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We show that annealing of stoichiometric SrRuO3 perovskites in high-pressure oxygen of 600 atm near
1100 °C produces SrRu1−vO3 compounds with vacancies on the Ru-sites. The creation of Ru vacancies rapidly
suppresses the ferromagnetic ordering temperature,TC, from 163 K to 45 K with an increase ofv<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 RuO6 octahedra as Sr atoms relax toward Ru-vacancies increases the observed
volume.
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I. INTRODUCTION

SrRuO3 is known as a highly correlated, narrow-band me-
tallic ferromagnet with a robust Curie temperatureTC
<160 K.1 Ferromagnetism in SrRuO3 arises from a parallel
alignment of the low-spin electronic configuration of Ru4+ tg

4

electrons. The low-temperature ordered magnetic moment of
SrRuO3 showing a lack of saturation to the fullS=1 moment
s2mB/Ru atomd in dc fields to 30 T when considered to-
gether with the good metallic conductivity is consistent with
itinerant ferromagnetism.2 Greater overlap and hybridization
between the 4d orbitals of Ru and O 2p orbitals are expected
to lead to greater itinerancy and more interplay between
structural degrees of freedom and magnetic and electronic
properties. Recent first principles studies by Mazin and
Singh(Ref. 1) have shown that oxygenp-derived states par-
ticipate substantially in the magnetism and the electronic
structure near the Fermi energy. These authors have also
shown that differences in the magnetic ground states of para-
magnetic CaRuO3 and SrRuO3 are due to complex band
structure effects related to the modulation of the Ru-O hy-
bridization by the increased structural distortion. In addition
to unique ferromagnetism among 4d perovskites, the SrRuO3
compound has been intensively studied for possible applica-
tion as an electrode material in microelectronic circuits.3

More recently, Fanget al.4 have reported the observation of
magnetic monopoles in SrRuO3 in the context of the anoma-
lous Hall effect.

Moderately reduced Curie temperatures have been ob-
served for thin films of SrRuO3 deposited on substrates with
mismatched lattice parameters and explained in terms of
strain effects5 consistent with the observations of a decrease
of TC with applied hydrostatic pressure in bulk samples.6

Reduced Curie temperatures were also observed for some
single crystals that were grown in alumina crucibles but
these suppressedTC’s are most probably caused by uninten-
tional impurity substitutions. Recently, Joyet al.7 suggested

that the Curie temperature of SrRuO3 could depend on the
synthesis temperature in oxygen. They reported the existence
of two different phases, a phase withTC=141 K formed be-
low 1100 °C and the more commonly observed phase with
TC=160 K obtained for synthesis at higher temperatures.
Both phases have orthorhombic crystal symmetry with a
marginal difference of their lattice parameters. The results of
several substitution studies,8–10 have shown that the domi-
nant factor controlling the decrease ofTC is a change of the
formal oxidation state of Ru with the highestTC being ob-
served for Ru4+. For substitutions retaining a formal oxida-
tion state of Ru4+, theTC decreases as a function of decreas-
ing Ru-O-Ru bond angle(Refs. 1 and 2).

The effects of cation and oxygen nonstoichiometry on the
physical and structural properties of transition-metal perovs-
kites were studied most extensively for 3d transition metals.
In this paper, we report synthesis methods that can be used to
create Ru-site vacancies, use neutron powder diffraction to
determine the vacancy concentration, and establish the rela-
tionship between vacancy concentration andTC. Synthesis
methods in air and argon are used for obtaining single-phase
stoichiometric SrRuO3 samples. These samples are then con-
verted to nonstoichiometric SrRu1−vO3 compounds using
high-pressure oxygen annealing. Energy dispersive x-ray
spectroscopy and neutron powder diffraction measurements
on SrRu1−vO3 show that under oxidizing conditions vacan-
cies are created on the Ru crystallographic site, analogous to
what also occurs in the LaMn1−vO3 perovskites.11 Investiga-
tion of the structural, magnetic, and resistive properties
shows that the ferromagnetic transition temperature is de-
creased dramatically by the creation of Ru vacancies.

