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The heat capacity and thermal expansion of SgZa@d SrTiQ have been determined by drop calorimetry
and energy-dispersive x-ray diffraction from 300 up to 1800 K or more. For both compounds, thermal history
has a slight influence on relative enthalpies in the range 900—1400 K but a satisfactory precision was obtained
through systematic quenches from 1820 K before the calorimetric measurements. Strontium titanate is cubic at
room temperature. Up to 1800 K, its heat capacity increases smoothly and its thermal-expansion coefficient
remains almost independent of temperature with a value of3.289 5 K. At room temperature, strontium
zirconate is orthorhombitspace grouf?bnm). The phase transitions from orthorhomBibnmto orthorhom-
bic Cmcmat 995 K and then to tetragonid/mcmat 1105 K are revealed by symmetrictype variations of
the heat capacity. A more diffuse thermal effect characterizeksAthec mto cubicPm3m transition at 1440 K,
above which the cubic phase shows an apparently low heat capacity at the highest temperatures. With the
resolution of the x-ray technique, only the transition from orthorhorftieymto orthorhombicCmcmat 970
K was detected with a small volume change of 0.14%. Thermal expansion below 970 K is constant2at 2.98
107° KL, At higher temperatures, the apparent thermal expansion decreases smoothly fréntd.Z8132)
107% K1 between 1000 and 1800 K. With recent data on CaTibe effects of(Ca,S) and (Ti,Zr) substi-
tutions on thermal expansion and on the energetics of the phase transitions are discussed.

INTRODUCTION erence for the aristotype @ABO; perovskites. In contrast,
strontium zirconate is orthorhombic at room temperature and
Compounds with a perovskite crystal structure have longindergoes a series of phase transitions which have been stud-
been investigated especially in view of the ferroelectric propied by thermal analysis and x-ray and neutron diffractioh.
erties that they commonly exhibit. More recently, the perov-At 970 K, SrZrQ; changes from orthorhombi®bnm to
skite structure has attracted much interest because it fgmcmsymmetry, then at 1100 K to tetragond/mcm and
adopted by ceramic superconductors and also by the majéventually at 1440 K to the cubic aristotym3m. Our
mineral on earth, namelyMg,FeSiO; perovskites, which ~Primary goal was to determine the thermal effects of these
are stable at pressures higher than 250 kbar. transitions. We have complemented our calorimetric obser-
The actual CaTi@perovskite mineral has an orthorhom- Vations by x-ray-diffraction experiments up to 1800 K for
bic symmetry at room pressure and temperature. The aristZrQ;, and to 2000 K for SrTi@, i.e., at temperatures
type of ABO; perovskites has a cubic symmetry, however,higher than in previous studies.
and the observed rhombohedral, orthorhombic or tetragonal
symmetrieg result from. tilting anq distortion of tH&Og EXPERIMENTAL METHODS
octahedr&:® Orthorhombic perovskites frequently undergo a
series of temperature-induced transitions to phases with a Commercial sample§rom Johnson-Mattheywith a pu-
higher symmetry:> Unfortunately, there are few reliable data rity better than 99% were investigated. According to the
pertaining to the energetics of these transitions because ofanufacturer, for SrTi@Q the main impurities are AD,
the difficulties of precise calorimetric measurements at th€0.025 wt %9, BaO (0.22, CaO(0.077, Na,0O (0.020, ZrO,
generally high temperatures of these transitions. An excep0.019. For SrZrQ, they are AjJO; (0.6 wt %, CaO(0.13),
tion is CaTiQ,, for which recent calorimetric measurement SiO, (0.47), BaO (0.33), Na0O (0.0, and FgO; (0.02. For
have shown two overlaping phase transitions at 1384 anboth compounds, powder x-ray-diffraction patterns were
1520 K8 The first one is narrow and shows a classicype  similar for the starting products and for the materials recov-
C,, variation, whereas the second one has an inversigape ered after the calorimetry measurements. In addition to the
with a transition width of more than 400 K and a long tail at intended phases, they showed only one and two weak reflec-
higher temperatures, indicative of considerable posttions(1/1,,0<1%) of TiO, and ZrG, for SrTiO; and SrZrQ,
transition effects. respectively. Cubic lattice parameters of 3.9@1A for
In this work, we have complemented the data on CgTiO SrTiO; and 4.1028) A for SrZrO, were obtained at room
with new measurements on strontium titané®eTiO;) and  temperature from these patterns.
strontium zirconatdSrZr0;) to investigate the influence of The two as-purchased perovskites had an initial grain size
structure andCa,Sy and (Ti,Zr) cation substitutions on the of about 1um. Observed by optical microscopy after 3-h
high-temperature thermodynamic properties of perovskitesheating at 1800 K in air in Pt cups, they presented a mosaic
At room pressure, strontium titanate transforms at 110 Krecrystallization texture associated with extensive sintering
from tetragonal to cubic. Up to its melting point, Srgihus  of um- to mm-sized polycrystalline grains. For SrEiO
remains cubigspace groug®m3m) and will serve as a ref- some crystals with an automorph octahedral habit had grown
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up to a few tens ofum. As noted by Lytlel,O they appeared Cp=A(T/T—1)%, for T>T,, (3b)
dark between crossed polarizers under a petrographic micr(\)/\'/hereT is the transition temperature
scope. For SrZrQ the sintered grains showed birefringent t ; 1P ) .

