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High-temperature phases of SrRuQ
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The crystal structure of SrRu@t high temperatures has been studied using powder neutron diffraction and
the Rietveld method. It was determined that from 300 K to approximately 820 K the structure of SRuUO
orthorhombic Pbnm). The material then undergoes a phase transition and becomes tetragbmed rf)
between~820 and 920 K. The high-temperatuz920 K) structure was found to be the standard cubic
perovskite Pm3m). From the neutron-diffraction data and the space group assignments, the orthorhombic to
tetragonal phase transition must be first order, while the transition from the tetragonal to cubic phase is
consistent with a second-order phase transition.
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I. INTRODUCTION wavelength of 1.4928) A, in 0.05° steps over the range

The structural and electronic properties of mixed Sr-Ru0 =20<154° on the 24 detector high-resolution powder

oxides are of considerable current interest, with the rece (giffractometejrz on the HIFAR reactor operated by the Aus-
o . ' Nralian Nuclear Science and Technology Organisation. The
reports of  superconductivity in  SRuQ, and

lightly ground sample {10 g) was contained in a thin-

2

SrZYR91*XCl&O9 syst_e_mé _and of ategmperature-dependent walled 12-mm diameter stainless-steel can. The data were
metal-insulator transition in §Ru,O,.° The parent perov-

skite compound SrRuPhas been studied for over 30 collected at nine different temperatures between 573 and

45 and | le of a f tidh dxid 1023 K with the sample chamber open to the atmosphere.
years,” and IS a rare exampl€ of a Ierromagnet @xide ¢ gictural refinements were undertaken using a modified
with a sizable magnetic moment, being about one Bohr ma

. version of the Rietveld programHpPm.t**4 The background
neton per formula unit. At room temperature the structure o prog 9

. ) as defined by a third-order polynomial irf,2and was re-
ﬁ.LRuQ" Irllker:hatbqf rr;)anyABO3 perovsklge C%mﬁoundf’ &X" fined simultaneously with the other profile parameters. A
ibits orthorhombicPbnmsymmetry, and a high-resolution o0+ fynction was used to describe the neutron-diffraction

powder neutron-diffraction study demonstrated it to be 'Sosbeak shape, where the Gaussian width component varied as

tructural with GdFe@®’ The degree of distortion of these F2=U tarf 0+Vtan§+W. and the width of Lorentzian
perovskites may be described by filting of the BO qp55nent was varied agsecd to model particle size. The
octahedrd;® where these tilts are usually used as order Patoherent neutron-scattering lengths used were=®@21
ramete(s) in describing any phase transitions. Typically theSr:0 702, andO=0.5803 fm (105 m). The & region,

degree of the orthorhombic distortion decreases with increa%'orresponding to a peak from the furnace near 24° was ex-

Ing temperature, and the structure transforr_ns to Ot.he{:luded from the refinements. An additional Fe phase was
perovskite-type structures, such as observed in the oxid

Ssed in the refi t t t for the stainless-
CaTiO, (Ref. 10 and SrZrQ.*! The purpose of the present ec In the refinement process to account for the stainiess

4 X steel can.
paper is to report data on the evolution of the crystal struc-

ture of SrRuQ at high temperatures by powder neutron dif- IIl. RESULTS AND DISCUSSION
fraction and the Rietveld method. '
The powder neutron-diffraction data showed a sequence
of phase transitions from orthorhombic to tetragonal and
Il. EXPERIMENT then to cubic as the temperature increased, where the tetrag-
onal phases exists over a narrow temperature range from
about 820 to 920 K. The variations of the cell parameters are

shown in Fig. 1. For the orthorhombic phase the three cell

mixtures were compressed into 13-mm pellets, and fired i dges increase "r?ea”y. with temperature with the r_ate of
air at 800 °C for 12 h, and then at 1200 °C, with periodicChange of thet axis being larger than that of the axis.

L . . : hese changes are consistent with the behavior of other
regrinding and pressing until the reaction was complete. Th}bnmperovskites such as CaTi@Ref. 10 and MgSiQ. 5

room-temperature powder x-ray-diffraction pattern recorde
on a Siemens D-5000 diffractometer using By-radiation
showed the material had orthorhombic symmetry, consistent
with Pbnm symmetry with no detectable impurities. The  The room-temperature powder x-ray-diffraction pattern of
powder neutron-diffraction patterns were recorded using &rRuQ, was analyzed in terms of the orthorhombi2a,

Powder samples of SrRu@ere synthesized by the solid-
state reaction of stoichiometric quantities of Ru@ldrich,
99.9% and SrCQ (Aldrich, 99.995%. The homogeneous

A. Orthorhombic structure
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247 | ° diffraction profiles for orthorhombic SrRuCat 573 K. The upper

- ® set of small vertical makers show the positions of all the allowed

::t 246 - . L Bragg reflections for SrRuQwhile the lower set is for Fe from the

b sample holder.
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S ) timated errors, was found in all the refinements from the data
243 collected at the various temperatures, demonstrating this to

be a feature of the sample. The origin of the Ru vacancies is
420 unclear, although the alumina crucible used to prepare the
241 : ) . ) sample was discolored after the reaction. The final refine-
200 400 600 800 1000 1200 ment, including the Ru vacancies, is shown in Fig. 2.

