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Reduced ferromagnetic transition temperatures in SrRy_,O5 perovskites from Ru-site vacancies
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We show that annealing of stoichiometric SrRu@erovskites in high-pressure oxygen of 600 atm near
1100 °C produces SrRy,0; compounds with vacancies on the Ru-sites. The creation of Ru vacancies rapidly
suppresses the ferromagnetic ordering temperaigefrom 163 K to 45 K with an increase af=0.09.
Subtle structural changes that accompany the creation of Ru-site vacancies are different from the typical
properties of transition metal perovskites, for which an increased formal oxidation state of the B-site cations
normally leads to decreased B-O interatomic distances and contraction of the unit cell volume. The reduced
charge screening caused by the Ru-vacancies offsets an expected decrease of the average interatomic distance
Ru-O and rotation of the RuQoctahedra as Sr atoms relax toward Ru-vacancies increases the observed
volume.
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I. INTRODUCTION that the Curie temperature of SrRy©ould depend on the
synthesis temperature in oxygen. They reported the existence
SrRuG; is known as a highly correlated, narrow-band me-of two different phases, a phase with=141 K formed be-
tallic ferromagnet with a robust Curie temperatuie low 1100 °C and the more commonly observed phase with
~160 K! Ferromagnetism in SrRuCarises from a parallel T.=160 K obtained for synthesis at higher temperatures.
alignment of the low-spin electronic configuration of“RtlJ‘g1 Both phases have orthorhombic crystal symmetry with a
electrons. The low-temperature ordered magnetic moment aharginal difference of their lattice parameters. The results of
SrRuQ; showing a lack of saturation to the f8=1 moment  several substitution studiésl® have shown that the domi-
(2ug/Ru atom in dc fields to 30 T when considered to- nant factor controlling the decrease T is a change of the
gether with the good metallic conductivity is consistent with formal oxidation state of Ru with the highegt being ob-
itinerant ferromagnetisrh Greater overlap and hybridization served for R&*. For substitutions retaining a formal oxida-
between the d orbitals of Ru and O @ orbitals are expected tion state of Ré, the T¢ decreases as a function of decreas-
to lead to greater itinerancy and more interplay betweerng Ru-O-Ru bond angléRefs. 1 and 2
structural degrees of freedom and magnetic and electronic The effects of cation and oxygen nonstoichiometry on the
properties. Recent first principles studies by Mazin andphysical and structural properties of transition-metal perovs-
Singh(Ref. 1) have shown that oxygem-derived states par- Kites were studied most extensively fod Bansition metals.
ticipate substantially in the magnetism and the electronidn this paper, we report synthesis methods that can be used to
structure near the Fermi energy. These authors have alsgeate Ru-site vacancies, use neutron powder diffraction to
shown that differences in the magnetic ground states of pargletermine the vacancy concentration, and establish the rela-
magnetic CaRu@ and SrRuQ are due to complex band tionship between vacancy concentration ahiid Synthesis
structure effects related to the modulation of the Ru-O hysmethods in air and argon are used for obtaining single-phase
bridization by the increased structural distortion. In additionstoichiometric SrRu@samples. These samples are then con-
to unique ferromagnetism amond gerovskites, the SrRuQ verted to nonstoichiometric SrRiO; compounds using
compound has been intensively studied for possible applicdhigh-pressure oxygen annealing. Energy dispersive x-ray
tion as an electrode material in microelectronic circgits. Spectroscopy and neutron powder diffraction measurements
More recently, Fangt al* have reported the observation of on SrRy_,03 show that under oxidizing conditions vacan-
magnetic monopoles in SrRy@ the context of the anoma- cies are created on the Ru crystallographic site, analogous to
lous Hall effect. what also occurs in the LaMn,O5 perovskites! Investiga-
Moderately reduced Curie temperatures have been otion of the structural, magnetic, and resistive properties
served for thin films of SrRu@deposited on substrates with shows that the ferromagnetic transition temperature is de-
mismatched lattice parameters and explained in terms direased dramatically by the creation of Ru vacancies.
strain effect® consistent with the observations of a decrease
of T¢ with ap_plied hydrostatic pressure in bulk samfles. Il SAMPLE PREPARATION
Reduced Curie temperatures were also pbserveq for some AND EXPERIMENTAL DETAILS
single crystals that were grown in alumina crucibles but
these suppresselt's are most probably caused by uninten-  Polycrystalline samples of stoichiometric SrRu@nd
tional impurity substitutions. Recently, J&y al.” suggested several intentionally nonstoichiometric compositions with
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Ru/Sr ratios ofx=0.88, 0.92, 0.95, 0.98, and 1.05 were syn- B LA
thesized from mixtures of SrCQand stoichiometric Ru® {51 By, PTG

