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Structural, magnetic, and resistive properties of the chromium substituted SrRu1−xCrxO3 perovskites with
increased ferromagnetic transition temperature from 163 to 188 K were studied for polycrystalline samples
synthesized in air and at high pressure. The Cr solubility limit found at x=0.15 in air is controlled by
geometrical constraints of the tolerance factor and can be extended to higher values through high-pressure
synthesis at 3 GPa. A linear decrease of the lattice parameters and bond lengths and an increase of the bond
angles with x are consistent with the substitution of smaller Cr4+/3+ for Ru4+/5+. Similar decreases of the
magnetic susceptibility �m in the paramagnetic region above Tc and the high-field magnetization at 5 K with
increasing x also indicate the presence of the Cr4+/3+ and Ru4+/5+ ions. This chemical substitution creates a
possible Ru4+/5+�d4/3�-O2−-Cr4+/3+�d2/3� minority band double-exchange interaction which involves the Cr3+

and Cr4+ in magnetic ordering that enhances the ordering temperature. A reduced coercive field determined
from the magnetization curves and a minimum of the resistivity point to decreased disorder for slightly
substituted compositions x�0.025.
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I. INTRODUCTION

Ferromagnetic 4d perovskite SrRuO3 has recently at-
tracted increased attention due to its rich electronic and mag-
netic properties arising from ferromagnetic alignment of the
low-spin tg

4 electrons of Ru4+ �Refs. 1 and 2� and possible
technological application as an electrode material in micro-
electronic circuits.3 Stoichiometric SrRuO3 orders ferromag-
netically below Tc=163 K and at 300 kOe has an ordered
moment of 1.6 �B/Ru, far short of the expected full S=1
moment �2 �B/Ru atom�.4 Reduced moment and the metal-
lic conductivity are consistent with itinerant
ferromagnetism.2,5 Recently, we have shown that annealing
of SrRuO3 in high-pressure oxygen produces SrRu1−vO3
compounds with randomly distributed vacancies on the Ru
site.6 The creation of Ru vacancies rapidly suppresses the Tc
to 45 K with an increase of v to 0.09 and decreases the
ordered moment to �0.8 �B/Ru.6,7 Reduced Curie tempera-
tures have been also observed for thin films deposited on
substrates with mismatched lattice parameters,8 single crys-
tals that were grown in alumina crucibles,4 and chemically
substituted SrRuO3 compounds.9,10 Substitution of isovalent
Ca for Sr suppresses ferromagnetism while maintaining the
metallic conductivity. This was explained by an increased
orthorhombic distortion and a larger deviation of the Ru-
O-Ru bond angle from 180°.2,4,11 A small concentration of
Na reduces Tc rapidly and induces an insulating state12 simi-
lar to Zn2+, Ni2+, Co2+, and Mn3+ substitutions into the Ru
site.13 These suppressed Tc’s are thought to be due to the
change in Ru formal oxidation state and destructive interac-
tion between the electronic orbitals of the substituted cations
with the Ru t2g band, which results in a narrowed
bandwidth.13

The lone exception found to increase Tc is the substitution
of Cr on the Ru site. Tc reaches a value of 188 K when 10%
Cr is substituted onto the Ru site.13 A broadened Ru t2g band-
width is the suspected origin of this effect.13 We have re-
cently initiated study of this unique SrRu1−xCrxO3 system
and performed local studies of Ru and Cr valence state using
nuclear magnetic resonance spectroscopy �NMR� and mag-
netization measurements for two Cr-substituted samples with
x=0.05 and 0.12.14 These studies show a valence state of
Cr3+ and an average valence of Ru�4+��+, which indicate that
the spin-down electron in the Ru 4d band is less localized.
This creates the possibility of a Ru4+/5+�d4/3�-
O2−-Cr4+/3+�d2/3� minority band double-exchange interaction
which involves the Cr3+ and Cr4+ in the magnetic ordering
and enhances the ordering temperature. In the present paper
we describe in detail the synthesis and structural, magnetic,
and resistive properties of homogenous SrRu1−xCrxO3
�x=0–0.2� samples stabilized in the perovskite phase by the
random substitution of Cr for Ru. Dependence of structural
parameters of bond lengths and the properties of magnetic
susceptibility �m in the paramagnetic region show presence
of Cr4+ ion in magnetic interactions, thus providing addi-
tional evidence for the double-exchange enhancement of Tc.

