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Order-disorder octahedral tilting transitions in SrSnO ; perovskite
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High-temperature powder neutron diffraction has been used to characterize two structural phase transitions
in the perovskite SrSnOA continuous orthorhombiPnmato Immasymmetry transition occurs at 636 °C, and
a first-order transition to a tetragon@/mcmphase occurs at 800 °C. Such octahedral tilting transitions are
very common in perovskite oxides and are generally assumed to be displacive. However, a displacive descrip-
tion of the transitions in SrSnQjives physically unrealistic results, and a considerable dynamic order-disorder
component is found. A more realistic order-disorder modeling shows that the population difference between
majority and minority tilt states is an appropriate order parameter, and the onset of tilting fluctuaiiods C
below thePnmato Imma transition leads to an unusual divergence of the lattice parameters on warming
towards the transition.
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Structural phase transitions &BO; oxide perovskites are formed using theGENERAL STRUCTURE ANALYSIS SYSTEM
of intrinsic interest as well as being tied to more complex(GsaAs software packagéusing a linear background function
phenomena such as electron-lattice couplings in manganiteand a pseudo-\Voigt diffraction peak shape.
There has been a long-running debate about the nature of Structural transitions fromPnmato Imma to 14/mcm
ferroelectric transitions in perovskites. The ferroelectricphases with increasing temperature are found in SgSnO
phase transitions in BaTiOwere originally considered a (Fig. 1). The same sequence of transitions has been observed
typical example of a displacive transition. An alternativejn Syzro, (Ref. § and SrRuQ (Ref. 9 with temperature,
order-disorder description was suggested by Costeal" 504 \ith increasingx at 300 K in the solid solution
based on the observation of diffuse x-ray scattering, although, Ba,_,SnO; (Ref. 10. The Immato I4/mcmtransition is
: ) : wBay_x . 10.
it was subsequentely sgggested that this scac%ermg could "Rist order as it involves a discontinuous change from a struc-
iglr: tf;ct)lrﬂjitehse (;‘tzzggea?rlsggigg%soz;ri]rfgsggnrran zl;?erstrrgécopgure with tilts around a diad axis of the oxygen octahedron to
and nuclear magnetic resonaficeinforce the argument that ne with t.he t||t_s "’?m“”d a tetra_xd a>?|sTh|§ IS consistent

ith the discontinuity observed in the lattice parameters at

the transition has a significant order-disorder component. | y . n .
contrast, phase transitions resulting from the most commo € transmo.n tem_perature r?f 800 %€ig. 1). Thgre IS no
type of distortion in perovskites, octahedral tilting, are in- SYmmetry discontinuity to thenmato Immatransition since

variably assumed to be displacive in charaéfem this pa- it inv_olves loss of the in-phase _tilting, so it may be contiqu-
per we demonstrate that a typical octahedral tilting transition@US in Landau theory. The lattice parameters vary continu-

in the simple perovskite SrSnQis principally of order- ously through the transition, but their divergence on heating
disorder character. towards the transition is very unusual.

Srf“‘ is similar in size to T‘}+ and other transition-metal Thermal variations of the octahedral tilt angle, the mean
ions but has no off-center, Jahn-Teller, or other single-ionSN-O distance, and the oxygen temperature factors were de-
electronic distortions. SrSnQherefore gives useful insights 408

into the evolution of a representative perovskite structure via R }'_:.,' i
octahedral tilting. SrSnQis also a good analog to the oy 4072_ 1 Fe2 ]
MgSiO; perovskite, believed to be the main constituent of Z TE | ]
the earth’s lower mantle. Detailed investigations on MgSiO 2 n ‘ ]
are difficult due to the instability of this phase at ambient g 4.06 - .{ -
temperatures and pressures, so Srsm@y provide useful g - | .
information about structural transformations in Mg&iO g 405 ‘ } E

A 10-g polycrystalline SrSn©Osample was prepared by 5 : o2 ; 3
sintering a mixture of SrCQand SnQ@ at 1380 °C. High- 4.04 - puma ' Imma' Himem
resolution powder neutron diffraction patterns were collected L ' | | ]
in the range 2=4°-160° at a wavelength ok=1.593 A 403 Loy L luy oy 11