A second feature of the refinement is the larger than ex-
pected estimated standard deviations in some of the posi-
FIG. 1. Temperature dependence of {a normalized lattice  tional parametergTable ). By examination of the structure
parameters antb) volume.a: lattice paramete(®); b: lattice pa-  this can be explained by the large, and highly, anisotropic
rameter(O); and c: lattice parametef¥). Values for the 300-K thermal displacement parameters. The correlation coeffi-

data points were taken from Ref. 7. cients from the refinement process suggest the same.

Temperature (K)

Xv2a,X2a, cell, wherea,, is the cell length of the cubic unit
cell, as described by Jones al” An orthorhombic cell is
typically observed when tha-O bond length is less thar2 The powder neutron pattern of SrRy@r 823 K is shown
times theB-O bond length. This results in rotations of the in Fig. 3. It is clear from the pattern that a number of super-
BOs octahedra. For thebnmspace group this is described lattice lines associated with titled octahedra and displaced
as counterclockwise rotations of equivalent magnitude abowgations are present. Initial refinements using the orthorhom-
the [010]ypic and [ 001] i directions, and a clockwise ro- bic structure suggested the cell was pseudotetragonal; how-
tation about thé 100] ;. direction. In the Glazer notatidh, ever, a satisfactory fit could not be obtained. Examination of
thisisb"b~a*. O'Keeffe and Hyd& found that in the limit  the data showed that the splitting of the (5}%) and
of small rotations aboutl11), the octahedra distortion in (156)mo reflections near 2=125° characteristic of the
Pbnmecan be described by a single rotation anglg, Even  orthorhombic structure were abseffig. 4), suggesting
though symmetry allows the rotation axis to itself be tilted,tetragonal symmetry. The space groupmcm was identi-
as an approximation the single rotation angle is a good defied as the most probable, this being found in SrZa©1173
scriptor. K,** and in SrTiQ below 110 K*’

Powder neutron-diffraction data were collected at 573, This is a one-tilt system described by Glazerada’c™,
673 and 773 K. Initially, refinements using isotropic thermalwhere the octahedra are rotated around[®@d] ;. direc-
parameters were performed, but the measures of fit remaind@n. As the octahedra are not coupled in thedirection,
high. Using anisotropic thermal parameters resulted in noadjoining layers of octahedra can be either in phase or out of
ticeably better fits, although the value ;3 of the Ru cat-  phase, as denoted lsy or c™ respectively. The neutron data
ion was always negative. Since it is necessary to use siglearly show evidence of the doubling inherit from the
parameters to describe the thermal parameters for Ru, arait-of-phase octahedra rotations. The lattice is characterized
previous studies of orthorhombic perovskites have indicatedy av2a,xv2a,x 2a, cell (a, is the cubic lattice param-
that the thermal ellipsoid of th8-type cation is approxi- etep, and the octahedra distortion by a single rotation angle
mately spherical,an isotropic thermal parameter was usede; .
for the Ru cation in the final refinements. Allowing the oc-  In thel4/mcmspace group, the Sr occupies the site at
cupations to vary suggested the sample to contained approx®,3,7) and the Ru a ¢ site at(0,0,0. There are two types of
mately 8% Ru vacancies. An identical result, within the es-oxygen atoms, Q1) at a 4a site at(0,0,;) and 422) at an &

B. Tetragonal structure
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FIG. 3. Observed, calculated, and difference powder neutron-
diffraction profiles for tetragonal SrRu@t 823 K. The upper set of

HIGH-TEMPERATURE PHASES OF SrRuQ©

TABLE I. Structural parameters and selected bond lengths and angles of orthorhombic;Sr&uO

neutron powder diffraction. The Rietveld refinements were done irPthem space grougNo. 62. The

atom positions are Srofx,y,3), Ru 4b(0,03), O1 4c(x,y,3), and O2 &I(x,y,z). The numbers in paren-
theses are the estimated standard deviations in the last significant digit. The rotatiowargtealculated

from @y=tan {(02)Sqrt(48)] (Ref. 16.