i . . : Thermal-expansion coefficients were determined from
crystals of about Sum embedded in an optically isotropic

N L ; powder x-ray-diffraction experiments performed in an
.rnatn)'( W'Fh agrain size of the order of Am. Th!s cqntragt- energy-dispersive configuration on the wiggler line of the
ing birefringence is probably due only to grain size differ-

: . . DCI storage ring of Laboratoire d'Utilisation du Rayonne-
ences. For both perovskite samples, similar optical observanent Electromagrtigue (Orsay. The high-temperature tech-
tlon_s were made after subsequent thermal treatments ﬁique has been described previouSlyn brief, very finely
various temperatures. powdered samples are loaded in the 468-hole drilled in a
Prior to the calorimetry measurements, the products weret 90%-Rh 10% heating wire, and the sample temperature is
heated in air at temperatures between 1670 and 1870 K fasbtained from calibrations of the electrical power needed to
about 15 min, quenched, ground, and reheated a few times teat the wire as a function of the melting points of a series of
limit subsequent sintering in the calorimetry crucibles. Aftersalts and silicates. The reported temperatures are accurate to
these heat treatments, the weight loss was about 0.5% amdthin 10°. For the diffraction experiments, the x-ray beam
the initially white powders had become brownish andwas collimated to either 20050 or 200<30 um?®. The dif-
greenish-yellow in hue for SrTiQand SrZrQ, respectively. fracted beam was analyzed with a Canberra planar germa-
About 6 ard 9 g of SrTiQ, and SrZrQ perovskites, respec- hium detector at & angles of about 12° for energies com-
tively, were then loaded in a Pt-Rh 15% or Pt-Ir 15% cru-Prised between 10 and 50 keV. The room-temperature
cible in the form of a coarse polycrystalline powder with a diffraction patterns were used to determine the diffraction
maximum grain size of a few hundream. The two 1-mm @ngle by comparison with reported Joint Committee for
openings of the crucibles were rather tightly closed withPowder Diffraction Standard data. In these experiments we
creased platinum foils which prevented spilling of the pOW_thus measured only relative changes in cell parameters. Good

der during the drop in the calorimeter. There was no chang u_?hty pa(tjtegn; were recc;rd(ald 'g aboutl_ 7 ar;:j 5 min .for
in the mass of the samples during the series of calorimetri MO, and SrZrQ, respectively. On cooling after experi-

: : o ents at higher temperatures, the quality of the patterns was
measurements. Likewise, no recrystallization of the coars%‘oor owinggto stron% orientation e(f]'fectsyresultin% from ex-
pov;dtlar;s. was ciﬁscler.vesﬂ at_tne end Ef theﬁmeasutre dments. tensive recrystallization. All measurements were thus made
| relative: enthalplest = Hy73.15 (hereafter noted moré - 4n heating. A number of very intense fluorescence lines of
simply Hy—H,79 were measured by drop calorimetry with

) . : Sr, Zr, and Ti were observed in all the diffraction patterns.
the ice calorimeters and high-temperature setups already dgqryynately, they were present at energies lower than those of

H H 11,12 N ! . )
scribed in detait*? Temperatures were measured to abouthe main diffraction peaks. For cell-parameter refinements,
0.1 K Wlth two thermOCOUp|eS W|th|n the CI’UCIb|e |tse|f, we used on|y reﬂections for Wh|Ch both the peak energy and

which ensured excellent precision and rapid detection ofinewidth could be determined reliably from 300 K up to the
thermal stability. In general the heating stage of the experihighest temperatures.

ments(in air) lasted less than an hour and complete cooling

to 273 K after the drogin argor took about 20 min. The CALORIMETRY
imprecision of the enthalpy measurements is about 0.05%.
Measurements ow-Al,O3, the calorimetric standard, indi-
cate inaccuracies of less than 0.2% and 0.5% for the relative The experimental relative enthalpies are listed in Tables |
enthalpies and derived heat capacities, respectively, from 4081d Il where runs are labeled in chronological order. Along

General remarks

to 1800 K1 with previous measurements, they are also plotted in Figs. 1
Heat capacities were determined by differentiation of2nd 2 in the form of mean heat capacit@g:

least-squares fits made to the experimental relative enthalp- Cin=(Hy—Hayra)/(T—273). (4)

ies:

In this way experimental results can be examined without
T fitting bias that could affect heat capacities obtained from
Hy—Ha7e= RTO+I Cp dT, (1) differentiation of relative enthalpies.
To In a first series of measurements, we observed an anoma-

whereRy is the relative enthalpy at a reference temperaturdously high scatter in the relative enthalpies of both SgTiO