II. SYNTHESIS AND EXPERIMENTAL PROCEDURES

Polycrystalline samples of stoichiometric SrRuO3 and Cr-
substituted SrRu1−xCrxO3 compounds with x=0.01, 0.025,
0.05, 0.075, 0.10, 0.125, 0.15, and 0.20 were synthesized
from mixtures of SrCO3, RuO2 �prefired in air at 600 °C�,
and Cr2O3. Calcination of the starting mixtures was done for
short periods of time at 800 °C to avoid the conspicuous
volatility of RuO2 at elevated temperatures. The intimately
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mixed powders were then pressed into pellets and fired in air
at increasing temperatures with several intermediate grind-
ings up to the final sintering temperature of 1100 and
1340 °C for x=0 and x�0 samples, respectively. The 2 g
samples were obtained and examined by x-ray diffraction at
room temperature on a Rigaku D/MAX Diffractometer using
CuK� radiation. Within the sensitivity limit ��3% �, the air
synthesized samples with x�0.15 are single phase with the
GdFeO3-like orthorhombic structure. Samples with x�0.15
showed small amounts of impurity phases that could not be
removed by changing the synthesis temperature or oxygen
pressure at normal conditions. We have found, however, that
preparation of materials with Cr substitution levels greater
than 0.15 can be accomplished through high-temperature
high-pressure synthetic methods. The high-pressure high-
temperature reaction was carried out on a prefired mixture
with a stoichiometry equivalent to SrRu0.8Cr0.2O3. High pres-
sure �3 GPa� was applied using a cubic single-stage multian-
vil apparatus. The sample was pressed into small pellets
�diameter=0.1811 in. �, placed in a small alumina capsule,
pressurized to 3 GPa, and heated to 1450 °C for 2 h before
quenching. Complete details for the cubic anvil high-
pressure apparatus, pressure cell assembly, temperature and
pressure calibrations will be described in a future publica-
tion. Figure 1 shows exemplary x-ray diffraction patterns for
the x=0.2 sample prepared under normal and high-
temperature high-pressure conditions. The data are plotted on
a logarithmic scale to better depict the small amounts of
impurity phases observed for the sample prepared under nor-
mal conditions.

ac susceptibility and static �dc� magnetization were car-
ried out on a Magnetic Property Measurement System

�MPMS, Quantum Design�. The resistive properties of the
samples were determined from standard 4-point measure-
ments performed on rectangular bars cut from pressed pellets
using a Physical Property Measurement System 6000
�PPMS, Quantum Design� for 5 K�T�400 K.

Time-of-flight neutron powder diffraction data for the
single-phase Sr�Ru1−xCrx�O3 samples were collected at room
temperature on the Special Environment Powder
Diffractometer15 �SEPD� at the Intense Pulsed Neutron
Source �IPNS� at Argonne National Laboratory. High-
resolution backscattering data �detector bank 1, 2�
=144.85°� were analyzed using the Rietveld method with the
GSAS �EXPGUI� suite.16,17

III. RESULTS AND DISCUSSION

A. Magnetic and resistive properties

Temperature dependencies of the ac susceptibility near the
ferromagnetic transition are presented in the inset to Fig. 2
for single-phase samples of SrRu1−xCrxO3 obtained from
synthesis in air. All samples exhibit very sharp transitions
that could be achieved only after several firings at high
temperatures.4 The Curie temperatures, Tc, determined from
maximums of the peaks in ac susceptibility curves, initially
show a rapid increase with increasing Cr substitution saturat-
ing around x=0.15. The Tc of SrRu0.8Cr0.2O3 that was syn-
thesized at ambient pressure is the same as that observed for
the x=0.15 sample, clearly in agreement with the x-ray dif-
fraction and the phase rule that suggests the solubility limit
of chromium substitution is around x=0.15. Temperature de-
pendence of the ac susceptibility for the high pressure
SrRu0.8Cr0.2O3 sample shows a clear decrease in Tc by 13 K.
Thus, substitution of a larger amount of Cr for Ru, achieved
only by high-pressure synthesis when x	0.15, rapidly sup-
presses Tc.

