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It has been shown previously that the synthesis of SrRuO3 in an oxygen environment produces nonstoichio-
metric SrRu1−xO3 compounds with randomly distributed vacancies on the Ru sites, along with a significant
reduction in the ferromagnetic ordering temperature �Dabrowski et al., Phys. Rev. B 70, 014423 �2004��. In
order to gain insight into the suppression of ferromagnetism, an investigation of the short-range order, Ru
magnetic moment, and Ru valence state has been carried out. Local studies utilizing 99,101Ru zero-field,
spin-echo nuclear magnetic resonance, along with complementary dc magnetization and x-ray diffraction,
revealed that the Ru paramagnetic moment above the ordering temperature decreases only slightly from the
Ru4+ low-spin �S=1� value as vacancies are introduced into the Ru sites. On the other hand, the ordered Ru
moment measured by low-temperature hysteresis is strongly suppressed along with the ordering temperature.
The results presented here do not support the idea of an increase in the average Ru valence state from 4+ to 5+
by the creation of some amount of local Ru5+.
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I. INTRODUCTION

SrRuO3, with an ordering temperature of Tc�160 K, is
the only known 4d transition-metal oxide that is ferromag-
netic. Values as high as 1.6�B have been reported for the
ordered Ru magnetic moment in the ferromagnetic state;
however, the magnetization has not reached saturation in the
highest fields utilized.1 In the paramagnetic state, the Ru mo-
ment ��2.8�B� is consistent with Ru4+ in the low-spin con-
figuration �S=1�. SrRuO3 has been described as a highly
correlated, narrowband itinerant ferromagnet with a metallic-
like conductivity behavior that is characterized as a “bad
metal.”2 Despite its robust ferromagnetism, the magnetic or-
dering temperature can be easily suppressed by variations in
sample synthesis as well as elemental substitution �for a re-
view, see Ref. 3�. In a recent work on a series of SrRu1−xO3
perovskites by Dabrowski et al., it was shown how the in-
troduction of Ru-site vacancies reduced the ferromagnetic
ordering temperature from 163 K to 45 K when x was in-
creased to �0.12.4 In addition, Dabrowski et al.4 describe in
detail how various synthesis methods can be used to create
the Ru-site vacancies and affect the sample quality. The work
reported here presents results obtained from nuclear mag-
netic resonance �NMR�, dc magnetization, and x-ray diffrac-
tion �XRD� on selected SrRu1−xO3 samples in order to ex-
plore the relationship between the Ru-site vacancies, Ru
magnetic moment, and Ru valence state.

II. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE

Three polycrystalline samples of nominally stoichiometric
SrRuO3 and one intentionally nonstoichiometric polycrystal-
line sample, nominally SrRu0.92O3, were synthesized from
the appropriate mixtures of SrCO3 and RuO2 �prefired in air
at 600 °C� powders using a solid-state reaction method.4 �In

earlier work, see Ref. 4, it was determined that two proper-
ties of RuO2 presented serious problems during the synthe-
sis: �1� RuO2 is hydroscopic at ambient conditions �leading
to weighing errors� and �2� RuO2 is volatile at elevated tem-
peratures. The problems were solved by first thoroughly dry-
ing the RuO2 powder and then starting the calcination of the
SrCO3 and RuO2 mixtures at low temperatures for very short
times.� The mixed powders were pressed into pellets, fired in
air, and reground several times. This sequence was carried
out at various temperatures, starting at 800 °C and conclud-
ing at a sintering temperature of 1100 °C. These as-sintered
powders were the starting materials for the four samples
studied in this work. Sample one, designated “parent
SrRuO3,” was an as-sintered powder prepared at stoichiom-
etry and with no further heat treatment. Sample two, desig-
nated “ambient SrRuO3,” was an as-sintered powder pre-
pared at stoichiometry and annealed twice under flowing
oxygen at 1050 °C for 10 h. Sample three, designated “high-
pressure SrRuO3,” was an as-sintered powder prepared at
stoichiometry and annealed twice under 600 atm oxygen at
1050 °C for 10 h. Sample four, designated “high-pressure
SrRu0.92O3,” was an as-sintered powder prepared with a non-
stoichiometric composition Ru/Sr ratio of 0.92 and annealed
under 600 atm oxygen at 1060 °C for 10 h. The four
samples, along with a summary of their magnetic properties
�see below�, are listed in Table I.