T, (namely, 273 K for the low-temperature phase, or thea”d SrZrQ. For SrTiG;, this lower reproducibility is par-

lower transition temperature for high-temperature ph)asesticularly clear at around 800 K, especially after a number of

For the heat capacity, we used empirical equations of th easuremer_1ts_ in the temperature range 800_11009{1)'.
form pactly P d or SrZrQ, it is between 900 and 1400 K, and especially

between 1130 and 1300 K, that the scatter appears when the
Cp=a+bT+c/T?+d/TO5+eT? (2) data are plotted at a greater scélég. 3. These features

. . . ) indicate that some structural changes took place in an irre-
When available, adiabati€, data for temperatures higher qqcible way during cooling of the materials in the calo-
than 273 K were included in the fits. To take into account thgimeter. As a result. the final state of the sample differed

effects of phase transitions we incorporated into @j.€x-  gjightly from one experiment to another, introducing some
pressions of the form bias in determinations of heat capacities from the enthalpies

C..=A(l-T/T)® for T<T 3 measured in the first series. . .
pr= Al 2 ! (33 To limit thermal history effects in a second series of ex-

or periments, before each measurement the samples were
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TABLE |. Relative enthalpy of the SrTiQperovskite(kJ/mo).

No. T (K) Ht—Hy73 No. T (K) Ht—Hy73
First series Second series
(no heat treatment (after a quench from 1820)K
EZ1 562.5 31.130 EZ36 405.2 13.285
EZ17 581.2 33.796 EZ33 489.6 22.979
EZ8 638.4 40.254 EZ35 544.7 29.203
EZ20 671.4 44.227 EZ31 594.8 35.045
EZ2 684.7 45.764 EZ22 645.3 41.035
EZ10 728.5 51.030 EZ32 682.9 45.475
EZ15 763.0 55.427 EZ43 718.8 49.645
EZ18 794.1 59.143 EZ26 737.1 51.786
EZ6 835.7 63.191 EZ44 747.6 52.850
EZ14 865.1 67.547 EZ45 752.0 53.866
EZ9 881.7 69.070 EZ30 760.9 54.888
EZ19 899.0 71.500 EZ29 772.7 56.468
EZ7 902.4 71.684 EZ28 807.6 60.539
EZ16 943.0 77.267 EZ25 884.8 69.907
EZ4 999.6 83.411 EZ27 9735 80.882
EZ21 1087.4 95.146 EZ24 1075.8 93.714
EZ5 1133.6 100.53 EZ40 1170.6 105.70
EZ11 1278.0 119.16 EZ37 1199.7 109.36
EZ12 1462.9 142.83 EZ38 1348.8 128.31
EZ39 1505.8 148.91
EZ41 1652.0 168.36
EZ42 1804.0 187.81

heated at 1820 K for 10 min in air in an electric muffle ing that the endothermic process responsible for the low en-
furnace and then quenched by dipping the crucible in watethalpies was favored by a slower cooling rate when the ther-
Experience showed that this quenching procedure ensured amal contact between the crucible and the heat receiver of the
acceptable reproducibility for both perovskites, albeit not asce calorimeter was not so good.
good as the 0.05% obtained with our calorimetric setup for
well-behaved materials. Comparisons of these results with
those of the first series indicate that the anomalous results are
the lowest ones, which could be up to 1% too low. Among The results of Table | generally agree with the previous
the anomalous results, the points plotted in Fig. 3 as opedrop-calorimetry data of Coughlin and &twhich are on
circles indicate runs for which thermal equilibration to 273 K the average 0.4% lower than oufsg. 1) and have a preci-
in the calorimeter was twice as long as usual, suggestion similar to that of our study. Exceptions are above 1500
K, where the results of Coughlin and &tare 0.8%—-1.0%

Strontium titanate
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FIG. 1. Mean heat capacity of the Sri@erovskite. The open
and solid squares refer to the first and second series of experiments, FIG. 2. Mean heat capacity of the SrZy@erovskite. All the
respectively. The results of Coughlin and QRef. 14 have been H;—Hyggdata have been referred to 273 K with g equation of
referred to 273 K with theC, equation of Table III. Table Il



3016 DOMINIQUE DE LIGNY AND PASCAL RICHET 53

- highest temperatures, the spline fit points t€ adecrease
126 - S which would delineate an additional, smeared out peak at
- SrZrO, .0 * T around 1450 K(Fig. 4). Actually, this decrease is also found

124 g OD Pm3m in the fits made with Eqs(1) and (2) to the consistent ex-
i 1 perimental data of both series.
] Estimation of the enthalpy and entropy effects of these
I - ] transitions is made difficult by the arbitrariness of the base-
120 L% . line over which thex-type anomalies are to be integrated.
Lo 1¥ Series - The baseline plotted in Fig. 4 is the heat capacity given by
118« Pbnm * 2" Series the combination of Debye and Einstein temperatures re-
] ported by King and Wellet! to which we have added the

1220

(J/K mol)