The magnetic susceptibility, �m, in the temperature range
220–400 K �in the paramagnetic region above Tc, plotted in
Fig. 2 for x=0.1� was used to determine the effective para-
magnetic moment �eff, by fitting the Curie-Weiss formula

FIG. 1. �Color online� X-ray diffraction patterns for the
SrRu0.8Cr0.2O3 sample prepared in air at 1340 °C �a� and in 3 GPa
at 1450 °C �b�. Diffraction peaks corresponding to impurity phase
are denoted with asterisks. The small reflections at 28.7, 41.7, 51.6,
and 60.2 are diffraction peaks corresponding to the CuK
 radiation
of the highest intensity Bragg peaks.

FIG. 2. �Color online� Temperature dependence of the magnetic
susceptibility for SrRu0.9Cr0.1O3 in the paramagnetic region. The
solid line is a fit of a Curie Weiss formula to the data. The inset
shows ac susceptibility data near the ferromagnetic transition tem-
perature for single-phase samples of SrRu1−xCrxO3 obtained from
synthesis in air.
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�m=�0+ �1/8��eff
2 / �T−��. In this formula �0 is a constant

susceptibility and � is the paramagnetic Curie temperature.
Temperature dependence of the dc magnetization shown in
Fig. 3 clearly exhibits a behavior characteristic of high qual-
ity ferromagnetic materials with a steep increase below Tc.
Magnetization hysteresis curves, shown in the inset to Fig. 3
for SrRu0.9Cr0.1O3, does not saturate in magnetic fields up to
70 kOe, similar to pure SrRuO3. The characteristic param-
eters determined from the magnetization curves, namely the
high-field magnetization M �5 K�, coercivity field Hcoer, and
remnant magnetization Mrem, as well as Tc’s and �eff deter-
mined from the ac susceptibility are listed in Table I for all
single-phase samples.

With increasing Cr substitution the high-field magnetiza-
tion M �5 K� gradually decreases indicating effective antifer-
romagnetic coupling of the Ru and Cr ions �Table I�. This
coupling could involve a double-exchange interaction that
enhances Tc between the minority Ru t2g band and the Cr t2g
band. From the low-temperature magnetization measure-
ments alone it is not possible to provide definitive evidence
for the presence of the Cr4+ ion in these interactions since
various Ru and Cr valence and electronic configurations es-
timate the same reduction of magnetization M�5 K�
= �2−4x��B for both Sr�Ru4+�↑↑↑↓�

1−xCr4+�↓↓�
x�O3 and

Sr�Ru5+�↑↑↑�
xRu4+�↑↑↑↓�

1−2xCr3+�↓↓↓�
x�O3 configurations. How-

ever, these two different combinations of oxidation states of
Ru4+/5+ and Cr4+/3+ should give different values of the effec-

tive paramagnetic moment �eff=g�S�S+1� where g=2 is the
Landé factor and S is the effective spin. Assuming the spin
state of each cation of S�Ru4+�=1, S�Ru5+�=3/2, S�Cr4+�
=1 and S�Cr3+�=3/2, the expected �eff for
Sr�Ru4+

1−xCr4+
x�O3 is independent of x and equal to 2.83.

For the charge balance state Sr�Ru5+
xRu4+

1−2xCr3+
x�O3, the

�eff should increase with x according to the formula �eff
2

=g2��1−2x�1�1+1�+ �x+x�3/2�3/2+1��. The measured val-
ues of �eff shown in Fig. 4�a� demonstrate a slight decrease
with increasing x. This behavior is closer to the expected
charge balance of the Sr�Ru4+

1−xCr4+
x�O3 configuration; i.e.,

FIG. 3. �Color online� Temperature dependence of the magneti-
zation for single-phase samples of SrRu1−xCrxO3 obtained from
synthesis in air. The inset shows the magnetization hysteresis curve
measured at 5 K for SrRu0.9Cr0.1O3.