(prefired in air at 600 °¢C Mixtures of the powders were 104*'; S S I A
pressed into pellets and fired in air and &¥20 ppm Q) at :
various temperatures up to 1150 °C with several intermedi- h
ate grindings. Further annealings were performed in flowing ,
oxygen, air, and Ar at temperatures between 950-1150 °C M ; L'
and at high-pressure oxygen using 600 &total pressure ; B

of 3000 atm of 20% @in Ar) for ~20 h using a large ca- s s s b v el ooy ol enmalions
pacity internally-heated vertical hot isostatic pressure fur- R B R

R
(b) Ru/Sr =1

nace. Using such synthesis and annealing conditions, several 2 2 600 atm. Oxygen, 700 °C
dozens of 1-2 g-size batches of SrRufere obtained, and S0 R B
examined by x-ray powder diffraction on a Rigaku D/MAX Pe)

Diffractometer using CiK, radiation. Selected samples were @

studied with thermogravimetric analysis on a Cahn TG171 = 10°

thermobalance, electron microscopy with Hitachi S-4700 @

scanning electron microscope for energy dispersive x-ray 5

spectroscopyEDXS) and JEOL 2010F transmission electron € 102

microscope for electron energy loss spectroscpifLS), T aus
and magnetic and resistive measurements using a Quantum 600 atm. Oxygen, 1120 °G

Design Physical Properties Measurement System-Model

—y
o
I#

6000. Time-of-flight neutron powder diffraction data were
collected at room temperature on the Special Environment |

Powder Diffractomete(SEPD (Ref. 12 at the Intense 10° 6 ﬂ
Pulsed Neutron Sourg@PNS). High-resolution backscatter- MJWML ﬁuh

ing data, from 0.5 to 4 A, were analyzed using the Rietveld W
method with the General Structure Analysis System code 107 b
(GSA9 13 20 3 40 50 60 70

For the study of intrinsic Ru-nonstoichiometry of SIRuO 26 {dog)