II. SAMPLE PREPARATION
AND EXPERIMENTAL DETAILS

Polycrystalline samples of stoichiometric SrRuO3 and
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-
thesized from mixtures of SrCO3 and stoichiometric RuO2
(prefired in air at 600 °C). Mixtures of the powders were
pressed into pellets and fired in air and Ars,20 ppm O2d at
various temperatures up to 1150 °C with several intermedi-
ate grindings. Further annealings were performed in flowing
oxygen, air, and Ar at temperatures between 950–1150 °C
and at high-pressure oxygen using 600 atm(a total pressure
of 3000 atm of 20% O2 in Ar) for ,20 h using a large ca-
pacity internally-heated vertical hot isostatic pressure fur-
nace. Using such synthesis and annealing conditions, several
dozens of 1–2 g-size batches of SrRuO3 were obtained, and
examined by x-ray powder diffraction on a Rigaku D/MAX
Diffractometer using CuKa radiation. Selected samples were
studied with thermogravimetric analysis on a Cahn TG171
thermobalance, electron microscopy with Hitachi S-4700
scanning electron microscope for energy dispersive x-ray
spectroscopy(EDXS) and JEOL 2010F transmission electron
microscope for electron energy loss spectroscopy(EELS),
and magnetic and resistive measurements using a Quantum
Design Physical Properties Measurement System-Model
6000. Time-of-flight neutron powder diffraction data were
collected at room temperature on the Special Environment
Powder Diffractometer(SEPD) (Ref. 12) at the Intense
Pulsed Neutron Source(IPNS). High-resolution backscatter-
ing data, from 0.5 to 4 Å, were analyzed using the Rietveld
method with the General Structure Analysis System code
(GSAS).13

For the study of intrinsic Ru-nonstoichiometry of SrRuO3
it was of critical importance to understand how various pro-
cessing methods affect the sample quality and stoichiometry.
It was found that significant problems during synthesis re-
sulted from two properties of RuO2: the hygroscopic proper-
ties of RuO2 powders at ambient conditions(leading to
weighing errors) and conspicuous volatility of RuO2 at el-
evated temperatures. For the preparation of stoichiometric
samples of SrRuO3 and compositions with Ru/Sr ratios of
xÞ1, it was essential to use dry RuO2 powders and carry out
calcination of the starting SrCO3 and RuO2 mixtures for very
short periods of time at temperatures as low as possible, i.e.,
700–800 °C. Using these precautions it was possible during
synthesis in air to preserve the initial sample stoichiometries
and obtain single-phase SrRuO3 samples forx=1 [see, Fig.
1(a)] and two-phase samples with SrRuO3 and Sr2RuO4 for
x=0.88, 0.92, 0.95, and 0.98.

Using extensive x-ray diffraction and TGA measurements
we observed that the incompletely reacted samples contain-
ing RuO2 and a sample with the initial compositionx=1.05
showed weight losses and a change of the ratio of phase
fractions of SrRuO3 and RuO2 due to volatilization of RuO2
at temperatures above 700 °C. Similar measurements per-
formed in air or Ar for samples not containing RuO2 did not
reveal any weight loss due to volatilization to at least
1100 °C. However, the TGA measurements, using slow
heating rates in pure oxygen, for the single-phase SrRuO3
samples showed a small reproducible weight gain in the tem-
perature range 700–1000 °C followed by a small weight de-
crease at 1000–1100 °C. Examination of the x-ray diffrac-
tion patterns indicated that small amounts of the RuO2
impurity phase were produced in samples fired in oxygen at

,1100 °C. The process of RuO2 extraction from stoichio-
metric SrRuO3 compounds in oxygen can be described as
an increase of the mass of the solid-state sample according
to the chemical reaction SrRuO3 ssolidd +vO2

→SrRu1−vO3 ssolidd+v RuO2 ssolidd, wherev is the amount
of Ru vacancies. The RuO2 solid is then volatilized on pro-
longed heating leading to an overall decrease of sample
mass. This process of formation of Ru vacancies in
SrRu1−vO3 was found to be intrinsic for strongly oxidizing
synthesis conditions and could be enhanced by using high-
pressure oxygen annealing.