TABLE I. Magnetic and transport parameters for SrRu1−xCrxO3.

x 0 0.01 0.025 0.05 0.075 0.10 0.125 0.15 0.20

Tc �K� 163 167 170 177 181 185 187 188 177

M�70 kOe,5 K� ��B/ f .u . � 1.44 1.46 1.35 1.32 1.25 1.21 1.16 1.21 0.92

Hcoer�5 K� �kOe� 2.16 1.47 1.37 1.49 1.68 1.89 2.00 3.10 2.43

�eff ��B� 2.73 2.78 2.60 2.50 2.42 2.34 2.31 2.27 2.06

Mrem ��B/ f .u . � 0.78 0.74 0.70 0.68 0.65 0.65 0.62 0.59 0.43

��300 K� �m cm� 1.50 1.09 1.19 1.45 2.23 3.20 2.17 7.73

FIG. 4. �Color online� Compositional dependence of the effec-
tive paramagnetic moment �eff �broken lines depict expected de-
pendence of the Ru and Cr charge states for Sr�Ru4+

1−xCr4+
x�O3

and Sr�Ru5+
xRu4+

1−2xCr3+
x�O3� �a� and ferromagnetic transition

temperatures for single-phase samples synthesized in air �open
circles� and 3 GPa �open squares� and multiphase samples synthe-
sized in air �filled circles� �b�.

INCREASE OF FERROMAGNETIC ORDERING … PHYSICAL REVIEW B 72, 054428 �2005�

054428-3



it indicates presence of the Cr4+ ion that could participate in
double exchange interactions. It should be pointed out that
assigning integer valences for Ru and Cr in an itinerant sys-
tem is not strictly valid and is used here only as a useful
approximation.

The coercive fields listed in Table I initially decrease,
achieve a minimum at x=0.025, and increase for larger x.
This behavior indicates decreased pinning of magnetic do-
main walls for slightly Cr substituted materials. It is intrigu-
ing to hypothesize that decreased pinning may arise from
decreased disorder resulting from removal of a small amount
of possible Ru vacancies in SrRuO3.6 This would indicate
that a simple method of chemical substitution could prevent
formation of Ru vacancies and simultaneously enhance elec-
tronic and magnetic properties of SrRuO3.

The normalized resistivity of ceramic SrRu1−xCrxO3
samples collected from 5 to 400 K is presented in Fig. 5. The
resistivity is shown on a logarithmic scale to emphasize a
gradual change from metallic to semiconducting behavior as
a function of increasing Cr content x. Metallic behavior is
observed above and below Tc for lightly Cr substituted
samples x�0.05. A further increase of the Cr content
changes the character of the resistivity to semiconducting/
insulating. All samples show a clear decrease of resistivity
below the ferromagnetic transition temperature due to de-
creased magnetic scattering. This supports a model of the
double exchange interactions and proves that Cr is actively
involved in the magnetic interactions. The resistive transi-
tions give values for Tc similar to those obtained from the
magnetic measurements as shown in Fig. 4�b�. In addition, a
small negative magnetoresistance is present for all samples
near Tc. The absolute magnitudes of resistivity at 300 K are
listed in Table I. The lowest resistivity values at room tem-
perature that are observed for the x=0.01 and 0.025 samples
may indicate a broadened Ru t2g bandwidth and less defect
scattering in agreement with the NMR �Ref. 14� and coerciv-

ity field measurements. However, the scatter of measured
resistivities indicates a considerable contribution of the grain
boundary resistance of polycrystalline samples, thus, pre-
venting unqualified conclusions.