it was of critical importance to understand how various pro- - g 1. (Color onling X-ray diffraction patterns for the samples
cessing methods affect the sample quality and stoichiometryith starting composition Ru/Sne=1 synthesized in air at
It was found that significant problems during synthesis re41100 °C (a) and annealed in 600 atm ,Oat 700 °C (b) and
sulted from two properties of RuOthe hygroscopic proper- 1120 °C (c). The diffraction peaks arising from impurity phase
ties of RuQ powders at ambient conditiondeading to  (Ru0,) and incompletely filtered CH ; radiation are denoted with
weighing errorg and conspicuous volatility of Ruat el-  asterisk(x) and 8, respectively.
evated temperatures. For the preparation of stoichiometric
samples of SrRu@and compositions with Ru/Sr ratios of ~1100 °C. The process of RyGxtraction from stoichio-
x# 1, it was essential to use dry RuPowders and carry out metric SrRuQ compounds in oxygen can be described as
calcination of the starting SrCnd RuQ mixtures for very ~ an increase of the mass of the solid-state sample according
short periods of time at temperatures as low as possible, i.el9 ~ the  chemical reaction  SrRy@solid) +vO,
700-800 °C. Using these precautions it was possible during> SrRu_, O3 (solid)+v RuG, (solid), wherev is the amount
synthesis in air to preserve the initial sample stoichiometrie®f Ru vacancies. The RuGolid is then volatilized on pro-
and obtain single-phase SrRgi®amples forx=1 [see, Fig. longed heating leading to an overall decrease of sample
1(a)] and two-phase samples with SrRuénd SsRuO, for mass. This process of formation of Ru vacancies in
x=0.88, 0.92, 0.95, and 0.98. SrRuy,_, 03 was found to be intrinsic for strongly oxidizing
Using extensive x-ray diffraction and TGA measurementssynthesis conditions and could be enhanced by using high-
we observed that the incompletely reacted samples contaipressure oxygen annealing.
ing RuQ, and a sample with the initial compositior=1.05 High-pressure oxygen annealing of the stoichiometric
showed weight losses and a change of the ratio of phasgrRuG; compound and the two-phase samples with initial
fractions of SrRu@ and RuQ due to volatilization of RuQ  ratios of Ru/Sr=0.98—-0.88 was done using 600 atm oxygen
at temperatures above 700 °C. Similar measurements peat 700—1120 °C. Figure 1 shows x-ray diffraction patterns
formed in air or Ar for samples not containing Ru@id not  with intensities of the Bragg peaks shown on a logarithmic
reveal any weight loss due to volatilization to at leastscale to better depict the small amounts of impurity phases
1100 °C. However, the TGA measurements, using slowor SrRuG; (x=1) samples obtained from 700 and 1120 °C.
heating rates in pure oxygen, for the single-phase SERuOThe sample annealed at 700 °C shows a large amount of
samples showed a small reproducible weight gain in the temRuG, impurity phase in addition to the main SrRyO5;
perature range 700—1000 °C followed by a small weight dephase. The Ru@impurity phase is not visible for the sample
crease at 1000-1100 °C. Examination of the x-ray diffrac-annealed at 1120 °C. Based on the observation of dissocia-
tion patterns indicated that small amounts of the RuO tion of Ru from SrRuQ@ at 700—1000 °C in pure oxygen at
impurity phase were produced in samples fired in oxygen al atm and at high pressugas well as from energy dispersive
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FIG. 2. Scanning electron mi-
crographs of SrRiD; samples(a)
x=1, annealed at 1100 °C in air;
(b) x=0.92, annealed at 1000 °C
in air; (c) x=0.92, annealed at
1100 °C under 600 atm oxygen
pressure(d) x=0.88, annealed at
1100 °C under 600 atm oxygen
pressure(a) and(d) were taken in
the secondary electron modg)
and (c) were taken in the
secondary/backscattered electron
mode. Impurity phases are ob-
served in(b) and (d). The beam
energy was 5 keV.

x-ray analysis and neutron diffraction measurements that ardiffraction measurements. EDXS compositional analysis was
discussed in following paragraphsve conclude that both performed on the same samples that were used in SEM stud-
samples annealed at 600 atrp @ntain large amounts of Ru ies. By normalizing the Sr content to unity, the average Ru
vacancies for the main SrRyO; phase. For the sample content of the small grains was found to be @38and
fired at 1120 °C, the RuQimpurity phase is not visible in 1.025), respectively, for thex=1 andx=0.92 samples syn-
the diffraction patterns presumably because it volatilized durthesized in air. The average Ru content of the large-grain,
ing the long annealing at high temperature and high pressureecond phase impurity observed for %e0.92 sample syn-
High-pressure oxygen annealing of the two-phase samplabesized in air is close to 0.5, thus, confirming that this phase
with x=0.98-0.92 at 1120 °C resulted in the formation ofis SLRUO,. The Ru content of the small grains was found to
single-phase SrRu,Os. In analogy to thex=1 sample we be 0.884) and 0.8%5) for the high-pressure oxygen annealed
infer that these samples also contain large amounts of Rsamples ok=0.92 and 0.88, respectively. The Ru content of
vacancies. A two-phase sample with an initial Ru/Sr ratio ofthe grains of the second phase present foixth@.88 sample
x=0.88, after high-pressure oxygen annealing, shows a mafter high-pressure oxygen annealing was close to 0.67, in-
jority of the SrRy_,0O5 phase and a small amount of uniden- dicating that this unidentified phase has a nominal composi-
tified impurity phases. tion SERWO,. We, thus, conclude that the=0.88 sample
has starting composition beyond the solubility limit of Ru-
vacancies achievable in 600 atm of.0he EDXS quantita-