0 200 400 600 800 1000

using the D2B diffractometer at the Institute Laue Langevin
(ILL), Grenoble. Diffraction patterns were obtained while
heating, every 10 °C between 50 and 800 °C, and every FIG. 1. Thermal variation of the lattice parameters of
25°C up to 875 °C. Rietveld fitting of the data was per-SrSnQ.
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TABLE |. Atomic positions(x,y,z) for the conventionalmmaand Pnmasuperstructure models, and the
disordered model used to fit both phases. + displacements are for the majppsd and minority (lower)

tilt states.
Imma Pnma Disordered
Sr (0, 0.25,2) (Sksn 0.25,2) (£6sn 0.25,2)
Sn (0,0,0.5 (0,0,0.5 (0,0,0.5
o1 (0.5, 0.25,2) (0.5-6,01, 0.25,2) (0.5% 8,01, 0.25,2)
02 (0.25,y, 0.7 (0.25+6,05,Y,0.75-6,02) (0.25%6,05,Y,0.75F 8,00

rived by refinement of the atomic parameters in the convenvations of(Si-O) behavior point towards the transitions be-
tional models(see Tables | and )iifor the three phases. The ing order-disorder typésimilar in character to disordered
tilt angle is a measure of the order parameter for a displacivéerroelectrics, or as is observed in the high-temperature
transition involving loss of an octahedral tilt. The tilt angles phase of Si@ cristobalité®'). The apparent shortening
were calculated from the oxygen atomic positions by thearises when there is significant disordered bending of the
method of Kennedet al,'? as implemented in a previous Sn-O-Sn bridges around a crystallographic mean in which
study’® and the results are shown in Fig. 2. The variation ofthe Sn-O-Sn angle is near or equal to 180°.
the in-phase tilt angle with temperature is described well by If we do not incorporate such disorder of oxygen into our
a critical equation:g,=¢.(0)(1-T/T,)? and the fitted pa- refinements, the oxygen atomic temperature factors increase
rameters are ¢,(0)=7.432)°, T.=908.66) K(=636 °Q, steadily across the temperature range ofRhenaphase but
£=0.1872) for data fitted between 50 and 630 °C. The valueshow a sudden increase at the transitiodnona (Fig. 4).
of B is lower than expected for a second-orflé=0.50 or a  This suggests that the distribution of oxygen positions broad-
tricritical (8=0.29 displacive phase transition, indicating a ens rapidly on heating through.. A similar thermal varia-
first-order or a dynamic order-disorder transition. The lattettion is observed for linewidths in the Raman spectrum of
is particularly likely since similar low values for the critical BaTiO; (Ref. 3 and is indicative of order-disorder character
exponent are found for well-characterized dynamic orderfor the phase transition. Furthermore, this suggests that the
disorder transitions, e.g., that in KPO, (KDP) for which ~ spatial distribution of oxygen about the midpoint of Sn-Sn
B=0.168 (Refs. 13 and 1¢and CaTiSiQ (titanite) where Vectors(and associated appare(&i-O) bond shorteningis
B=0.15(Ref. 15. not simply due to an increase in the librational amplitude of
Figure 3 shows the thermal variation of the average Sn-®@xygen perpendicular to the Sn-O bond, as this would in-
bond distance given by the standddisplacive refinement crease close t@, both on cooling and heating, with critical
model. The average distance remains approximately constagoftening approaching, from above or below. Such a dis-
within the range of each superstructure but shows an urplacive transition with a large anion libration has been re-
physical contraction at the transitions to higher-temperaturgorted for the perovskite NaMgHKRef. 18.
phases. This apparent shortening of the Sn-O distance is an To model the structures more realistically, and thereby the
artefact of averaging over disordered ti{ltand hence, disor- dynamic order-disorder characteristics of the transitions in
dered oxygen positionsn the mean crystallographic struc- SrSnQ, the structure refinements were repeated with site
ture. Uncorrelated static disorder is not possible in the perdisorder specifically included. To model tiRemato Imma
ovskite framework, as it leads to structural singularitiestransition, the two superstructures were described by a single
across domain walls. However, short-range correlation camodel(Table ) containing two sets of atomic positions that
be accommodated in dynamically disordered perovskites

through disordered local rigid unit modes, and so our obser- SR
h W | ‘ ]
TABLE Il. Atomic positions for thel4/mcmphase in a conven- -~ 8L \ | .
tional (displacive description and the two-tilt state disordered § B : ‘\‘. ]
model. ¥ sl . L.
T — | | ]
2 : | | :
14/mecm Disordered g 4 - | : =
Sr (0,05, 0.25 (0.75, 0.25, 0.7p = o ]
2 - Pnma \ Imma 14/m cmd
(0.75, 0.25, 0.25 - . | 1
(0251 025! 025ﬁXSI’) TS BT S N T :l Lo ]
Sn (0,0,0 0,0,0 0 200 400 600 800 1000
o1 (0, 0, 0.25 (0.5+8,07,0.5+8,01, 0.25 Temperature (°C)
02 (0.25+x,0.75+x, 0.75 (0.25,y, £ 68,00 FIG. 2. Thermal variation of in-phase tilt anglés and out-of-
(0.25, 0.54,0.5+8,09 phase tilt anglesp_ in a displacive description. The fitted line is