B. Structural properties

Neutron powder diffraction data for all studied composi-
tions SrRu1−xCrxO3, x=0–0.20 have been successfully re-
fined in the orthorhombic Pbnm space group with agreement
factors Rp, Rwp, and �2 of 3–4 %, 5–9 %, and 1.3–1.6, re-
spectively. A plot of the best-fit Rietveld refinement of the
time-of-flight neutron powder diffraction data at room tem-
perature is illustrated in Fig. 6 for the x=0.10 sample. The
x=0–0.125 samples are single phase and the x=0.15 com-
position located at the boundary of solubility limit shows
traces of an unidentified impurity phase �lower tick marks in
Fig. 6 indicate vanadium of the sample container�. Structural
results are summarized in Table II.

The evolution of the lattice parameters and unit cell vol-
ume with composition is presented in Figs. 7�a� and 7�b�.
The ionic radius of Cr3+ �0.615 Å� is very close to that of
Ru4+ �0.62 Å�.18 Substitution for ruthenium might cause for-
mation of smaller Ru5+ �0.565 Å� according to the charge
balance Sr�Ru5+

xRu4+
1−2xCr3+

x�O3 �Ref. 14� or formation of
smaller Cr4+ �0.55 Å� according to the charge balance
Sr�Ru4+

1−xCr4+
x�O3. The average ionic radius of the B site

would decrease in both cases causing a decrease of the cell
parameters and cell volume. Thus, decrease of the average

FIG. 5. �Color online� Normalized resistivity on a logarithmic
scale for ceramic SrRu1−xCrxO3 samples. The measurements were
taken in a zero magnetic field �solid lines� and in a magnetic field of
70 kOe �dashed lines�. The data are shifted along the y axis for
clarity.

FIG. 6. Best-fit Rietveld refinement of TOF neutron powder
diffraction data at RT for SrRu0.9Cr0.1O3. Plus symbols are observed
data from Bank 1 �2�=144.85° �, and continuous lines are the cal-
culated profile and the difference curve. Upper and lower tick marks
indicate the perovskite phase and vanadium of the sample can, re-
spectively. The inset shows reflections allowed in Pbnm and forbid-
den in Imma for x=0.10 �upper curve� and x=0.20 �lower curve�.
For structural details, see Table II.
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ionic radius of the B site reduces the structural distortion of
the perovskite cell when the size of A site ion is fixed. This is
observed as an increase of the individual bond angles
Ru�Cr�–O-Ru�Cr� and the average bond angle �Ru�Cr�−
O-Ru�Cr�	, and the structure evolves toward the undistorted
cubic aristotype �Fig. 7�c��. One may wonder if observed
increase of Tc with Cr substitution is related to a smaller
deviation of the �Ru�Cr�−O-Ru�Cr�	 bond angle from
180°.2,4,11 That this cannot be the case is evident from the
fact that under pressure Tc is found to decrease5 and from
observation of a nonmonotonic change of Tc with increase of
the �Ru�Cr�−O-Ru�Cr�	 bond angle �Fig. 7�c� and Fig. 4�.

To establish the formal valence of the Ru and Cr ions for
substituted samples we have measured the average Ru�Cr�–O
bond lengths �Fig. 7�d��. Using Shannon data18 for ionic
sizes of the six-coordinated Ru4+, Ru5+, Cr3+, and Cr4+, and
by taking the oxygen ionic size of 1.365 Å to match the
measured average �Ru�Cr�−O	 bond length in SrRuO3 with
the calculated sum of the ionic sizes of R�Ru4+�+R�O2−�
from Shannon tables, we have obtained the two lines shown
on Fig. 7�d�. The average measured �Ru�Cr�−O	 bond
lengths are shorter than predicted by formation of either Ru5+

and Cr3+ or Ru4+ and Cr4+, but are closer to the Ru4+ and
Cr4+ line. This is consistent with the charge balance of the
Sr�Ru4+

1−xCr4+
x�O3 configuration in agreement with results

of measurements of the effective paramagnetic moment. This
again indicates the presence of Cr4+ ions and supports a
model of double exchange interactions between the minority
Ru t2g band and the Cr t2g band.