Conventional �XRD� analysis was carried out on the four
powder samples using a Bruker diffractometer with Cu K�I
radiation ��=1.5406 Å�. The patterns were recorded over the
range 20° ���85° with a 2� step of 0.02°. Within the sen-
sitivity limit ��3% �, all four samples were single phase with
the GdFeO3-like orthorhombic structure. In addition, dc
magnetization measurements were carried out on a Quantum
Design MPMS SQUID magnetometer for temperatures 5 K
�T�350 K and magnetic fields up to 50 kOe. In this work,
zero-field, spin-echo NMR spectra were obtained at 1.3 K
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and 4.2 K over the frequency range from 40 to 105 MHz
using a conventional two-pulse spectrometer with phase-
sensitive detection. The NMR signals were optimized by ad-
justing the excitation power in a � /2-�-� pulse sequence.
Once the NMR signals were optimized, the same excitation
conditions were maintained over the entire frequency range
of measurement. Usable spectra were obtained by averaging
the NMR signals 500 to 2000 times at various frequency
intervals across the spectrum.

III. RESULTS AND ANALYSIS

The magnetic properties for the four SrRu1−xO3 samples,
which are summarized in Table I, include parameters from
the ferromagnetic state below the ordering temperature as
well as the paramagnetic state above the ordering tempera-
ture. Listed in column one are the three nominally stoichi-
ometeric SrRuO3 samples along with the nominally nonsto-
ichiometric SrRuO0.92O3 sample. As shown in Fig. 1, a direct
measure of the magnetic ordering temperature Tc was made

by observing the zero-field-cooled and field-cooled dc mag-
netization in a field of 50 Oe �column two, Table I�. In par-
ticular, the criteria for obtaining Tc involved taking the de-
rivative of the field-cooled magnetization versus temperature
curve and defining the temperature for which the derivative
is maximum �in a negative sense� as Tc

dc. The derivative
curves for all four samples are shown as an inset in Fig. 1. It
should be noted that the magnetic transition for SrRu0.92O3 is
fairly broad, probably due to a slightly inhomogeneous dis-
tribution of Ru-site vacancies �and, therefore, a distribution
in Tc� across the grains of the material.4 These values are
consistent with results obtained previously from ac suscepti-
bility measurements �column three�.4 Figure 2 shows the
complete hysteresis loops for the four samples which were
obtained at 5.0 K. Column four lists the values for the low-
temperature magnetic moment �component� per Ru atom in
the ferromagnetically ordered state measured at 5.0 K and
50 kOe. These values are calculated using the nominal com-
position for each sample, i.e., complete occupancy of the Ru
sites �x=0 or n=1−x=1� for the first three samples and n
=0.92 for the fourth sample. Values for the coercive field,
Hc, which were obtained from the hysteresis loops, are listed
in column five. Columns six and seven list the parameters
obtained from a Curie-Weiss fit �see Fig. 3� to the magnetic
susceptibility in the paramagnetic state above the ordering
temperature using

TABLE I. Magnetic properties of SrRu1−xO3 compounds.

Sample Tc
dc �K� Tc

ac �K�a �z ��B� Hc �Oe� 	 �K� �eff ��B� n �f.u.−1�

Parent SrRuO3 162±1 163 1.40 2000 164 2.72 1

Ambient SrRuO3 150±3 161 1.25 3500 153 2.66 0.93

High-press. SrRuO3 85±2 86 0.86 4500 98 2.61 0.87

High-press. SrRu0.92O3 68±5 67 0.76 6100 92 2.54�2.57� 0.74�0.88�
aData from Ref. 4.

FIG. 1. Zero-field-cooled and field-cooled dc magnetization in a
field of 50 Oe for the SrRu1−xO3 samples. The suppression of the
ferromagnetic ordering temperature �indicated by arrows� is a con-
sequence of vacancies being introduced into the Ru sites. The inset
shows the derivatives of the field-cooled curves with the peak po-
sitions being Tc

dc. For clarity, a multiplicative factor of 2 is used
except for the parent SrRuO3.