Ill. SAMPLE CHARACTERIZATION tive analysis indicates that before the high-pressure anneal-

WITH ELECTRON MICROSCOPY ing, the Ru/Sr ratio is essentially 1.00 for the majority phase
independent of the initial stoichiometry The measured Ru
concentrations for various samples studied with EDXS are
. : . : displayed in Fig. éa) versus the ferromagnetic transition
=1 sample annealed in diFig. 2a)] shows a uniform dis- o heratyre. After annealing, the Ru concentrations are de-

tributio? %f similarlﬁ/_ S.hapgd ir:;egﬁ!a:] grains. An improve- creasing systematically for samples with larger initial nons-
ment of the crystallinity aiter the high-pressure oxygen aNYoichiometry of Ru/Sr. This trend of Ru deficiency also
nealing is manifested by an increased number of grain

Sgrees with EELS results acquired from areas less than 1 nm
exhibiting clear faceted faces for the=0.92 sampl€Fig. g d

2(b) and 2¢)]. The x=0.92 sample synthesized in aFig. g]nr?clazrl?negtﬁr on single crystal grains before and after the
2(b)] shows a second phase impurity whose grains are con-
siderably largen2—5 um) and regular in shape. The same
sample after high-pressure oxygen annealkig. 2(c)] does

not show impurity phases. The=0.88 sample obtained from
high-pressure oxygen annealing shows large-size and regu- The temperature dependence of the ac susceptibility in
larly shaped grains of an impurity phagég. 2(d)]. All SEM zero-magnetic field is presented in Fig@Bfor SrRuG
observations performed on single-phase and multiphassamples annealed in Ar at 1100 °C, oxygen at 1100 °C, and
samples are in perfect agreement with the results of x-rapigh-pressure oxygen at 1120 °C and fonar0.92 sample

Sample morphology was studied by SEMig. 2) which
shows a quite small average grain size of 0.542. Thex

IV. MAGNETIC AND RESISTIVE PROPERTIES
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0.012,

of ~87 K. Finally, thex=0.92 sample annealed at high-

=) B (@) f=200Hz e ] i
g 0.010 e Ar1100 C ] pressure oxygen shows the broadest transition at 67 K. The
S oo08f 600 atm. Ox 1120 C % 1 lowest T-=45 K was observed for the=0.88 sample that
B oo008) 1 contained small amounts of impurity phases. In general, we
F =0.92 1 it i
0.004F 600 S O . 1 have observed that transitions are broade_zr for _hlg_h-pr_essure
a5 Ox 1100 E oxygen annealed sample_s_ indicating a wider dlstr_lbuuon of
] E B T¢'s. These broader transitions can be interpreted in terms of
0.000 B L L e . . . . . .
F_ ] — - E a slightly inhomogeneous distribution of Ru-vacancies
6 F-§15/SrRuO L T,=163K y 4 ; ; ; fatri
Es = i c = across the grains of material. Such an inhomogeneous distri-
<o | A~ ; = . . . .
5tz P 3 bution of Ru vacancies may also explain the tiwotransi-
4 £§ S 7 Stz and = : 3 tions observed for the oxygen annealedl sample. We de-
gE 0TTTRD, Tong 500 T 3 fine the Curie temperaturdl,c, as the temperature of the
5 = (b)x =1 ; maximum in the zero-magnetic field ac susceptibility curve.