High-pressure oxygen annealing of the stoichiometric
SrRuO3 compound and the two-phase samples with initial
ratios of Ru/Sr=0.98–0.88 was done using 600 atm oxygen
at 700–1120 °C. Figure 1 shows x-ray diffraction patterns
with intensities of the Bragg peaks shown on a logarithmic
scale to better depict the small amounts of impurity phases
for SrRuO3 sx=1d samples obtained from 700 and 1120 °C.
The sample annealed at 700 °C shows a large amount of
RuO2 impurity phase in addition to the main SrRu1−vO3
phase. The RuO2 impurity phase is not visible for the sample
annealed at 1120 °C. Based on the observation of dissocia-
tion of Ru from SrRuO3 at 700–1000 °C in pure oxygen at
1 atm and at high pressure(as well as from energy dispersive

FIG. 1. (Color online) X-ray diffraction patterns for the samples
with starting composition Ru/Sr=x=1 synthesized in air at
1100 °C (a) and annealed in 600 atm O2 at 700 °C (b) and
1120 °C (c). The diffraction peaks arising from impurity phase
sRuO2d and incompletely filtered CuKb radiation are denoted with
asterisk(p) andb, respectively.
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x-ray analysis and neutron diffraction measurements that are
discussed in following paragraphs) we conclude that both
samples annealed at 600 atm O2 contain large amounts of Ru
vacancies for the main SrRu1−vO3 phase. For the sample
fired at 1120 °C, the RuO2 impurity phase is not visible in
the diffraction patterns presumably because it volatilized dur-
ing the long annealing at high temperature and high pressure.
High-pressure oxygen annealing of the two-phase samples
with x=0.98–0.92 at 1120 °C resulted in the formation of
single-phase SrRu1−vO3. In analogy to thex=1 sample we
infer that these samples also contain large amounts of Ru
vacancies. A two-phase sample with an initial Ru/Sr ratio of
x=0.88, after high-pressure oxygen annealing, shows a ma-
jority of the SrRu1−vO3 phase and a small amount of uniden-
tified impurity phases.

III. SAMPLE CHARACTERIZATION
WITH ELECTRON MICROSCOPY

Sample morphology was studied by SEM(Fig. 2) which
shows a quite small average grain size of 0.5–2mm. Thex
=1 sample annealed in air[Fig. 2(a)] shows a uniform dis-
tribution of similarly shaped irregular grains. An improve-
ment of the crystallinity after the high-pressure oxygen an-
nealing is manifested by an increased number of grains
exhibiting clear faceted faces for thex=0.92 sample[Fig.
2(b) and 2(c)]. The x=0.92 sample synthesized in air[Fig.
2(b)] shows a second phase impurity whose grains are con-
siderably largers2–5 mmd and regular in shape. The same
sample after high-pressure oxygen annealing[Fig. 2(c)] does
not show impurity phases. Thex=0.88 sample obtained from
high-pressure oxygen annealing shows large-size and regu-
larly shaped grains of an impurity phase[Fig. 2(d)]. All SEM
observations performed on single-phase and multiphase
samples are in perfect agreement with the results of x-ray