FIG. 2. Full hysteresis loops obtained at 5.0 K for the
SrRu1−xO3 samples. As vacancies are introduced into the Ru sites,
the ordered moment for Ru �obtained at 50 kOe� is greatly reduced
and the coercive field is increased.
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�T� =
n�eff

2

3kB�T − 	�
+ 
0, �1�

where n is the concentration of Ru moments, �eff is the ef-
fective Ru moment �magnitude�, kB is the Boltzmann con-
stant, 	 is the Curie-Weiss temperature, and 
0 represents
any temperature-independent contribution�s� such as core
diamagnetism, Landau diamagnetism, and Pauli paramagnet-
ism. Again, the nominal composition of the samples was
used to calculate n. As discussed in detail below �Sec. IV�,
the four samples described in Table I are listed in order of
increasing vacancy concentration at the Ru sites. The sys-
tematic suppression of the ordering temperature is accompa-
nied by systematic behavior for the Ru moment and coercive
field.

Figure 4 shows the zero-field, spin-echo NMR spectra
obtained �either at 4.2 K or 1.3 K� for the four samples stud-
ied in this work. The NMR spectrum for a well-ordered
SrRuO3 phase, essentially free of impurities and defects,
characterizes that obtained for the parent SrRuO3 sample
�Fig. 4�a��. The parent SrRuO3 spectrum consists of two
sharp well-defined peaks at 64.4 MHz and 72.2 MHz corre-
sponding to the 99Ru and 101Ru isotopes, respectively, and a
hyperfine field of 329 kOe.5 For the 99Ru isotope, �
=0.196 45 MHz/kOe, I=5/2, and abundance=12.7%, while
for the 101Ru isotope, �=0.220 18 MHz/kOe, I=5/2, and
abundance=17.1%. In well-ordered, single-phase SrRuO3,
the quadrupole frequencies which characterize the 99Ru and
101Ru isotopes are 76 kHz and 440 kHz, respectively, reflect-
ing the fact that the electric quadrupole moment for 101Ru is
5.8 times larger than that for 99Ru.5 In Fig. 4, the multipli-
cative factors �which take into account the measurement tem-
perature� indicate the relative NMR signal amplitudes. The
NMR enhancement factor, and therefore the NMR signal am-
plitude, for the parent SrRuO3 sample �Fig. 4�a�� is so large
that a meaningful comparison of signal amplitude with the
other three samples was not possible. Such a large enhance-
ment factor indicates that this sample is essentially free of
Ru-site vacancies which would pin the domain walls.

Figure 4�b� shows the NMR spectrum for the ambient
SrRuO3 sample. The two peaks, still at 64.4 MHz and
72.2 MHz, are relatively sharp and well-defined; however, a
small amount of broadening is now apparent. The broaden-
ing, which is taken to be quadrupolar in origin, is a conse-
quence of a small number of vacancies at the Ru sites. For
the high-pressure SrRuO3 sample �Fig. 4�c��, the NMR spec-
trum still shows the two peaks at 64.4 MHz and 72.2 MHz
indicating no significant shift. However, the two peaks ex-
hibit considerable broadening, along with structure on both
the low- and high-frequency sides, indicative of a greatly
enhanced quadrupole broadening due to a high concentration
of vacancies at the Ru sites. Finally, the broadening for the
high-pressure SrRu0.92O3 sample, which has the highest con-
centration of vacancies at the Ru sites, is so severe that the
spectrum �Fig. 4�d�� is essentially featureless. The broad
spectrum for this sample still occurs over the same frequency
range �50–80 MHz� as that of the three other nominally sto-
ichiometric SrRuO3 samples. From the four spectra shown in
Fig. 4, it can be seen that an increase in the Ru vacancy
concentration �and, therefore, a decrease in the magnetic or-
dering temperature� results in an increase in the quadrupolar
broadening; however, there is essentially no frequency shift.
Since the spectra shown in Fig. 4 were obtained at a finite
temperature �4.2 K or 1.3 K�, the temperature dependence of
the hyperfine field should be considered. It has been shown
previously for SrRuO3 that the fractional shift in frequency
due to the hyperfine field temperature dependence follows
the Bloch T3/2 law, i.e.,

FIG. 3. Fits to the Curie-Weiss law for the SrRu1−xO3 samples.
As vacancies are introduced into the Ru sites, the paramagnetic
moment for Ru is only slightly reduced from a value approximately
that of Ru4+ in the low-spin �S=1� configuration.