Arat1100°C 1 The temperature dependence of the resistivity in several
dc fields is presented in Figs(t8—3(e) for the same set of
samples as shown in Fig(&8. All samples show metallic
behavior near room temperature and the inset to Fig) 3
confirms metallic resistivity up to 1373 KL100 °Q for a
sample synthesized in Ar. However, with decreasing tem-
perature, progressively more insulating behavior is seen for
samples with decreasin:. All samples, with the exception

of the samples with the lowest. (and the largest amount of
Ru-vacancies show a clear decrease of resistivity below the
ferromagnetic transition temperature. When visible, the resis-
tive transition gives values fof: similar to those obtained
from magnetic measurements. All samples show resistivities
considerably higher than the resistivities of single crystal
samples® The best residual resistivity ratio

, (€) x = 0.92 E R(300 K)/R(4 K) is observed for the sample made in Ar.
600atm. O_ at 1100°C = quever, even for that sampl_e the mcrease_d v_alue of resis-
2" 3 tivity clearly indicates a considerable contribution of grain

3 boundary resistance to the measured values. In addition, we
3 can observe a small negative magnetoresistance present for
all samples neafl: and extending to lower temperatures.
— E The magnetoresistance behavior over an extended tempera-
100 200 ture range indicates a magnetic field dependent scattering at
Temperature (K) the grain boundaries and a high spin polarization of the elec-
tron density at the Fermi enerdy.

Resistivity (mQcm)

FIG. 3. (Color online Temperature dependencies of the mag-
netic ac susceptibilitya) and dc resistivity for samples with starting
Ru/Sr ratiog(x) that were obtained using the following conditions: V. NEUTRON POWDER DIFFRACTION
(x=1) argon at 1100 °Gb), (x=1) oxygen at 1100 °Gc), (x=1) . . ) )

600 atm Q at 1120 °C(d), and (x=0.92 600 atm Q at 1100 °C Neutron powder diffraction was used to identify the de-

(e). Inset to(b) shows resistivity over a wide temperature range forf(?Cts responsible for the decreaseTig upon annealing in
the x=1 sample annealed in argon at 1100 °C. high-pressure oxygen. TGA and EDXS measurements sug-

gested that formation of Ru vacancies was the explanation.
annealed at high-pressure oxygen at 1120 °C. For the AJsing neutron powder diffraction, it was possible to confirm
annealed sample we observe a sharp increase in the ac stise existence of these vacancies and establish the relationship
ceptibility on decreasing temperature at 163 K followed by abetweenT; and vacancy concentration in SrRyO;. Neu-
slower decrease at lower temperatures. This behavior, itron diffraction measurements were done on samples that
agreement with dc magnetization datet shown, indicates showed the best-defined Curie temperatures. All samples
a uniform ferromagnetic transition that is characteristic of astudied by neutron diffraction were single phase with the
high quality homogeneous SrRy@ample. For the sample exception of thex=0.88 sample that showed small unidenti-
obtained from annealing in oxygen, two transitions are seefied impurity peaks. One would expect that extraction of the
at 163 K and~140 K. This result is similar to observations Ru atoms from their crystallographic sites to form Ru vacan-
by Joyet al. (Ref. 7) for samples synthesized in oxygen at cies would lead to the formation of a Ru-containing second-
temperatures lower than 1100 °C. For the high-pressureary phase. However, no such phase was observed in the high-
oxygen annealed SrRyGample, the initial increase in ac resolution neutron diffraction data indicating that either the
susceptibility is not as sharp as for the Ar annealed sampl&uQ, impurity phase is not present due to volatilization dur-
and reaches a maximum at a significantly lower temperaturing annealing(as suggested by the TGA measuremgnts
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that its grain size is smaller than the coherence length EEEREEEE R R
(~100 A) required for diffraction peaks to be visible. Be- 1.00[- .- 7
cause electron microscopy did not reveal additional small- - .
size grains of impurity phases for the high-pressure annealel
samples we conclude that the Ru@®npurity phase is not
visible because it volatilized during annealing.

In the neutron powder diffraction data, neither superstruc-
ture diffraction peaks nor unusual peak broadening were de
tected for the high-pressure annealed samples. Thus, th
room-temperature crystal structures for all samples were re
fined in the orthorhombic space gro@pnmconsistent with Ll (@)
previous report$’ This refinement model immediately led to il i i TIPS
the conclusion that vacancies were formed on the Ru site an [ ¢r g e
the Sr and O sites were fully occupied within the accuracy of I
the refinements.