diffraction measurements. EDXS compositional analysis was
performed on the same samples that were used in SEM stud-
ies. By normalizing the Sr content to unity, the average Ru
content of the small grains was found to be 0.98(3) and
1.02(5), respectively, for thex=1 andx=0.92 samples syn-
thesized in air. The average Ru content of the large-grain,
second phase impurity observed for thex=0.92 sample syn-
thesized in air is close to 0.5, thus, confirming that this phase
is Sr2RuO4. The Ru content of the small grains was found to
be 0.88(4) and 0.85(5) for the high-pressure oxygen annealed
samples ofx=0.92 and 0.88, respectively. The Ru content of
the grains of the second phase present for thex=0.88 sample
after high-pressure oxygen annealing was close to 0.67, in-
dicating that this unidentified phase has a nominal composi-
tion Sr3Ru2Oy. We, thus, conclude that thex=0.88 sample
has starting composition beyond the solubility limit of Ru-
vacancies achievable in 600 atm of O2. The EDXS quantita-
tive analysis indicates that before the high-pressure anneal-
ing, the Ru/Sr ratio is essentially 1.00 for the majority phase
independent of the initial stoichiometryx. The measured Ru
concentrations for various samples studied with EDXS are
displayed in Fig. 4(a) versus the ferromagnetic transition
temperature. After annealing, the Ru concentrations are de-
creasing systematically for samples with larger initial nons-
toichiometry of Ru/Sr. This trend of Ru deficiency also
agrees with EELS results acquired from areas less than 1 nm
in diameter on single crystal grains before and after the
annealing.14

IV. MAGNETIC AND RESISTIVE PROPERTIES

The temperature dependence of the ac susceptibility in
zero-magnetic field is presented in Fig. 3(a) for SrRuO3
samples annealed in Ar at 1100 °C, oxygen at 1100 °C, and
high-pressure oxygen at 1120 °C and for anx=0.92 sample

FIG. 2. Scanning electron mi-
crographs of SrRuxO3 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 mode.(b)
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.
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annealed at high-pressure oxygen at 1120 °C. For the Ar-
annealed sample we observe a sharp increase in the ac sus-
ceptibility on decreasing temperature at 163 K followed by a
slower decrease at lower temperatures. This behavior, in
agreement with dc magnetization data(not shown), indicates
a uniform ferromagnetic transition that is characteristic of a
high quality homogeneous SrRuO3 sample. For the sample
obtained from annealing in oxygen, two transitions are seen
at 163 K and,140 K. This result is similar to observations
by Joy et al. (Ref. 7) for samples synthesized in oxygen at
temperatures lower than 1100 °C. For the high-pressure-
oxygen annealed SrRuO3 sample, the initial increase in ac
susceptibility is not as sharp as for the Ar annealed sample
and reaches a maximum at a significantly lower temperature

of ,87 K. Finally, the x=0.92 sample annealed at high-
pressure oxygen shows the broadest transition at 67 K. The
lowest TC=45 K was observed for thex=0.88 sample that
contained small amounts of impurity phases. In general, we
have observed that transitions are broader for high-pressure
oxygen annealed samples indicating a wider distribution of
TC’s. These broader transitions can be interpreted in terms of
a slightly inhomogeneous distribution of Ru-vacancies
across the grains of material. Such an inhomogeneous distri-
bution of Ru vacancies may also explain the twoTC transi-
tions observed for the oxygen annealedx=1 sample. We de-
fine the Curie temperature,TC, as the temperature of the
maximum in the zero-magnetic field ac susceptibility curve.

The temperature dependence of the resistivity in several
dc fields is presented in Figs. 3(b)–3(e) for the same set of
samples as shown in Fig. 3(a). All samples show metallic
behavior near room temperature and the inset to Fig. 3(b)
confirms metallic resistivity up to 1373 Ks1100 °Cd for a
sample synthesized in Ar. However, with decreasing tem-
perature, progressively more insulating behavior is seen for
samples with decreasingTC. All samples, with the exception
of the samples with the lowestTC (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 forTC similar to those obtained
from magnetic measurements. All samples show resistivities
considerably higher than the resistivities of single crystal
samples.15 The best residual resistivity ratio
Rs300 Kd /Rs4 Kd is observed for the sample made in Ar.
However, even for that sample the increased value of resis-
tivity clearly indicates a considerable contribution of grain
boundary resistance to the measured values. In addition, we
can observe a small negative magnetoresistance present for
all samples nearTC and extending to lower temperatures.
The magnetoresistance behavior over an extended tempera-
ture range indicates a magnetic field dependent scattering at
the grain boundaries and a high spin polarization of the elec-
tron density at the Fermi energy.16