T (K) 573 K 673 K 773 K
aA) 5.58611) 5.58932) 5.59431)
b (A) 5.55021) 5.55992) 5.57081)
c A 7.86502) 7.86862) 7.881G2)
V (A3 243.841) 244.691) 245.611)
Sr X 0.00038) 0.00088) 0.00099)
y 0.01349) —0.002719) —0.000127)
B (A? 0.933) 1.3603) 1.593)
Ru n 0.941) 0.961) 0.931)
B (A?) 0.033) 0.143) 0.053)
01 X 0.04827) 0.04526) 0.040%7)
y 0.498%13) 0.493826) 0.4977137)
B (A? 0.976) 1.373) 1.557)
02 X 0.26955) 0.251826) 0.251222)
y 0.26975) 0.247726) 0.250926)
z 0.023%4) 0.02244) 0.019@4)
B (A? 1.01(4) 1.725) 2.045)
©o (deg 9.25 8.67 7.50
Ru-O1(A) 1.985 1.984 1.983
Ru-02(A) 1.984 1.995 1.981
Ru-02(A) 1.983 1.962 1.978
Ru-O1-Ru(deg 164.40 165.23 166.80
Ru-O2-Ru(deg 166.05 169.96 171.31
01-Ru-02(deg 90.06 90.48 90.10
01-Ru-02(deg 90.46 90.85 90.58
02-Ru-02(deg 90.86 90.74 90.57
Reragg (%) 3.64 3.98 3.66
R, (%) 6.51 5.74 4.73
Rwp (%) 7.84 7.12 5.80
x° (%) 2.50 2.21 3.04

SrRuO, l4/mcm
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FIG. 4. Part of the powder neutron-diffraction profiles showing

small vertical makers show the positions of all the allowed Braggthe temperature dependence of some of the superlattice reflections
reflections for SrRu@while the lower set is for Fe from the sample associated with tilted octahedra and displaced cations. The broad

holder.

peak near 127¢ is from the Fe sample holder.
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TABLE Il. Structural parameters and selected bond lengths and angles of tetragonak &dtu@eutron
powder diffraction. The Rietveld refinements were done inléhencm space grougNo. 140. The atom
positions are Sr #(0,3,%), Ru 4c(0,0,0), O1 4(0,03), and 02 &(3+u,2+u,0). The numbers in
parentheses are the estimated standard deviations in the last significant digit. The rotatias &ngédcu-
lated from g~ 2 tari }(2u).

T (K) 823 K 873 K 878 K 923 K
aA) 5.57842) 5.58272) 5.583Q1) 5.58841)
c A 7.90783) 7.91113) 7.91152) 7.91213)
V (A% 246.141) 246.561) 246.601) 247.1Q1)
Sr By, (A?) 0.676) 0.968) 0.896) 0.858)
Bss (A2) 0.946) 0.797) 0.805) 1.01(8)
Ru n 0.921) 0.921) 0.91(1) 0.91(2)
By (A?) 0.156) 0.428) 0.41(6) 0.098)
Bas (A?) 0.536) 0.357) 0.326) 0.729)
o1 u 0.025%4) 0.02306) 0.02334) 0.01995)
By (A?) 2.22) 2.52) 2.52) 2.52)
Bss (A2) 0.336) 0.3498) 0.337) 0.138)
02 By (A?) 0.756) 1.289) 1.136) 1.359)
Bss (A?) 1.898) 1.659) 1.657) 1.9311)
B3 (A?) 0.398) 1.1211) 1.079) 1.017)
@ (deg 5.84 5.27 5.34 4.56
Ru-O1(A) 1.977 1.978 1.978 1.978
Ru-02(A) 1.983 1.982 1.982 1.982
Ru-O1-Ru(deg 168.35 169.49 169.35 170.90
Reragg (%) 3.48 2.48 3.06 2.92
R, (%) 7.47 7.36 6.14 5.89
Rwp (%) 8.61 8.99 7.45 7.30
X2 (%) 2.70 1.82 2.39 2.29
site at G+u,3+u,0). Refinement in thd4/mcm space C. Cubic structure

group clearly showed this model to better describe the struc- The diffraction patterns collected above 973 K do not
ture compared to the orthorhombic structure. AppreciablySh

b b he ob d and calculated ow evidence of any superlattice reflectigfgs. 3 and b
etter agreement between the observed and calculated priy;4 consequently the structure was refined in the standard

files was obtained when anisotropic thermal parameters WeTE pi - :
. : ic perovskite space gropm3m. The Ru occupies the
employed, and the occupancy of the Ru site was refined. The P P grow P