The refined Ru and oxygen site occupandiesth the
Sr-site occupancy held fixed at unjtgre shown in Figs. (&)
and 4b) versusT¢. The data clearly reveal a nominally lin-
ear relationship between Ru vacancy concentration Bnd
while oxygen content remains unchanged. The maximum
concentration of Ru-vacancies introduced by high-pressure
annealing was found for the sample with a starting Ru/Sr
ratio of x=0.88, for which the refinement gave Ru content
0.871) (v=0.13. The refined site occupancy for nominally

0.95F udﬁ P ]

I '— 3 (\ i
0.90} 7 _J] 7

Site occupancy for Ru

Site occupancy for oxygen

stoichiometric sample witk=1 andT¢=163 K synthesized 096 ST T
in air is ~0.961) (v=0.04. This magnitude of Ru- 243.2F (c) 3
vacancies is larger than the estimated error bar and may in 24302_5 ]
dicate the existence of intrinsic Ru-vacancies present for op: r = ]
timally synthesized material. However, considering EDXS &~ 242.8¢ N B E
and nuclear magnetic resonance measurertfemsicating < 2426} 3
stoichiometric and highly ordered samples for this composi- GE’ — ]

tion obtained in air and Ar as well the TGA measurements % F
described previously, it is likely that this Ru-deficiency is a > 242:2f

result of a systematic error in modeling the crystal structure  242.0F R .
by Rietveld method. The Ru concentrations determined from s B N ]
EDXS measurements are shown for comparison in Hig. 4 : ]
and, when taken together with the neutron diffraction results, 246, ==~~~ 2=~ " "0 160 180
demonstraté\v clear decrease df. from 163 to 45 K with T (K)

an increase of the amount of Ru-vacancies=@.09. c

One might expect some substantial variations of structural FIG. 4. (Col i S | 300 K
parameters as a function of Ru vacancy concentration. How- /- 4. (Color onling Structural parameters at Versus

ever, the observed structural changes are rather subtle. TIgromagnetic ransition temperature for SiR®D; samples: Site
’ occupancies fofa) Ru from neutron diffractio{open circle$ and

refined lattice parameters at room temperature as a functioIQD ; .

. . XS (open squargsand (b) apical oxygen(filled squarey and
of Tc dlsplay a sm_a_ll, but systematic, _dependence_ on th%quatorial oxygertfilled circle9; (c) unit cell volume.
ferromagnetic transition temperature with larger lattice pa-

rameters for lowef . Thus, the unit cell volumgFig. 4(c)] nitude of the expected decrease of average interatomic dis-
is inversely proportional toTc. Lattice parameters oh  tance(Ru-O) introduced by the change in the formal valence
=5.572,b=5.533, andc/\2=5.550 A for samples synthe- of Ru can be estimated by considering a difference of the Ru
sized in air and Ar are virtually identical to those reportedionic sizes between compounds with 4R¢0.62 A) and
previously by Jonest al. (Ref. 17. RW* (0.565 A).1° Using the measured amount of the vacant
The Ru formal valence would be expected to increase as sites(Av =~ 0.09, the change of the Ru formal oxidation state
result of the reduced amount of Ru in the SfR®; com-  between the sample obtained in air or Ar and the most Ru-
pound according to the formula @/-v). An increase of the deficient material can be estimated from the formula14/
Ru formal valence leads to a smaller ionic size of the Ru ion;Av)—4~0.40 by assuming that each vacant site remains
and, therefore, to smaller Ru-O interatomic distances becharge neutral. These large changes of the Ru formal oxida-
cause of the partial removal of thitelectrons from the an- tion state should result in a decrease of the average inter-
tibondingt, orbitals. This bond-length decrease for the B-siteatomic distance oA (Ru-O)~0.022 A. The bond-length de-
cations in perovskites usually causes a decrease of the latticeease is, however, not manifested in the refinement results
parameters and contraction of the unit cell volume. The magin a straightforward way because the refinements yield the
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A N R L coordinated Rt and six coordinated © (=1.984 A (Ref.
] 19). Also, the average refined O-Ru-O bond ang(est