V. NEUTRON POWDER DIFFRACTION

Neutron powder diffraction was used to identify the de-
fects responsible for the decrease inTC upon annealing in
high-pressure oxygen. TGA and EDXS measurements sug-
gested that formation of Ru vacancies was the explanation.
Using neutron powder diffraction, it was possible to confirm
the existence of these vacancies and establish the relationship
betweenTC and vacancy concentration in SrRu1−vO3. Neu-
tron diffraction measurements were done on samples that
showed the best-defined Curie temperatures. All samples
studied by neutron diffraction were single phase with the
exception of thex=0.88 sample that showed small unidenti-
fied impurity peaks. One would expect that extraction of the
Ru atoms from their crystallographic sites to form Ru vacan-
cies would lead to the formation of a Ru-containing second-
ary phase. However, no such phase was observed in the high-
resolution neutron diffraction data indicating that either the
RuO2 impurity phase is not present due to volatilization dur-
ing annealing(as suggested by the TGA measurements) or

FIG. 3. (Color online) Temperature dependencies of the mag-
netic ac susceptibility(a) and dc resistivity for samples with starting
Ru/Sr ratiossxd that were obtained using the following conditions:
sx=1d argon at 1100 °C(b), sx=1d oxygen at 1100 °C(c), sx=1d
600 atm O2 at 1120 °C(d), andsx=0.92d 600 atm O2 at 1100 °C
(e). Inset to(b) shows resistivity over a wide temperature range for
the x=1 sample annealed in argon at 1100 °C.
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that its grain size is smaller than the coherence length
s,100 Åd required for diffraction peaks to be visible. Be-
cause electron microscopy did not reveal additional small-
size grains of impurity phases for the high-pressure annealed
samples we conclude that the RuO2 impurity 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, the
room-temperature crystal structures for all samples were re-
fined in the orthorhombic space groupPbnmconsistent with
previous reports.17 This refinement model immediately led to
the conclusion that vacancies were formed on the Ru site and
the Sr and O sites were fully occupied within the accuracy of
the refinements.

The refined Ru and oxygen site occupancies(with the
Sr-site occupancy held fixed at unity) are shown in Figs. 4(a)
and 4(b) versusTC. The data clearly reveal a nominally lin-
ear relationship between Ru vacancy concentration andTC
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
0.87s1d sv<0.13d. The refined site occupancy for nominally
stoichiometric sample withx=1 andTC=163 K synthesized
in air is <0.96s1d sv<0.04d. This magnitude of Ru-
vacancies is larger than the estimated error bar and may in-
dicate the existence of intrinsic Ru-vacancies present for op-
timally synthesized material. However, considering EDXS
and nuclear magnetic resonance measurements18 indicating
stoichiometric and highly ordered samples for this composi-
tion obtained in air and Ar as well the TGA measurements
described previously, it is likely that this Ru-deficiency is a
result of a systematic error in modeling the crystal structure
by Rietveld method. The Ru concentrations determined from
EDXS measurements are shown for comparison in Fig. 4(a)
and, when taken together with the neutron diffraction results,
demonstrateDv clear decrease ofTC from 163 to 45 K with
an increase of the amount of Ru-vacancies of<0.09.

One might expect some substantial variations of structural
parameters as a function of Ru vacancy concentration. How-
ever, the observed structural changes are rather subtle. The
refined lattice parameters at room temperature as a function
of TC display a small, but systematic, dependence on the
ferromagnetic transition temperature with larger lattice pa-
rameters for lowerTC. Thus, the unit cell volume[Fig. 4(c)]
is inversely proportional toTC. Lattice parameters ofa
=5.572, b=5.533, andc/Î2=5.550 Å for samples synthe-
sized in air and Ar are virtually identical to those reported
previously by Joneset al. (Ref. 17).