Cl‘l‘l

16— 1600 1200 140016001800 C,—C, difference calculated from the thermal-expansion
T (K) coefficient reported in the next sectidimelow 970 K and a

bulk modulus of 1500 kbar estimated from those of related

FIG. 3. Mean heat capacity of the Srzy@erovskite in the perovsk_it_e52.1With this baseline, the enthalpies and entropies
transition regions. The open circles and square indicate the exper@Zf tranS|t|on.a'1re 1.50.1 kJ/mol and 1.20.3 J/mol K for the
ments with an unusually slow cooling rate in the first and secono995 K transition, and 050.1 kJ/mol and 0.450.3 J/mol K

series of measurements, respectively, which were discard€x in for the 1105 K transition.
fits. The arrows indicate the transition temperatures as determined
by Carlsson(Ref. 7) from DTA and x-ray-diffraction experiments. X-RAY DIFERACTION

lower than ours. As discussed previouSkimilar systematic Strontium titanate

differences between both laboratories have been found for All the reflections observed for SrTire consistent with
CaTiG; in the same temperature interval. At lower tempera-the accepted cubic cell. The unit-cell parameter and volume
tures, good agreement is also found with the adiabatic meavere determined from the seven reflections that could be
surements of Todd and Lorensdmhich have been used in followed from room to the highest temperatures. The results
conjunction with our results to derive the heat-capacity equaare listed in Table IV and plotted in Fig. 5. A constant value
tion listed in Table III. of a=3.232) 10 ® K ! accounts for all our measurements
over a temperature interval of more than 1500 K. Below
room temperature, available data do point to a decreaae of
down to the temperature of the cubic-tetragonal transition
As shown in Fig. 2, previously published relative enthal-(Table V). This trend is also borne out by the data of Deva-
pies for SrZrQ span an extremely wide range of values. Ournarayanan and Narayan&ipbtained on a single crystal with
data agree reasonably well with the drop-calorimetry meaa Fizeau interferometer, which shows an increase &bm
surements of Levitskii, Tsagareishvili, and Gvelesifrand  2.2(3) 107> K~ ! at 290 K to an average value of about 3.3
they also join smoothly with the adiabatic measurementd0~° K~ ! above room temperature.
made by King and Welléf from 50 K to room temperature.
In contrast, there is poor agreement with the other drop-
calorimetry results of Fomichest al,'8 selected in a recent
compilation!® which are systematically about 7% higher  For a slightly distorted perovskite like SrzgDmost of
than ours and join less well with the low-temperature data. the reflections characteristic of an orthorhombic symmetry
If the reason for these discrepancies is unknown, their she@an be clearly observed at small interplanar distances, i.e., in
magnitude does not seem reconcilable with sample differthe high-energy end of our patterns where the diffracted in-
ences. Important differences are also found with the heatensity is rapidly declining. Hence, we could index only on
flow measurements of Nagarajahal?° As apparent in Fig. the basis of a pseudocubic cell, double of the ideal cubic one,
2, they are likely not significant in view of the low precision the main reflections present in the energy-dispersive x-ray-
of these data. diffraction patterns. The unit-cell volumes obtained from the
Looking in more detail at the results, one observes twdive best quality reflections followed up to 1800 K are listed
slight inflexions at around 1000 and 1100 K in the meanin Table IV and plotted in Fig. 6. They show good agreement
heat-capacity curves. These inflexions are clearly better dewith literature data, except in the upper range of previous
fined in the second series of measurements than in the firsbeasurements, where they give somewhat smaller volumes,
one(Fig. 3. As an objective way of determining heat capaci- especially with respect to the x-ray diffraction made by Zhao
ties below 1400 K, we have made spline fits to the results oind Weidne?® up to 1470 K on samples heated on a platinum
the second series, excluding only the measurements with ustrip.
usually long cooling times in the calorimeter. These heat A close inspection of our results show a slight kink at
capacities obtained by differentiation of the spline functionsaround 970 K in the volume-temperature relationship. The
show two symmetrid\-type transitions with a maximum at volume change of 0.14% is close to the precision limit of our
995 and 1105 K(Fig. 4). The coefficients of the analytical measurements, but it seems unlikely that the good correspon-
expressiong2) and (3) fitted to the relative enthalpies are dence between the temperature of this kink and that of the
given in Table Ill. As apparent in Fig. 4, they give heat first phase transition observed near 995 K in calorimetry is
capacities in good agreement with those of spline fits. At thdortuitous. Up to 970 K, we find a constant thermal expan-

Strontium zirconate

Strontium zirconate
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TABLE Il. Relative enthalpy of the SrZrOperovskite(kd/mo).