< 1988 shown remain near 90°. The changes are, thus, different
@ [ from the typical properties of transition metal perovskites
s 1.986F ABOg, for which an increased formal oxidation state of the
o [ B-site cations achieved through oxygen loading or cation
5' 1.9841" 1 deficiency(or substitution on the A-site leads to decreased
g r B-O interatomic distances, contraction of the unit cell vol-
0 1.982f ume, and decreased average structural distortion.

Q i The expected shortening of Ru-O bond lengths resulting
T 1.980fF . from the increase in Ru charge state is manifest, at least

] qualitatively, in the refined thermal factdis The refined Ru
= —————— isotropic thermal factor remains essentially constant as Ru

1401 b) ] vacancies are producegdig. 5b)]. This indicates that the
5 (b) | remaining Ru atoms are not displaced from their ideal sites

1.20 ;
as a result of vacancy formation. In contrast, the thermal
< 1.00 factors for both oxygen site@ot shown increase substan-
< tially along the directions of the bonds with the creation of
3 0.80 Ru vacancies, consistent with local displacements of oxygen
= atoms toward occupied Ru sitgsvhich have a higher
?3 D6e = E charge and away from Ru vacancies.
0.40 b : - ] Perhaps the largest variation in structural parameters is
Le R —_— : — 1 the increase in the isotropic thermal factor of Sr with the
0.20 ¢ l ] creation of Ru vacancigg-ig. 5b)]. This indicates a rather
I TP S I P S large static displacement of Sr atoms. A consistent explana-
°'°°:' S B L B B B B tion for this is that Sr atoms relax towards vacant near-
@ 165.5F () 3 neighbor Ru sites. In doing so, favorable Sr-O bond lengths
o o ] can be maintained only if the oxygen-atom sublattice adjusts
@ 165.08 7 E to accommodate these displacements. This adjustment is ob-
?C» sgisk l i []‘ ] se_rved as a small increase in the average Ru-O-Ru angle
< : E‘\‘ i ; ¢ ; ] [Flg_. _5(c)]; ie., the corner-sharing Ry network unfolds,
2 1e40F " il I , E by rigid rotation of Ru@ octahedra, to accommodate the Sr
2 5 | ‘ 1 displacements. This coordinated unfolding leads to a small
2 1835F i #T . 7 positive contribution to the cell volume. Thus, while one
3 . ‘ 3 _mlght na|vely_ expect that the §maller size of Ru ions, result-
I 163.or . " ing from their increased positive charge, would lead to a
o jez sk . . . . . . ] contraction of the unit cell, just the opposite occurs.
40 60 80 100 120 140 160 180 These results clearly show that Ru-site vacancies can be
T (K) created by processing ;tpl_chlometr{c_ SrRw@mples at h|gh
c temperature under oxidizing conditions. The use of high-

pressure oxygen annealing can extend the vacancy concen-
tration by 9%. The creation of these vacancies dramatically
suppresses the ferromagnetic transition temperature—from
163 K for nominally stoichiometric samples to 45 K for a
maximum vacancy concentration achievable under high-
pressure oxygen conditions of 600 atm. Unusual features of
the synthesis and crystal chemistry make the vacancy forma-
average distances from the Ru gitéhether occupied or npt  tion difficult to characterize and have, perhaps, prevented
to the neighboring oxygen atoms. Figur@pgshows this av- these effects from being understood previously. The RuO
erage(Ru-site-O distance(Ru-0), versusT.. BecausgRu  formed when Ru is expelled from SrRyO; is volatile at
vacancy-O distances are included in the average, the variahigh temperature and is lost from the sample during process-
tion is much smaller than would be expected based ofng. Thus, the measured phase fractions of a multiphase
change of Ru oxidation state or, for example, bond valenceample(SrRu_,O3 plus RuQ) cannot be used to prove the
sum calculations. In fact, the nominally constant behavioexistence of Ru-site vacancies or measure their concentra-
simply reflects the fact that the average charge s@it&ku  tion. Additionally, changes in easily measured structural pa-
atoms plus vacancigst the Ru site remains constant, i.e., rameters, such as the cell volume, are opposite to what one
reduced charge screening caused by the Ru-vacancies comight anticipate. The expected decrease in Ru-O bond
pensates the expected decrease of the average interatortéagths resulting from the increased Ru oxidation state is not
distance(Ru-0). As such, the average distance remains verydirectly manifest in the structural data because vacant Ru
close to the sum of the tabulated ionic sizes of the sixsites(with lengthened “Ru-O bondgtontribute to the aver-