The Ru formal valence would be expected to increase as a
result of the reduced amount of Ru in the SrRu1−vO3 com-
pound according to the formula 4/s1−vd. An increase of the
Ru formal valence leads to a smaller ionic size of the Ru ion,
and, therefore, to smaller Ru-O interatomic distances be-
cause of the partial removal of thed-electrons from the an-
tibondingtg orbitals. This bond-length decrease for the B-site
cations in perovskites usually causes a decrease of the lattice
parameters and contraction of the unit cell volume. The mag-

nitude of the expected decrease of average interatomic dis-
tancekRu-Ol introduced by the change in the formal valence
of Ru can be estimated by considering a difference of the Ru
ionic sizes between compounds with Ru4+ s0.62 Åd and
Ru5+ s0.565 Åd.19 Using the measured amount of the vacant
sitessDv<0.09d, the change of the Ru formal oxidation state
between the sample obtained in air or Ar and the most Ru-
deficient material can be estimated from the formula, 4/s1
−Dvd−4<0.40 by assuming that each vacant site remains
charge neutral. These large changes of the Ru formal oxida-
tion state should result in a decrease of the average inter-
atomic distance ofD kRu-Ol<0.022 Å. The bond-length de-
crease is, however, not manifested in the refinement results
in a straightforward way because the refinements yield the

FIG. 4. (Color online) Structural parameters at 300 K versus
ferromagnetic transition temperature for SrRu1−vO3 samples: Site
occupancies for(a) Ru from neutron diffraction(open circles) and
EDXS (open squares) and (b) apical oxygen(filled squares) and
equatorial oxygen(filled circles); (c) unit cell volume.
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average distances from the Ru site(whether occupied or not)
to the neighboring oxygen atoms. Figure 5(a) shows this av-
erage(Ru-site)-O distance,kRu-Ol, versusTC. Because(Ru
vacancy)-O distances are included in the average, the varia-
tion is much smaller than would be expected based on
change of Ru oxidation state or, for example, bond valence
sum calculations. In fact, the nominally constant behavior
simply reflects the fact that the average charge state(of Ru
atoms plus vacancies) at the Ru site remains constant, i.e.,
reduced charge screening caused by the Ru-vacancies com-
pensates the expected decrease of the average interatomic
distancekRu-Ol. As such, the average distance remains very
close to the sum of the tabulated ionic sizes of the six-

coordinated Ru4+ and six coordinated O2− s<1.984 Åd (Ref.
19). Also, the average refined O-Ru-O bond angles(not
shown) remain near 90°. The changes are, thus, different
from the typical properties of transition metal perovskites
ABO3, for which an increased formal oxidation state of the
B-site cations achieved through oxygen loading or cation
deficiency(or substitution) on the A-site leads to decreased
B-O interatomic distances, contraction of the unit cell vol-
ume, and decreased average structural distortion.

The expected shortening of Ru-O bond lengths resulting
from the increase in Ru charge state is manifest, at least
qualitatively, in the refined thermal factorsU. The refined Ru
isotropic thermal factor remains essentially constant as Ru
vacancies are produced[Fig. 5(b)]. This indicates that the
remaining Ru atoms are not displaced from their ideal sites
as a result of vacancy formation. In contrast, the thermal
factors for both oxygen sites(not shown) increase substan-
tially along the directions of the bonds with the creation of
Ru vacancies, consistent with local displacements of oxygen
atoms toward occupied Ru sites(which have a higher
charge) and away from Ru vacancies.

Perhaps the largest variation in structural parameters is
the increase in the isotropic thermal factor of Sr with the
creation of Ru vacancies[Fig. 5(b)]. This indicates a rather
large static displacement of Sr atoms. A consistent explana-
tion for this is that Sr atoms relax towards vacant near-
neighbor Ru sites. In doing so, favorable Sr-O bond lengths
can be maintained only if the oxygen-atom sublattice adjusts
to accommodate these displacements. This adjustment is ob-
served as a small increase in the average Ru-O-Ru angle
[Fig. 5(c)]; i.e., the corner-sharing RuO6/2 network unfolds,
by rigid rotation of RuO6 octahedra, to accommodate the Sr
displacements. This coordinated unfolding leads to a small
positive contribution to the cell volume. Thus, while one
might naively expect that the smaller size of Ru ions, result-
ing from their increased positive charge, would lead to a
contraction of the unit cell, just the opposite occurs.