given by the critical equatiorp, = ¢, (0)(1-T/Ty)~.
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FIG. 3. Variation of the average Sn-O bond length with tempera-

ture in the displacive description of SrSpO
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FIG. 5. Variation of the average Sn-O bond length when mod-
correspond to the two possible directions of the in-phaseled with an order-disorder model.

two sets of atomic positions were constrained to be equdfansition, but the magnitude of the increasedin is only

(1-p=p=0.5 and the displacement coordinat8s &,, were

1.7° compared to 6.9° in the displacive descript{fig. 2).

refined in addition to the other variable positions. In theThe ratio of these values, 25%, can be used as a measure of
Pnma region, the same coordinates were refined, but théhe displacive character of the transition, henceRhenato

populations of two sets were varied in the ratip1p.

The high-temperaturt/mcmphase also shows evidence disorder. o _

distance seen in Fig. Bnmais not a subgroup df4/mcmso

Imma transition in SrSn@ is predominantly(75%) order-

disorder description is the population difference between the

the disorder present ilt/mcmis not obtained by averaging {Wo tilted statesz.=1-2p. Fitting to a generic critical equa-
over that inlmma The approach we have taken is to modeltion of the type 7, (1-T/T,)? gives T,=903.95) K. and

the dynamic disorder of the in-phase tilting id/mcmon
that of P4,/nmg a subgroup of4/mcm(see Table I\

£=0.1605) for data fitted between 50 and 630 {Eig. 7).
The fitted parameters are similar to those derived from fitting

The variation in average Sn-O bond length determinedhe tilt angles in Fig. 2, indicating that tilt angle in a displa-
from the refinements of the above disordered models i§ive model and occupancy in the order-disorder approach are
shown in Fig. 5. The continuous thermal expansion througtpoth measures of the order parameter, g.16 is again
the Pnmato Immatransition demonstrates that this approachconsistent with an order-disorder transitir* However,

is physically realistic; a smallbut expansivediscontinuity
is observed at the first-ordénmato |4/mcmtransition. Fig-

the quality of this fit is less good since the ordering saturates
to unity relatively quickly on cooling froml.. We have,

ure 6 shows the thermal variation of the tilt angles throughtherefore, also applied a modified Bragg-Williams model to
the Pnmato Immatransition, from refinement of the single the 7. data using the method of Haywaed al*° Fitting the
disordered model for the two space groups. Both the in€quationT=an+b7*/R(In(1+7)-In(1-7)) to the data we

phase and out-of-phase tilting angles change by onB?

obtain a=15.06) kdmol't and b=4.89) kJ moll, with

over the entire temperature interval. The in-phase tiltingT.=903.9 K. This modified Bragg-Williams fit, shown by

shows a small critical variation below tHenmato Pnma
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the dashed line in Fig. 7, provides a better description than 1.2 M
the generic critical equation, as it takes account of the con- C ]
figurational entropy expected for order-disorder behavior. 10~ -

The order-disorder description of tiemato Immatran- C ]
sition gives insight into the unusual lattice parameter varia- 08 - -
tion (Fig. 1). The region of divergence of thenmaphase * 06 3 E
lattice parameters on warming abowe350 °C corresponds R :
to the onset of disorder in thEenma phase(Fig. 7). This 04 b ]
results in anincreasein the apparent orthorhombic sponta- L ]
neous strain on heating towards the transitiorintong in 02 | 3
contrast to the reduction in strain expected on approaching a C .
displacive transition. Similar divergence was observed in a 00 Do Lo b be o B Ba s 1l ]
study of SrzrQ (Ref. 6 although the origins were not ex- 0 100 200 300 400 500 600 700
plored. This divergence of lattice parameters approaching a Temperature (°C)

phase transition has implications for the interpretation of cell FiG. 7. Thermal variation of the population difference order
parameter data as indicators of proximity to a phase transparametery, in the order-disorder modeling of tienmato Imma
tion. For example, the divergence of lattice parameters ifransition. The solid line is a fit of the type, = (1-T/T,)? and the
Pnma MgSiO; with increasing pressure has been cited asiashed line is the modified Bragg-Williams fit.