No. T (K) Hr—Hy73 No. T (K) Hr—Hy73
First series Second series

(no heat treatmeit (after a quench from 1820)K
EW13 411.0 14.954 EW53 486.9 23.792
EW12 535.0 29.501 EW88 754.0 56.510
EW16 608.3 38.354 EW54 881.9 72.991
EW11 711.6 51.124 EW67 919.3 77.883
EW18 778.3 59.637 EW64 935.5 80.009
EWS8 819.7 64.997 EW62 947.8 81.617
EW17 909.5 76.509 EW52 956.1 82.800
EW37 937.4 80.127 EW55 959.3 83.195
EW7 959.0 83.379 EW60 972.2 84.864
EW36sc 964.0 83.352 EW68 978.7 85.782
EW19 990.1 87.092 EW66 986.9 87.008
EW20 1017.9 90.975 EW69 1001.1 88.923
EW45 1022.1 91.997 EW65 1023.3 91.937
EW28 1036.3 93.720 EW51 1034.7 93.541
EW23 1062.7 97.270 EW58 1053.9 96.021
EW27 1069.0 98.230 EW63 1074.0 98.768
EW1 1085.1 100.76 EW79 1089.8 100.86
EW34 1095.8 101.70 EW57 1092.7 101.17
EW30sc 1107.3 102.68 EW61 1101.1 102.27
EW33 1117.1 104.38 EW75 1110.9 103.74
EW6 1128.3 106.20 EW73 1122.8 105.32
EW38 1142.3 107.63 EW78 1130.4 106.39
EW21 1170.5 111.37 EW71 1140.7 108.06
EW49 1186.5 113.63 EW80 1153.1 109.17
EW26sc 1195.9 114.42 EW77 1163.5 110.84
EWA41 1205.9 116.09 EW72 1189.1 114.11
EW2 1223.6 118.44 EW74 1247.3 121.80
EW43sc 1239.9 120.27 EW81sc 1294.5 127.38
EW35 1261.1 123.24 EWS83 1356.1 135.92
EW44sc 1277.5 124.38 EW82 1439.5 147.20
EW3 1361.1 136.41 EW84 1586.9 166.21
EW4 1510.8 155.98 EW87 1694.7 179.57
EW46 1554.8 161.81
EWA48 1597.8 167.19
EW5 1655.5 174.12
EW50 17279 182.71
EW9 1806.6 192.42

sion «=2.982) 10 ° K. Above 970 K none of the other with the precision required for calculations of orthorhombic
phase transitions observed in calorimetry have a clear signaell parameters. Qualitatively, however, their disappearance
ture in the unit-cell volumes. One simply observes that theat higher temperatures constrain the nature of the phase tran-
thermal-expansion coefficient decreases slightly with temsitions. The 320 and 321 reflections are consistent with the
perature as given by two orthorhombic space groups proposed by Ahtee, Glazer,
_ 5 9 1 and Hewa, but are forbidden in the tetragonal symmetry.
@=3.20 10°-4.29 10°T (K™). ®) They are no longer clearly visible in patterns recorded at
With this equationa decreases linearly from 2.78 1075 ten_‘nper_atu_res higher than 710 and 10_00 K, respectlve_ly,
K~lat 970 K to 2.48) 105 K ! at 1800 K when neglect- which indicates that the sample had still an orthorhombic
ing possible volume changes across the transitions. In facBymmetry at 1000 K. The 311 reflection is forbidden in the
three low-intensity reflections inconsistent with a pseudocu€ubic symmetry. It becomes very weak above 1200 K and
bic cell were observed between 23 and 26 keV, correspondhe decrease of its intensity shown in Fig. 8 is indeed con-
ing to the 311, 320, and 321 reflections of the pseudocubigistent with a transition to the cubic form at 1440 K as re-
double cell(Fig. 7). Their position could not be determined ported by Carlssoh.
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150 TABLE IV. Relative changes in unit-cell volumes of Sr@nd
SRR AL SrZrQ; perovskited
145 E
o 140F E T (K) VIV, T (K) VIV,
=) o b
g 135F e SrTiO; SrZrQ;
M o130 - 3 300 1.0000 300 1.0000
= 1ask . 3nR] 435 1.0042 405 1.0029
a E 530 1.0070 490 1.0054
S E 630 1.0103 605 1.0088
115F E 720 1.0130 710 1.0125
OB/ 1 785 1.0154 820 1.0156
400 600 800 1000 1200 1400 1600 1800 865 1.0185 900 1.0183
T (K) 1000 1.0234 970 1.0213
) ) ) 1080 1.0260 1000 1.0227
FIG. 4. High-temperature heat capacity of the SrZp@rovskite 1155 1.0278 1040 1.0237

as determined from spline fits to the data of the second series of

experimentgsolid squareswith a fitting parameter of 0.65%. The 1235 1.0303 1080 1.0247
solid line represents the heat capacities given by the equations of 1345 1.0334 1120 1.0260
Table Il and the dotted curve the baseline lattice heat capéssty 1460 1.0380 1155 1.0264
text). For comparison, we have included the heat capacity of SrTi0 1560 1.0419 1195 1.0277
as the dashed curve and the Dulong and Petit limit as the horizontal 1710 1.0451 1235 1.0287
line. 1830 1.0526 1270 1.0301

1310 1.0310

DISCUSSION 1350 1.0320

_ _ 1385 1.0330

Structural changes on cooling of perovskites 1480 1.0357

. e . . 1585 1.0387

An important difficulty encountered in this drop- 1700 1.0410

calorimetry study is the influence of thermal history on the 1800 1.0441

measured relative enthalpies of both SrJEnd SrZrQ per-
ovskites. As a matter of fact, the biggest effect below 1500 K3with respect to the room-temperature volumes of 59BH5and

is of the order of 1 kJ/mol only, and the current precision of 69.06 (6) A® determined independently for SrTjGind SrzrQ,
solution calorimetry experiments on perovskitgé®., 1-3  respectively.