These results clearly show that Ru-site vacancies can be
created by processing stoichiometric SrRuO3 samples at high
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-
tion difficult to characterize and have, perhaps, prevented
these effects from being understood previously. The RuO2
formed when Ru is expelled from SrRu1−vO3 is volatile at
high temperature and is lost from the sample during process-
ing. Thus, the measured phase fractions of a multiphase
sample(SrRu1−vO3 plus RuO2) cannot be used to prove the
existence of Ru-site vacancies or measure their concentra-
tion. Additionally, changes in easily measured structural pa-
rameters, such as the cell volume, are opposite to what one
might anticipate. The expected decrease in Ru-O bond
lengths resulting from the increased Ru oxidation state is not
directly manifest in the structural data because vacant Ru
sites(with lengthened “Ru-O bonds”) contribute to the aver-

FIG. 5. (Color online) Structural parameters at 300 K versus
ferromagnetic transition temperature for SrRu1−vO3 samples:(a)
Ru-O bond lengths(open symbols) and average interatomic dis-
tancekRu-Ol (filled circles); (b) isotropic thermal parameters for Sr
(filled squares) and Ru (filled circles); (c) Ru-O-Ru bond angles
(open circles) and their average(filled circles).
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agekRu-Ol distance. Additionally, as Sr atoms relax towards
vacant near-neighbor Ru sites, the average Ru-O-Ru angle
increases to maintain favorable local Sr-O bond lengths, giv-
ing a positive contribution to the cell volume that offsets the
negative contribution expected from decreased Ru-O dis-
tances. For these reasons, a direct measurement of the Ru site
occupancy, as is provided by the neutron diffraction mea-
surements presented here, is needed to characterize and
quantify these defects.

VI. CONCLUSIONS

It future work, it will be useful to fully explore how the
thermodynamic conditions of temperature and oxygen partial
pressure control the vacancy concentration. This will enable
the systematic production of samples with controlled proper-
ties. There are also important questions remaining regarding
why the ferromagnetic transition temperature is reduced so
strongly. A frequently used explanation is that the change in
Ru charge state would depressTC through metallic bandlike
effects where the band-filling and the shape of the Fermi
surface features are more important than the bandwidth.1

However, for the reasons previously discussed, it is not pos-
sible to estimate the Ru charge state from the diffraction data
because the refinements do not yield the local Ru-O dis-
tances(i.e., the distances to occupied Ru sites) in the de-
fected structure. Because the change in ferromagnetic transi-
tion temperature is so large for a rather small Ru vacancy
concentration, one might consider alternative explanations.
Clearly, because as shown in Fig. 5(c) the average Ru-O-Ru

bond angle increases with decreasedTC; the decrease ofTC is
not caused by the weakening of the superexchange interac-
tions arising from a departure of the Ru-O-Ru interaction
angle from 180°. Consideration of the magnetic double-
exchange mechanism dependence on changing interatomic
distancekRu-Ol or bond angle Ru-O-Ru could not explain
the decrease ofTC either as the ferromagnetic interactions
would be expected to increase on going from stoichiometric
SrRuO3 with integer occupancy to charge doped SrRu1−vO3.
The data presented here indicate that some other effects, for
example, enhanced local disorder that is induced by the Ru
defects(Ref. 14) or possibly, more complex effects related to
the strongly hybridizedp−d orbitals may cause the rapid
suppression ofTC for Ru-deficient SrRu1−vO3 samples. Un-
derstanding of the sources of different magnetic and elec-
tronic properties of the Ru vacancy-doped SrRuO3 from the
perovskites of 3d transition metals would require accurate
first principles studies of the electronic structure near the
Fermi energy.
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