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Synchrotron x-ray diffraction reexamination of the sequence of high-temperature phases
in SrIRuUO4
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The crystal structure of SrRyCat high temperatures has been studied at fine temperature intervals using
high-resolution synchrotron diffraction. It has been shown that SERe@horhombic in space grolpnma at
room temperature, changes by a continuous transition to a structurania at about 685 K, then by a
discontinuous transformation to tetragohdimcmat about 825 K, and finally, continuously, to cubic at near
950 K.
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INTRODUCTION structure of SrRu@ using high-resolution synchrotron dif-
fraction and fine temperature intervals. This study has re-
CaRuQ and SrRuQ@ are isostructural and belong to the vealed the presence of botd/mcmandImmaphases.

family of perovskites with the general formulABO;.
SrRuG; is an unusual example of a ferromagnetic metallic
oxide with a partially filled 4 shell. Replacement of the Sr EXPERIMENT
with Ca in CaRu@ removes the magnetic ordering although )
the oxide remains metallfc:® Studies of the ruthenium per- A Polycrystalline sample of SrRuQwas prepared by the
ovskites have indicated that small variation in the Ru-O disSClid-state reaction of stoichiometric quantities of Bu@I-
tances and Ru-O-Ru angles can significantly influence thdich, 99.9% and SrOQ (Aldrich, 99.995%. The homoge-
electrical and magnetic properties of these oxides. Yet calc/}€0US mixture was compressed into 13-mm pellets and fired
lations in both the observed orthorhombic and idealized cull @ at 800 °C for 12 h and then at 1200°C, with periodic
bic structure suggest SrRy@hould be metallié® The per-  'egrinding and pressing until the reaction was complete.
ovskite structure is based on a network of corner linkedigh-resolution synchrotron x-ray diffraction patterns were
RuQ; octahedra with the 12-coordinate Sr cations occupyin ecorded using the 530-mm Debye-Scherrer diffractometer
the resulting central cavities. At room temperature SrRuO on bearrz_)lme. 2.B (The ANBP at the Photon Factory,
has an orthorhombicv@ax v2ax 2a) structure, in which Tsukubal® This instrument uses image plat@B) as detec-

the RuQ octahedra are tilted® Following Glazer this tilt- ~ {©OrS: €ach Fuji 2840-cm IP covering a @angular range of
ing can be described & a c* corresponding to space 40°. The data are collected in 0.01° angular steps using two

group Pnma'! Heating SrRu@ aboveca 950 K results in a ,I[PS co;/terlng an angulc?rdrange OLSIP_bSSf - Up to 3.1 d|ftfr]:';lc-
transition to the archetypal cubic perovskite structure intlt?n S?f errss ar? reci(/)r _eblor; eac ‘ elore removmg|t rom
which there are no tilts of the RyOoctahedra, that is € ditiractometer. variable-iemperature measurements em-
000 4 th i mam. 101213 powd ployed a custom built furnace and were conductech at

aa‘a’, de'lfr; t, € i’pl\?l?)e group i®m3m. h hOW erh =0.70 A, this being between the Sr and Ruedges, with

neutron-diffraction (PND) measurements have shown the o samples housed in rotating 0.3-mm-diameter quartz cap-
presence of an intermediate tetragonal phase that contai

; ) !iifaries. Powder neutron-diffraction patterns were recorded as
only out-of-phase tilts, and the structure was described iNescribed previousi

H 0,0~— 10,12 R ; H
|4imem with a’a’c . ™= Using powder x-ray diffraction Structures were refined using the Rietveld method imple-
measurements Cuffini, Guevara, and Mascarenhas suggesﬁgnted in the programieTICA.1® In these analyses the data

the presence of an orthorhombic intermediate in space group,m the individual IP's were treated as separate histograms

—a—~0 13
Imma a-a ¢’ _ in the refinements, with the instrumental and profile param-
Recent PND studies on SrZgave revealed that when a5 constrained to be equal for each histogram.