final refined parameters and measures of fit are given in

Table L. TABLE llIl. Structural parameters and selected bond lengths of
cubic SrRuQ@ from neutron powder diffraction. The Rietveld re-
1200 finements were done in thEm3m space groupNo. 221). The
SIRUO. Fm3m atom positions are Srtt(3,%,2), Ru 1a(0,0,0) and 01 @(3,0,0).
1000 |- ' 3 The numbers in parentheses are the estimated standard deviations in
800 L the last significant digit.
. 600 - ) T (K) 973 K 1023 K 1073 K
2 op ‘ a(A) 3.95571)  3.95831)  3.96091)
E o} . & i 1 “ l l I V (A3 61.8992) 62.0192)  62.1423)
. JLLi EURERIY Sr B (A2) 2605  2.905) 3.167)
| 1 1 1 Il ‘{ ] 1 I‘\ (] : I[ LI II L] I‘ l} 1 1 Ru n ngl) 091(1) 091(1)
B00 L stk bkttt o B (A?) 1.064) 1.154) 1.326)
L ' ) ; : L : ! o1 B, 0.809) 0.869) 0.91(13)
00 120 140
s 6029 dso 1 B, (A?) 6.649) 6.809) 6.8513)
(degrees) Ru-O1(A) 1.978 1.979 1.981
FIG. 5. Observed, calculated, and difference powder neutronReragg (%) 2.56 232 2.67
diffraction profiles for cubic SrRu@at 1023 K. The upper set of R, (%) 6.16 6.43 8.62
small vertical makers show the positions of all the allowed BraggR,, (%) 7.62 7.69 10.72
reflections for SrRu@ while the lower set is for Fe from the y? (%) 2.48 2.44 1.84

sample holder.
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FIG. 6. View of the orthorhombic, tetragonal, and cubic forms of SrRulustrating the tilting of the Ru@octahedra. In all cases the
cycle represents the Sr atoms.

1a site at(0,0,0, the Sr the b site at ¢,%,2), and the O the Orthorhombic phase transition is required to be first order
based on symmetry considerations. The neutron data do

show a small discontinuous change in thdattice param-
gter, although as is clear from Fig. 1 that there is not corre-
sponding discontinuous change in volume.

3d site at (0,05). Similar to the low-temperature phase re-
finements, it was found that considerably better refinement
were obtained using anisotropic, rather than isotropic ther
mal parameters. For example, the refinement indicgtdor
the 973-K data decreased from 4.03% to 2.74%, BBgyg
from 7.51% to 3.64% when anisotropic thermal parameters

were used. As evident from Fig. 5, the use of anisotropic The high-temperature phases of SrRw@re studied us-
thermal parameters and variable Ru occupancy leads 10 jgg neutron powder diffractionsee Fig. 6 and Table I It
good agreement between the observed and calculated diffragrs found that the orthorhombic phase, found at 300 K,
tion profiles. persists up until 800 K, where it transforms via a first-order
phase transition into a tetragonal phase. This tetragonal
D. Phase transitions phase persists until approximately 950 K, where it trans-

Despite the widespread occurrence of perovskite-type 0Xf_orm.s via a second-order transition to the standard cubic per-
ides there, are relatively few detailed studies of the highOVSkite structure
temperature phase transitions available. Noticeable excep-
tions include, the early work of Ahtee, Glazev, and HeWal,
and the recent study of CaTi®y Vogt and SchmaHf

The tetragonal space grolig/mcmis a subgroup of the This study clearly demonstrates the ability of powder neu-
cubic space groupm3m, and from Stokes and Hatthcan  tron diffraction, coupled with theoretical analysis, to monitor
be obtained by a continuous ferroelastic second-order phaggéd understand the high-temperature phase transitions in
transition(although it is not required to beThe irreducible  perovskite-type oxides.
representation that drives the phase transitioR4s, and
physically represents the out-of-phase rotation in the
[001].pic direction. This can be described by a single order
parameter, say, the angle of rotation. The neutron-scattering B.J.K. thanks the Australian Institute for Nuclear Science
data presented here are consistent with a second-order phaw®d TechnologyAINSE) for their support of this work, and
transition, as has been observed in similar systéms. Dr. Bryan Chakoumako$ORNL) for informing us of his

In contrast, althougPbnmis a subgroup oPm3m, itis  unpublished studies on SrRyCB.A.H. wishes to thank Dr.
not a subgroup of4/mcm This means that the tetragonal- C. J. Howard(ANSTO) for many useful discussions.

IV. CONCLUSIONS

orthorhombic——— tetragona———— cubic,
820 K 950 K
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