Fig. 6 how three-fold symmetry is maintained
in these distortions. From geometrical consider-
ations alone, 1015 (o be expected that MgQ,, and
Zr), octahedra will have comparable distortions,
since Mg” tand Zr* * 1ons have identical onie radii.
However, the smaller [ormal charge on Mg(+2)
compuared to Zr( +4) implies that the magnitudes of
the MgQ, dipole moments will be considerably
smallet. The MgO, octahedra will thus be less
eflective in providing dipoles with which coordinat
ing NbQ),, dipoles cun be ahgned . The smaller charge
of the magnesium 1on implies that 1t will also
be less eflective than zirconium in polarising the
electrons of coordinating oxygen ions. In general,
metal-oxygen interactions of this kind, correspond-
ing (v ncpient covalency, are crucial to the
stabthsation of polar MO, octahedra o higher
lemperatures

Trend () reveals that, although substitution of
Ze* ' yons rses T, ), there 1s an associated
decrease m permittivity values, & Thus the para-
meters Tle, ) and ¢ o vary essentially independ-
ently of each other n this case.

For a given concentration, v, ol Zr*?t jons 1n
PMNZ-1, the concentrations of Mg?* and Nb**
onsare (1 — v)/Yand 2(1 = 1)/ 3 Thus twice as many
Nb™* jons are replaced by the Zr** 1ons as Mg**
1ons As has been argued previously for PMN," the
NbO,, octahedrua are the principal constituents of the
polarisation clusters, with the MgQ, octahedra
tesponsible for creating the clustered structure,
rathet than one made up of the lerroelectric domains
with long-range dipolar coupling, In [orming
substituted compositions PMNZ-\v, 4 structure
bused on polanisation clusters 18 maintained, along
with the assoctated relaxor response However, since
the polarnisability of NbQ,, octahedral units will be
greater than that of ZrO, octahedra, the reduction in
Nb** concentration s expected to lead to an overall
reduction in values of ¢ .

The third trend, relating to the diffuseness ol the
maximum 1n ¢, reflects the greater range 1n the
chemical composition of the polarisation clusters
PMNZ-\ solid solutions compared to the parent
PMN Those clusters with a relatively greater
zircontum content will give a large contribution to
the dielectric response at a higher temperature than
those regions with a lower Zr'* concentration

Trend (1v) shows that zirconium substitution

’
I‘ITI‘JI)
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affects diffuseness and the degree of relaxation
behaviour differently In reducing the concentration
ol Mg** 1ons, the degree to which the MgQ,,
octahedra in break up long-range dipolar coupling
will be reduced

The third trend, relatimg to diffuseness, 1s worthy
ol further consideration In the system PMNZ- v, the
diffuseness icreases as an extra chemical compo
nent, Zr* *1s added However, this 1s not always the
case, as for example in the related system. PMNT v,
PhMg,, ., \Nb,, _,, . T1,0 Here the Mg and Nb
ons are teplaced by the smaller Tr'" jon
G ) = 0605 A), with the polarisability of TiO,,
octahedra considerubly greater than therr ZrQ),
counterparts  In this system, the diffuseness s
teduced us Ti* s added The PMNT-\ system has
been investigated by several workers,* with values
lor o, and AT obtained trom samples prepated
this laboratory (Table 2)*

The opposite tiends m the vanation of difuseness
with v between PMNZ-vand PMNT vimply that a
consideration ol chemical mhomogeneity on a strici
proporttonal basis e at uounit cell level, s
insufficient 1o rationalise the dieleetiie response
Rather. the overall compositions of larger structural
entinies such as polarisation clusters should be taken
mto account,

It 1s argued, theretore, that the mtroduction ol
T rons gives nise to larger polarisation clusters
than i PMNZ v, since the Ti0Q),, dipoles are more
eHective than the ZrO,, units in overcommyg the
clustering eflect ol the magnesium 1ons This view
pomt is suppotted by the more sudden drop n AT’
values with increasmg v (cf. Tables T and 2) As the
average size ol these clusters increases. the extent ol
the vatation m overall chemical composition between
them 1s reduced, leading to sharper maxima i &
This rationahsation s further supported by data on
PMNT v for values of v 03 Y At v x 04, a phase
Itansition to a letragonal ferroelectric phase takes
place. which exhibits a sharp ¢ maximum character
iste ol a normal ferroelectric. 1t is probable that
conventional ferroelectiie domains are formed 1n
this tetragonal phase. unhke the case at lower
substitutional levels o the rhombohedral phase,
where relaxor behaviour 1s still observed

Table 2. o, ;and AT for PMNT v ceramies

Composition (v) olk) AT(k)
000 41 bb I 5 2370
om it 06 172 230
00O [RIRY| | 57 1840
010 Vde | 68 15 K()
020 AU | &l 780

5 Conclusion

The system PMNZ-v has been found to exhibit more
diffuse maxima inats ¢ versus T vatiation than its
parent composition, PMN. Despite the lower values
of ¢, this more diffuse behaviour (temperature
stabtlity of response), coupled with sialler values of

dielectric loss, ¢, make this system o strong

candidate for capacitative appheations at ambient
temperatures

An mterpretation of the variation in dielectric
response with increasmg ziicontum substitution has
been given in terms ol a conceptual (ramework
mvolving polanisation clusters made up ot BQ),,
dipoles The anticipated properties of NbO,, MpQ,.,
Z:10),, and TiO, octahedra have been discussed, with
a ratonahsation given tor the dissimilarities be
fween PMINZ v and PMNT
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