orthorhombicPnmastructure is heated above room tempera-
ture bothimmaand|4/mcm phases are intermediate in the

transition to the cubid®m3m structure** The identification
of the two intermediate phases required the use of very high-
resolution diffraction and fine temperature steps. Given the The room-temperature synchrotron x-ray pattern of
coarse temperature steps previously employed in the study &RuQ, showed splitting of the main Bragg reflections in-
high-temperature structures of SrRy}®'? and the intense dicative of orthorhombic symmetry, together with weaker su-
interest in the magnetic and electronic structures of SeRuOperlattice reflections indicative of tilting of the Rg@ctahe-
(Ref. 1-9 we elected to reinvestigate the high-temperaturedra. It was possible to identify bothVi-and R-point

RESULTS AND DISCUSSION
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Temperature (K) FIG. 2. Portions of the synchrotron diffraction patterns recorded
at 363, 678, 883, and 948 K, showing the splitting indicaiveng

FIG. 1. Temperature dependence of.the lattice paramete_rs fanma l4/mcmand Pm3m phases, respectively. The indices of the
SrRu@Q,. The open and closed symbols give the results of dUp“Cat?eflections in the cubic structure are indicated

measurements. The vertical dashed lines show the transitions be-
tween the three phases.

lost while the peaks clearly show a tetragonal splitting and
reflections indicating the presence of in-phase and out- the assignment of cubic symmetry is the point at which no
of-phase(—) tilts, respectively” The data were well fitted to aSymmetry of the diagnostic reflections remains.
a model inPnmaas found in previous PND studi&s®!? ~ The diffraction data clearly reveal the presence of two
The suggestion that SrRyQs cubic at room temperature is intermediate phases between the room-temperature ortho-
clearly incorrect® Likewise the suggestion that SrRyO rhombic and high-temperature cubic forms. Examination of
transforms to a tetragonal phase upon cooling is verghe individual profiles shows that the first of these interme-
surprising!® and possibly in error. Heating the sample resultsdiate phases is orthorhombic and the second tetragbigal
in a marked decrease in the orthorhombicity, until near 825)- Within the sensitivity of the synchrotron measurements
K the sample becomes tetragonig. 1). A most remarkable Poth these phases only invol@point distortions, that is
feature of the study is the variation in lattice parameters nea€y only have out-of-phase tilts of the RyOctahedra. As
685 K. Here the lattice appears to undergo a continuou!$ illustrated in Fig. 3 thevi-point reflections are no longer
transformation from one orthorhombic structure to anotherobserved in the synchrotron diffraction patterns at 643 K,
The lattice parameters between 685 and 825 K are nearfjpat is just below the point at which the lattice parameters
tetragonal; however, the structure is clearly orthorhombic as
seen from the splitting of the Bragg reflectiof#sg. 2). The
variation in the lattice parameters is consistent with the pre-

vious PND studied?? the use of much finer temperature 643K
intervals here considerably enhancing the transition neai : PR VT
685 K.

The second notable feature in the temperature variation 0= /\AM 543K
the lattice parameters is the discontinuity in the lattice pa-& " e i eV el
rameters near 825 K. This, again, is consistent with the pre-% Y
vious PND studies and is indicative of a first-order phaseg ;J\’\m 453K
transition'%12 Small hysteresis effects were observed on cy-— " NI, -