FIG. 5. (Color onling Structural parameters at 300 K versus
ferromagnetic transition temperature for S{R; samples:(a)
Ru-O bond lengthgopen symbols and average interatomic dis-
tance(Ru-O) (filled circles); (b) isotropic thermal parameters for Sr
(filled squarey and Ru(filled circles; (c) Ru-O-Ru bond angles
(open circley and their averag€illed circles.
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age(Ru-O) distance. Additionally, as Sr atoms relax towardsbond angle increases with decrea3edthe decrease df¢ is
vacant near-neighbor Ru sites, the average Ru-O-Ru anglet caused by the weakening of the superexchange interac-
increases to maintain favorable local Sr-O bond lengths, givtions arising from a departure of the Ru-O-Ru interaction
ing a positive contribution to the cell volume that offsets theangle from 180°. Consideration of the magnetic double-
negative contribution expected from decreased Ru-O disexchange mechanism dependence on changing interatomic
tances. For these reasons, a direct measurement of the Ru siistance(Ru-O) or bond angle Ru-O-Ru could not explain
occupancy, as is provided by the neutron diffraction meathe decrease of either as the ferromagnetic interactions
surements presented here, is needed to characterize awduld be expected to increase on going from stoichiometric

quantify these defects. SrRuQ; with integer occupancy to charge doped SyRQO-.
The data presented here indicate that some other effects, for
VI. CONCLUSIONS example, enhanced local disorder that is induced by the Ru

defectg(Ref. 14 or possibly, more complex effects related to
It future work, it will be useful to fully explore how the ¢ strongly hybridizedp—d orbitals may cause the rapid
thermodynamic conditions of temperature and oxygen partiaiuppression offc for Ru-deficient SrRy, 05 samples. Un-
pressure control the vacancy concentration. This will e”abk%ierstanding of the sources of different magnetic and elec-
the systematic production of samples with controlled properyrgnic properties of the Ru vacancy-doped SrRd@m the
ties. There are also important questions remaining regardingeroyskites of @ transition metals would require accurate

why the ferromagnetic transition temperature is reduced s@rst principles studies of the electronic structure near the
strongly. A frequently used explanation is that the change irncermj energy.

Ru charge state would depreBs through metallic bandlike
effects where the band-filling and the shape of the Fermi
surface features are more important than the bandwidth.
However, for the reasons previously discussed, it is not pos- Work at NIU was supported by the NSF-DMR-0105398
sible to estimate the Ru charge state from the diffraction datand by the U.S. Department of Education. At ANL work was
because the refinements do not yield the local Ru-O dissupported by the U.S. Department of Energy, Office of Sci-
tances(i.e., the distances to occupied Ru sjtas the de- ence under Contract No. W-31-109-ENG-38. We would like
fected structure. Because the change in ferromagnetic trandb thank Dr. R. E. Cook, Electron Microscopy Center at ANL
tion temperature is so large for a rather small Ru vacancyor valuable assistance. The JEOL 2010F microscope, oper-
concentration, one might consider alternative explanationsaated by the RRC at the University of lllinois at Chicago, is
Clearly, because as shown in Figcpthe average Ru-O-Ru supported by the NSENSF-DMR-960179%
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