kJ/mol) (Ref. 279 is probably insufficient to determine such

enthalpy differences between samples with different thermalerminations and blurs the calorimetric effects of the phase
histories. Although this slight influence could be observedtransitions of SrZrQ. In particular, spline fits made to the
only thanks to the intrinsically good precision of our mea-first series of experiments yield much broader and less in-
surements, for annealed samples it hampers heat-capacity denseC,, peaks than shown in Fig. 4 for samples systemati-

TABLE Ill. Coefficients of heat capacity and enthalpy equatio@§,=A|(l—T/Tt)|”‘+ a+bT+c/T?
+d/TY2 (3/mol K), with Hy—H,73 as given by Eqs(2) and (3).

AT (K)? A Y T, a 16°b 10 °¢ d To  Rpp AAD(%)

SITiO,

270-1800 134.581 4.5567—-11.979 —414.3 273 0.12

SrZrO;

270-995 63.717-0.0365 995 55.945 8.7668—17.344 273 0.08

995-1105 —812.192 0.0043 1105 995 88080
922.568 —0.00443 995 0.05

1105-1440  80.037-0.0553 1105 71.167 —469.085 1105 102920 0.09

1440-1800 76.638 1250.18 1440 147203 0.12

Baseline 134.366 3.8632—13.209 —272.66 273 0.05

AT is the temperature range of validity of the equations; AAD is the average absolute deviation of the fitted
values from the experimental data.

PAAD of 0.12% for the adiabati€, data of Todd and Lorensdiref. 1§ and 0.37% for the relative enthalpy
measurements of Coughlin and QRef. 14.

°AAD of 0.12% for the adiabati€, data of King and WellefRef. 17 and 1.38% for the relative enthalpy
measurements of Levitskii, Tsagareishvili, and GvelesiReif. 16.
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FIG. 6. Relative changes of the unit-cell volumes of the SiZrO

FIG. 5. Relative changes of the unit-cell volumes of the SgTiO perovskite.

perovskite.

cally heated at 1820 K and then quenched prior to the mea-
surements.
As noted above, the anomalous calorimetric results are

the lowest ones, which might suggest that some exothermic
structural changes took place less extensively on cooling for
the samples annealed as a result of previous experiniants
the first seriesthan for the quenched samplg@s the second
serieg. Given the rapid time scale and constant oxygen
fugacity conditions of our experiments, recovery of disloca-
tions or point defects like oxygen vacancies seems unlikely
major effects. Alternatively, too low enthalpies could result
from endothermic changes developing more on cooling in
annealed than in quenched samples. In the extensive litera-
ture devoted to SrTiQ one actually finds that thermal his-
tory has significant effects on the thermodynamic properties
and phase transition at low temperatures. The most extensive
investigation, by Hatt@t al,?® dealt with either polydomain

TABLE V. Thermal-expansion coefficients of SrTjOand
SrZrO, perovskiteg107% K1),

SrZr0O3

321 1480

1310

@ AT (K) Ref.

SITiO,

2.82 110-300 LytlgRef. 10

2.59 110-300 Itolet al. (Ref. 22

2.16 290 Devanarayanan and NarayafRef. 23
3.36 470

3.12 570

3.23(2) 300-2000 This study

SrzZrQ;

2.63 298-590 BransofRef. 29

2.80 590-970

2.98(17) 273-970 Zhao and Weidné€Ref. 25

3.24(33) 970-1100

3.75(22) 1100-1440

2.65(3) 298-1675 Mathews, Mirza, and Momi{Ref. 26
2.98(2) 300-995 This study

2.61(100 995-1800 This studyaverage value

10 50

E (keV)

FIG. 7. Phase transitions of SrZg@erovskite as evidenced by
the changes in the intensity of the 311, 320, and 321 reflections of
the pseudocubic double cell in the energy-dispersive x-ray-
diffraction patterns. For comparison, the entire pattern recorded at
300 K is included at the bottom, where the fluorescence peaks of Sr
and Zr are indicated by, and the actual reflections by



3020 DOMINIQUE DE LIGNY AND PASCAL RICHET 53

(DTA). From x-ray diffraction Carlssdninterpreted these

] changes in terms of transitions from orthorhombic to cubic
] symmetry through two different tetragonal phases. From
, neutron-diffraction experiments made at 1030 and 1170 K
Ahtee, Glazer, and Hewbactually assigned the first of these
transitions as a change from orthorhomiitgnm toCmcm
symmetry, and confirmed that the second transition was lead-
- ing to tetragonal 4/mcm symmetry.

From cell-parameter refinements, Zhao and Weitiher
concluded that the phase transitions of SrZak first order,
albeit “nearly continuous and very close to the second or-
T IR T T S T T T T der.” As_ previously o'b.served for CaTi the enthalpy of .