Numerous structural studies of perovskites supported by
group-theoretical analysis19 have shown that the temperature
or composition induced transformation of the orthorhombic
Pbnm structure to the cubic undistorted Pm3m structure in-

volves intermediate pseudotetragonal Imma and tetragonal
I4/mcm structures. In our study, however, we did not reach
the region of the Imma phase. The inset of Fig. 6 illustrates
the presence of the reflections forbidden in Imma by its
higher symmetry for the sample with the highest studied sub-
stitution, x=0.20, and the refinement of diffraction data for
this sample using Imma model resulted in significantly worse
agreement factors Rp, Rwp, and �2 equal 5.01%, 7.46%, and
2.73 vs 3.33%, 5.16%, and 1.31 for Pbnm, respectively.

On the other hand, using the approach of calculating the
tolerance factor t�x� as a function of composition from the
average interatomic distances �Sr−O	 and �Ru1−xCrx−O	 of
the perovskite A- and B-site cations, respectively,20 we can
predict the lower limit of the stability range of
Sr�Ru1−xCrx�O3 in a cubic perovskite structure. The tolerance
factor t�x�= �A−O� / �2�B−O� increases linearly with Cr
content, x, reflecting the linear decrease of the average ionic
radius of the B-site cation �Fig. 7�e��. From extrapolation of
the tolerance factor to unity we expect the unit cell metrics to
become cubic at room temperature when xcubic�0.51. Since
the tolerance factor is an increasing function of
temperature,20 we expect to approach the cubic phase �t=1�
for lower substitution levels at elevated temperatures. In-
deed, the observed solubility limit at x�0.15 is a result of
exceeding the condition of stability of the perovskite phase,
t�1, at the synthesis temperature of �1300 °C. By using
reduced oxygen pressure synthetic schemes we have been
able to extend the composition range over which the perov-
skite phase can be formed for several mixed-valent transition
metals that can accommodate variable coordination to
oxygen.21–24 However, this method of extending the solubil-
ity limit has not been successful for substitution of Cr for Ru
due to their fixed coordination number with oxygen. Thus,

TABLE II. Refined structural parameters for perovskite phases SrRu1−xCrxO3 at room temperature. Space group Pbnm �No. 62�, with Sr
at 4c�x ,y ,1 /4�, Ru/Cr at 4a�0,0 ,0�, O1 at 8d�x ,y ,z�, and O2 at 4c�x ,y ,1 /4�. Numbers in parentheses are statistical standard deviations of
the last significant digit.

x 0 �Ref. 6� 0.01 0.025 0.05 0.075 0.10 0.125 0.15 0.20

a �Å� 5.57119�10� 5.56987�11� 5.56815�9� 5.56613�8� 5.56427�10� 5.56081�9� 5.55737�19� 5.55481�12� 5.54762�12�
b �Å� 5.53390�9� 5.53385�9� 5.53191�7� 5.53030�7� 5.52854�9� 5.52574�8� 5.52242�16� 5.52063�10� 5.51463�10�
c �Å� 7.8486�2� 7.8474�2� 7.8446�1� 7.8413�1� 7.8378�2� 7.8321�1� 7.8268�3� 7.8223�2� 7.8096�2�
v �Å3� 241.977�4� 241.879�4� 241.632�4� 241.372�3� 241.108�4� 240.661�4� 240.204�7� 239.88�5� 238.918�5�

Ru/Cr−O1�2 1.9841�14� 1.9841�17� 1.9820�15� 1.9793�13� 1.9753�18� 1.9709�17� 1.9686�1� 1.9636�20� 1.964�4�
−O1�2 1.9865�15� 1.9861�17� 1.9845�15� 1.9837�13� 1.9834�18� 1.9823�17� 1.9819�1� 1.9806�20� 1.971�4�
−O2�2 1.9844�4� 1.9842�4� 1.9826�4� 1.9812�3� 1.9790�4� 1.9771�4� 1.9750�1� 1.9741�4� 1.9668�5�

Sr−O1�2 2.728�8� 2.728�3� 2.728�2� 2.725�2� 2.722�3� 2.720�3� 2.7201�1� 2.717�3� 2.709�5�
−O1�2 2.522�2� 2.520�3� 2.524�2� 2.530�2� 2.538�3� 2.544�3� 2.5453�1� 2.557�3� 2.566�5�
−O1�2 2.764�2� 2.767�2� 2.770�2� 2.771�2� 2.773�2� 2.780�3� 2.7767�1� 2.780�3� 2.797�4�
−O1�2 3.125�2� 3.121�2� 3.110�2� 3.098�2� 3.084�2� 3.064�2� 3.0578�1� 3.037�3� 2.999�5�
−O2 2.894�3� 2.891�3� 2.880�3� 2.877�3� 2.871�4� 2.856�4� 2.8506�1� 2.843�5� 2.814�12�
−O2 2.675�3� 2.677�3� 2.685�3� 2.686�3� 2.687�4� 2.699�4� 2.6987�1� 2.706�5� 2.722�12�
−O2 3.072�4� 3.073�4� 3.064�3� 3.062�3� 3.051�4� 3.045�4� 3.0434�1� 3.037�4� 3.004�6�
−O2 2.504�4� 2.501�4� 2.507�3� 2.508�3� 2.516�4� 2.518�4� 2.5161�1� 2.520�4� 2.544�6�

Ru/Cr-O1-Ru/Cr 162.85�8� 162.84�9� 163.31�8� 163.75�7� 164.38�10� 165.09�9� 165.42�8� 166.22�11� 166.90�18�
Ru/Cr-O2-Ru/Cr 162.81�15� 162.77�16� 163.14�14� 163.33�12� 163.88�16� 164.07�15� 164.12�13� 164.31�17� 165.20�28�
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we were not able to decrease the tolerance factor during the
synthesis by the introduction of oxygen vacancies that would
reduce the valence of Ru and Cr, effectively increasing their
ionic sizes. The only favorable method found so far to in-
crease the solubility is synthesis under high temperature and
high-pressure conditions. An application of the high hydro-
static pressure decreases the ionic A-O bonds stronger than
the covalent B-O bonds causing reduction of the tolerance
factor and this leads to the extension of the solubility range.
We will use the method of synthesis at very high pressures in
future studies of the SrRu1−xCrxO3 system with compositions
x	0.20.

IV. CONCLUSIONS

We have studied the structural, magnetic, and resistive
properties of the SrRu1−xCrxO3 perovskites with uniquely in-
creased ferromagnetic transition temperatures from 163 to
188 K. Polycrystalline samples synthesized in air at 1340 °C
reach the Cr solubility limit at x=0.15. This substitution limit
was increased using high-pressure high-temperature syn-
thetic techniques. The limited chromium substitution is con-
trolled by geometrical constraints of the tolerance factor and
is consistent with a linear decrease of the lattice parameters
and bond lengths, and an increase of the bond angles with
increasing x due to substitution of the smaller Cr4+/3+ ion for
Ru4+/5+. Similar decreases of the molar susceptibility, �m, in
the paramagnetic region above Tc and the high-field magne-
tization at 5 K with x also indicate the presence of the Cr4+/3+

and Ru4+/5+ ions. These results are in agreement with
NMR studies14 and confirm that the Ru4+/5+�d4/3�-
O2−-Cr4+/3+�d2/3� minority band double-exchange interaction
which involves the Cr3+ and Cr4+ in the magnetic ordering is
responsible for the enhanced ordering temperature. The re-
duced coercive fields determined from the magnetization
curves and a minimum of resistivity point to decreased dis-
order for slightly substituted compositions of x�0.025.

Results presented here indicate that through simple
chemical substitution one could prevent the formation of Ru
vacancies while simultaneously enhancing the electronic and
magnetic properties of SrRuO3. Similar enhancements of
useful properties by creative substitutions and extension of
achievable compositions have been used previously to con-
trol the properties of manganites.21–24 These methods can be
extended to other transition metal perovskites and other ox-
ides.
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FIG. 7. �Color online� �a� Cell parameters, �b� cell volume, �c�
bond angles Ru�Cr�-O-Ru�Cr�, �d� bond lengths Ru�Cr�-O, and �e�
tolerance factor as a function of composition for Sr�Ru1−xCrx�O3 at
room temperature. Lines are linear fits to the data.
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