cling the sample above and below this transition. Near 950 K
the sample undergoes a further transition to cubic, and this
appears to be continuous. Unfortunately a small displace-
ment of the sample at these highest temperatures caused
broadening and asymmetry in the diffraction peaks and this 55 ' 230 ' 235 )
limited our ability to stgdy this transmpn in more detail. The' Two Theta (degrees)
temperature of formation of the cubic phase found here is
around 50° higher than that suggested from the neutron- FIG. 3. Portions of the synchrotron diffraction patterns recorded
diffraction studieg®*? In the latter case we assign cubic at 363, 453, 543, and 643 K, showing the gradual loss of intensity
symmetry as the point at which the superlattice reflectionsf the (Pnma 131 reflection as the transition to th@maphase is
are no longer observed. For the synchrotron study these aepproached.
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FIG. 5. Observed, calculated, and difference synchrotron dif-
828, and 838 K showing the first-order transformation ofithena fraction profiles for SrRu@at 828 K. The sh(_)rt ve_rtical lines show
440 and 044 reflections from 823 K to the sind/mcm 044 the presence of the allowed Bragg reflectiondrinma (top) and
reflection at 838 K. Note the presence of all three reflections in thé4/mcm(bottom).
patterns at 828 K demonstrating the presence of a two-phase mix-
ture. The pattern at 833 K also shows three peaks in this region. Rietveld analysis are 16.#) and 83.6(1.7) mol % at 828
and 9.5(3) and 90.5(1.6) mol % at 888 K.
show the first phase transition to occur. Reexamination of the In light of the evidence for thémmaphase we have re-
PND datd® also shows that between 773 and 923 K onlye€xamined the powder neutron-diffraction data described
R-point, and notM-point, reflections can be observed. Thus previously.® We find that the patterns recorded 773 and 823
we have a continuous transition from one orthorhombiccan be adequately fitted to modelslmmawith R factors
structure &~a"c™) to another orthorhombic structure that comparable to those obtained for fitskmma(at 773 KR,
contains only out-of-phase tilts. The second orthorhombicd.69 Ry, 5.67 x?=2.94 vs 4.74, 5.75, and 2.91%, respec-
structure then transforms discontinuously, without changingively) or 14/mcm (at 823R,, 7.89 R, 9.31 x?=1.97 vs
the sense of the tilts, to a tetragonal structure, which ulti-7.33, 8.82 and 1.94%, respectivelyn both cases the?
mately transforms continuously to the cubic structure. Byvalue for the fit inlmmais given first. The slightly higher
examination of the work of Howard and Stok®se propose than usual values are associated with the use of a stainless
the following sequence of transitions, steel container in the measurements that gives rise to addi-
tional peaks. The larger peak widths of the neutron-
diffraction data(compared to the present synchrotron diffrac-
tion patterng prevent the observation of the small splitting
indicative of orthorhombic splitting at 773 and 823 K. The fit
to the neutron pattern at 773 K is slightly worse than the
others, suggesting a small a two-phase mixture may be
This sequence of structures was confirmed by Rietvelgbresent.
analysis of the individual diffraction profiles and is the same Calculation of the band structures in the four polymorphs
sequence of transitions recently described for SgZtbWe  shows a small reduction in the Rul dandwidth as the sym-
have fitted the profiles as follow®nma T<685 K; Imma  metry decreases. These general features of our calculations
685<T<823: l4/mcm 835<T<950K and Pm3m T  are consistent with previous band-structure calculatiéns.
>950 K. It was not possible to satisfactorily fit the profiles Despite the narrowing of the Rul4band in thePnmastruc-
collected at 828 and 833 K with models in eitHetmaor  ture there is sufficient density of states near the Fermi level,
l4/mcm This is clearly evident near @=36° where the coming from the Ru d and O 2 levels. This is consistent
(440) (044) pair of reflections inmmatransforms to a single With the observed near linear increase in resistivity as
(044) reflection inl4/mcm As illustrated in Fig. 4 thémma ~ STRUQ, is heated to 1000 K.It appears that the structural
fit of the data at 823 K adequately fits both these reflectionéransitions have little effect on the bulk physical properties of
(and the rest of the pattermhile thel 4/mcmmodel fits the ~ SrRUQ;, although they may influence the fine details. Ac-
single reflection at 838 K. At both 828 and 833 K the reflec-cordingly it is unlikely that an electronic transition, such as
tion near ¥=36° apparently consists of three peaks andthf? low-temperature transition toa ferromagnetic state, will
could only be adequately fitted to a two-phasedrive a structural phase transition.
Imma14/mcmmodel(Fig. 5). The coexistence of these two It is clear that while thePnmastructure is energetically
phases is not surprising for such a first-order phase transfavored there is little to distinguish the four structuréama,
tion. The abundance of the two phases estimated from thenma 14/mcm and Pm3m, in SrRuQ. Although this se-

FIG. 4. Portion of the diffraction patterns for SrRy@t 823,

685 K 825K 945 K _
Pnma — Imma — l4/mcm — Pm3m.
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