T (K) SrZrQ; is more sensitive than the volpme to phase transi-
tions. For both perovskites, the calorimetric effects points
o ) ) instead to\-type transitions, which are in fact much sharper
FIG. 8. Relative intensity of the 311 reflection of the SrgrO 5, theh-type tetragonal to cubic transition of SrEjOFor
perovskite with respect to the main reflection. The hand drawrSrZrQ, the main feature of these transitions is their great
curve shpws the consistency of these intensities with the tranSitiOWidth and almost symmetrical shape. The critical exponents
to a cubic phase reported at 1440(Ref. 7. of the heat-capacity equations are listed in Table IlI, but they

samples(slowly cooled after a long annealing at 1620 &t do not warrant any comments because they have been ob-
P y 9 9 tained by derivation of indirect enthalpy measurements

monodomain samplestabilized by thermal strain through a which do not extend up to the immediate vicinity of transi-

quench after their Verneuil synthess near 21.OD Khe tions. Unfortunately, none of the available x-ray-diffraction
guenched samples showed a higher heat capacity and a mu

sharper cubic to tetragonal transition at 110 K than anneale§ udies***has also the accuracy required to evaluate critical
samples. Hattat al?8 related theCp difference to the mo- xponents of the small spontaneous strain. In fact, the ex-

bility of the boundaries of partially formed domains, even in ample of the tetragonal to cubic transition of Srisdggests
y ) P y ' ... that such determinations could be made difficult in the vicin-
almost monodomain samples, whereas the phase transiti

was smeared out in annealed SrTamples because of in- ?t?/ of the transition temperature by the existence of domains

o . o g and slight negative deviations of lattice parameters from
homogeneities of thermal strain. The qualitative similarity Ofcritical behaviop®3!

these features V.V'th our obse;rvahons at higher temperatures Phenomenologically, the symmetric nature of the calori-
suggests that this interpretation could also account for much

of the influence of thermal historv on the heat capacit 0fmetric \-type anomalies implies that the transitions cannot
: ry Pacily Olye understood in terms of mean-field theory, which does not
SrZrQ,. For SrTiG;, however, the range of our measure-

ments is much h_|gher than the_ cubic to tetragonal transitio lly associated with phase transitions of perovskites is the
temperature. This precludes interpreting the influence o

thermal history in terms of formation and mobility of shape lling angle 4 about the threefold111), axis of the regular

el 542
and stress-dependent domains, and could point instead to & octahedrgcalculated agh=cos (v2a%/bc), wherea,

H 2
unusually high influence of thermal strain on the heat capad?- andc are thePbnmunit-cell parametes™ For SrZrQ at
ity, which remains to be investigated in more detail. room temperature, this angle is 4°. Even though the variation

with temperature of¢ is loosely constrained by x-ray-
diffraction data, it appears that this single order parameter
cannot account for the transitions because of their symmetric
Because of the slight distortion of SrZgQit has been width. Broad transitions for ferroelectric perovskites have
argued that impurities, minor departures from nominal stobeen associated with an order-disorder component and a de-
ichiometry, or changes in synthesis temperatures could resutbupling of the soft-mode behavior with the observed global
in different crystal symmetries and phase transitions. Frontransition®>* This suggests that different order parameters
x-ray-diffraction experiments, van Roosmalen, van Vlan-are needed to account for spontaneous strain, order disorder,
deren, and Cordfunk@ recently reported a cubic symmetry and the cooperative component of the transitigvhich
(space groupP2,3, with a double perovskite cglifor  could include the effects of strongly interacting defects that
samples prepared below 1520 K, transforming at H020K  are often associated with broad transitipns
and 127330 K into space group®2/n3 and Pm3m, re- Concerning the last transition to the cubic form near 1440
spectively, without calorimetric effects in differential scan- K, the steady decrease with temperature of the heat capacity
ning calorimetry measurements. We did not try to check thisat the highest temperatures warrants some comments. For
sequence of transitions because of the high temperatur€aTiO;, the heat capacity of the cubic phase also decreases
aimed at in our study. We just note that our calorimetry anccontinuously’ in a temperature range where a high ionic
x-ray-diffraction results are consistent with previous struc-conduction due to oxygen mobility has been reporfeth
tural data obtained for samples prepared at higher temperaontrast to that of CaTi§) the heat capacity of SrZrlbe-
tures. The heat-capacity peaks apparent att¥)51105-5, comes apparently lower than the baseline defined by mea-
and 144G-25 K (Fig. 4) correspond well to the three phase surements at lower temperatures. It even decreases further to
transitions at 100825, 1130:25, and 143@&25 K origi- values much lower than the Dulong-Petit limit of 125
nally reported by Carlssdrirom differential thermal analysis J/mol K. The actual enthalpy of SrZg@s too low by about 8