evidence that there is no structural transformation of this

phase in the mant®. However, we find that diverging cell

parameters in the anal®imaSrsSnQ phasesignify the ap- Pnmato Immatransitior). Modeling the continuouBnmato

Imma transition with an order-disorder model leads to a

proaching transition. . - . .
These results also have implications for the interpretatiorllDhySIcally realistic thermal variation of the mean Sn-O dis
tance, and demonstrates that an unusual divergence of

of electronic properties of perovskites. Differences in prop- - A
erty (e.g., metal-insulator transitionsesulting from small cell parameters on heating towards the transition is linked

changes in temperature, pressure, or chemical compositio the onsgt of tiIting fluctuations' in. the Iow-temperaturg
are often rationalized from changes in bandwidth, proporp ase. While order-disorder descriptions have been applied

tional to cose, whered is an averaged tilt angle. In SrSgO extensively to ferroelectric perovskites, this study demon-

the tilt angles change little over a wide temperature rangg,trates that such phenomena can also be significant at the
(Fig. 6), and the large change in apparent tilt angle at th ore general, tilting distortions of perovskites. Structure re-

phase transition from a displacive descriptifig. 2) is an inements and derived results such as electronic-band struc-

artefact of averaging over the changing population dif“ferencéures for .ot.her perovs.kltes may require cons[de'ratlon of d'.s'

between majority and minority tilt states. ordereq tilting to provide more realistic descriptions of their
In conclusion, we have shown that a displacive descrippmpert'es'

tion of the octahedral tilting transitions in the simple, repre- We thank Dr. A. Hewat and Dr. E. Sua¢tL.L ) for help in

sentative, perovskite SrSgds misleading, as it neglects a collecting the neutron powder patterns and EPSRC for finan-

major dynamic order-disorder contributiof6% for the cial support for E.H.M through Grant No. GR/R88601.

1R. Comes, M. Lambert, and A. Guinier, Solid State Comm@in.  1'The same phase transitions have been reported in another recent

715(1968. study of SrSn@M. Glerup, K. S. Knight, and F. W. Poulsen,
2]. Harada, J. D. Axe, and G. Shirane, Phys. Rev 555 (1971). Mater. Res. Bull. 40, 507 (2005]. In addition, the tetragonal
3N. Baskaram, A. Ghule, C. Bhongale, R. Muragan, and H. Chang, |4/mcmto cubic Pm-3m transition was observed at 1022 °C.

J. Appl. Phys.91, 10038(2002. 128 J. Kennedy, C. J. Howard, and B. C. Chakoumakos, J. Phys.:
4B. Zalar, V. V. Laguta, and R. Blinc, Phys. Rev. Lei0, 037601 Condens. Matterl1, 1479(1999.

(2003. 133, W. Benepe and W. Reese, Phys. Re\3,83032(1971).
5P. M. Woodward, Acta Crystallogr., Sect. B: Struct. SBB, 32 14R. Kind, P. M. Cereghetti, C. A. Jeitziner, B. Zalar, J. Dolinsek,

(1997). and R. Blinc, Phys. Rev. Lett38, 195501(2002.
6C. J. Howard and H. T. Stokes, Acta Crystallogr., Sect. B: Struct1®J. Chrosch, U. Bismayer, and E. K. H. Salje, Am. Minerag,

Sci. 54, 782(1998. 677 (1997.

’R. von Dreele and A. C. Larson, GSAS General Structure Analy-lGR. Blinc, Ferroelectrics301, 3 (2004).
sis System, Los Alamos National Laboratory Report No. LAUR ’M. G. Tucker, M. P. Squires, M. T. Dove, and D. A. Keen, J.

86-748, 198G unpublishegl Phys.: Condens. Mattet3, 403 (2001).

8C. J. Howard, K. S. Knight, B. J. Kennedy, and E. H. Kisi, J. *8J. N. Street, I. G. Wood, K. S. Knight, and G. D. Price, J. Phys.:
Phys.: Condens. Mattet2, L677 (2000. Condens. Matte9, L647 (1997.

9B. J. Kennedy, B. A. Hunter, and J. R. Hester, Phys. Re®3  19S. A. Hayward, J. del Cerro, and E. K. H. Salje, Am. Miner@s,
224103(2002. 557 (2000.

10E, H. Mountstevens, J. P. Attfield, and S. A. T. Redfern, J. Phys.2°H. K. Mao, R. J. Hemley, Y. Fei, J. F. Shu, L. C. Chen, A. P.
Condens. Matterl5, 8315(2003. Jephcoat, and Y. Wu, J. Geophys. R8§, 8069(1991).

220102-4