N,

0.2 ;__ Sl'Zl'03

redict any post-transition effects. The order parameter usu-

Phase transitions of strontium zirconate



53 HIGH-TEMPERATURE HEAT CAPACITY AND THERMAL . .. 3021

kJ/mol at 1800 K with respect to a “normal” behavior. the cubic form, it should be similar foABO; perovskites
Transposed drop calorimetry experiments could thus detewith the sameB cation regardless of thA cation. For in-
mine whether the low heat capacity of the cubic phase istance, the thermal-expansion coefficient of SrZsBould
spurious or not. If spurious, this decrease would result fromtend toward that of the BaZrperovskite, which is already
structural changes during quenches of the cubic phase. ltubic at room temperature. The thermal-expansion coeffi-
this case,H,,3 would have to increase systematically andcient of BaZrQ[2.06 10° K ! at 870 K(Ref. 29] s in fact
smoothly with the quench temperature to account for thesomewhat smaller than that of the cubic form of Sr£rO
correct precision of both series of measurements. Acceptingikewise, the thermal-expansion coefficients of Cagahd
this unlikely dependence, two puzzling questions would re-SrTiO; at 1400 K are 3.87 10 K 13" and 3.23 10° K,
main. Why would the heat capacity then be correct justrespectively, which also indicates that the influence ofAhe
above the transition temperature? And how could quenchesation on thermal expansion is not negligible, contrary to the
performed from an approximately constant temperature o$imple model described abo¥&?®

1820 K, prior to the runs of the second series, have ensured Turning finally to the systematics of the energetics of the
a good precision at lower temperatures? In fact, a similarlyphase transitions iABO; perovskites, one remarks an obvi-
low heat capacity of 74 J/mol K is indicated by measure-ous relationship between the overall enthalpies and entropies
ments on ZrQ above 1500 K& once the transition from of transition and the magnitude of the initial tilting angle of
monoclinic to tetragonal symmetry has been passed. Hencthe low-temperature phase. For CaJiis enthalpy associ-
there is no simple explanation for these apparently low heaated with the vanishing of the 10° distortion is 6500 J/mol at

capacities. around 1500 K whereas it is 2000 J/mol at around 1000 K
for the initial 6° tilting angle of SrZr@Q and 20 J/molRef.
Phase transitions and distortion of perovskites 28) at 110 K for the 1.5° angle of SrTiONo clear thermal

effect has been shown for CaGe@) around 500 KRef. 39

with an angle of 4°, but the precision of the measurements
Boes not rule out total enthalpy effects of a few hundred
joules. For aA2*B** 0O, centrosymmetric perovskite this
trend is qualitative only because, as noted above, the use of

The distortion of ABO; perovskites is commonly de-
scribed in terms of simple parameters such as the aforeme
tioned tilting angleg or the tolerance factar=(A—0)/\2(B
—0) (where(A—0) and(B—O) are the average interatomic
distances The use of¢ is restricted to the centrosymmetric

: . : -~ ¢ the single order parametér cannot account for all the tran-
perovskltgs when th.BOG octahedra is considered as r|g|d'. sition effects. Quantitative correlations would require accu-
Ideal, cubic perovskites would have a tolerance factor unit

Yate crystal structure refinement through the transition for

and a tilting angle zero. At around 50 K, the tilting angle ofd A - ; :
i o ) . eterminations of the thermal expansion associated with the
SITiO; is 1.5°(Ref. 11 and this angle vanishes at 110 K at tilting angle. In any case, the tilting angle as an order param-

the tetragonal to cubic t_ransition. Whgn replacing Ti by Zr ateter does not consider atomic bonding. Hence, the trend be-
room temperature, the mcreangtﬁ) d'St?‘”09$ would result' tween the tilting angle and the energetics of the transitions
in too big SrQ dodecahedra in a cubic unit cell and this cannot be used for other perovskites, like NaMgfor
polyhedrz_i _mlsmatch leads to an o_rthorhomblc Syn:gnet%vhich vanishing of the 15¢ tilting angle is associated with an
through tilting of theBO; octahedra with an angle of 6°." oo enthalpy effect of 1500 J/mol at around 1056°K:
Likewise, substitution of Sr by Ca leads to an anglef 10° As compared with the above data f62*B** O, perovs-

- 37
for CaTiO;. . kites, this small value results, of course, from weaker atomic
The structure of these compounds can be viewed as bnding

network of corner-linked rigid octahedra. It has been sug-
gested that the effects of tH& and A cations on thermal
expansion ofABO; perovskites result from dilation of the
rigid octahedra and decrease of the tilting angle with increas- We thank D. Andrault, F. Guyot, and J. P. Poirier for their
ing temperature, respectivel/?® Because the tilting angle constant interest in the high-temperature properties of per-
decreases through the successive phase transitions, its varavskites, C. Tqui and A. Bouhifd for their help with the
tions eventually no longer contribute to thermal expansiongcalorimetric measurements, P. Bazboux for fruitful discus-
whence the general decrease wbf SrZrO; from 2.98 to  sions, and D. Andrault for a careful reading of the paper.
2.43 10° K1 between 300 and 1800 K. If thermal expan- Contributions from IPGP and CNRS-INSU-DBT are also
sion were mainly due to the dilation of the rigid octahedra inacknowledged.
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