FIG. 4. Zero-field, spin-echo NMR spectra for the SrRu1−xO3

samples. The peaks at 64.4 MHz and 72.2 MHz are attributed to
99Ru and 101Ru, respectively, with a hyperfine field of 329 kOe. The
multiplicative factors �which take into account the measurement
temperature� indicate the relative NMR signal amplitude. As vacan-
cies are introduced into the Ru sites, an increased quadrupolar
broadening results; however, there is no change in the hyperfine
field. The spectra are characteristic of Ru in the Ru4+ valence state;
there was no detectable NMR signal for Ru5+.
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= − B� T

Tc
�3/2

, �2�

where B is a constant and Tc is the magnetic ordering tem-
perature for the particular sample.5 A consideration of the
ordering temperature and measurement temperature for the
four samples shows that this effect is negligible and all spec-
tra are representative of T�0 K.

Finally, the spectra presented in Fig. 4 are characteristic of
Ru atoms in the Ru4+ valence state where the t2g

4 electrons
have the low-spin �S=1� configuration.6 A careful search was
made over the frequency range 100–150 MHz in order to
look for the existence of the Ru5+ valence state where the t2g

3

electrons have the high-spin �S=3/2� configuration.6 The
search was carried out for both the high-pressure SrRuO3
and SrRu0.92O3 samples, since these two samples have the
highest concentration of vacancies at the Ru sites. For
SrRu0.92O3, charge neutrality would require that 35% of the
Ru atoms exist in the Ru5+ valence state. This estimate for
Ru5+ is based on all oxygen having the O2− valence state and
100% O-site occupancy.4 Assuming that the enhancement
factor and broadening are similar for Ru4+ and Ru5+, and
allowing for the favorable factor of 2 due to the higher fre-
quency for Ru5+, the NMR signal-to-noise ratio for Ru5+

would be comparable to that for Ru4+. A signal-to-noise ratio
which is only 10% of that shown in Fig. 4�d� is well within
the sensitivity of the instrumentation. No detectable NMR
signal due to Ru5+ occurred for the two samples.

IV. DISCUSSION AND CONCLUSIONS

In an earlier work mentioned above, Dabrowski et al.4

carried out a detailed study of how various synthesis meth-
ods can be used to create vacancies at the Ru sites, used
neutron powder diffraction and EDXS to determine the va-
cancy concentration, and established the relationship be-
tween vacancy concentration and Tc. The four samples stud-
ied in this work are identical to four samples in the earlier
work. The samples listed in Table I are in order of increasing
vacancy concentration at the Ru sites. The systematic sup-
pression of the ordering temperature as measured here by dc
magnetization is completely consistent with the results ob-
tained previously by ac susceptibility.4 The magnetic behav-
ior above the ordering temperature in the paramagnetic state
can be described by the Curie-Weiss law yielding values for
the moment �column 6� and Curie-Weiss temperature �col-
umn 7�. It can be seen that the suppression of the ordering
temperature Tc is accompanied by similar behavior in the 	
value obtained from the Curie-Weiss fits. The paramagnetic
moment values were calculated by assuming the nominal
concentration for Ru, i.e., 1.00 per formula unit for the first
three “stoichiometric” SrRuO3 samples and 0.92 per formula
unit for the high-pressure SrRu0.92O3 sample. A look at the
small systematic decrease in the paramagnetic moment val-
ues listed in column 6 may lead one to assume that, perhaps,
this is a simple dilution effect and that the paramagnetic
moment value for the remaining Ru atoms remains essen-
tially constant as the vacancies are introduced into the Ru
sites. In particular, the slightly reduced moment values ob-

tained for the ambient and high-pressure SrRuO3 samples
�2.66�B and 2.61�B, respectively� are a consequence of using
the nominal concentration �1.00 per formula unit� instead of
a concentration that is slightly smaller due to the existence of
some vacancies. On the other hand, if the Ru moment is
assumed to have the constant value of 2.72�B, i.e., the value
obtained for the parent SrRuO3 sample which is taken to be
vacancy-free �n=1 per formula unit�, values can then be cal-
culated for the effective Ru moment concentration. From the
Curie-Weiss law fits, n=0.93, 0.87, and 0.74 were obtained
for the ambient SrRuO3, high-pressure SrRuO3, and high-
pressure SrRu0.92O3 samples, respectively �see column eight,
Table I�. Although the calculations are limited by the uncer-
tainty in the moment values, they are consistent with the
NMR spectra in that they reflect the increase in vacancies at
the Ru sites. As concluded by Dabrowski et al.,4 the process
of vacancy formation in the “stoichiometric” samples was
attributed to using oxygen in the synthesis and could be
strongly enhanced by using high-pressure oxygen annealing.
It is apparent, however, that the assumption of a simple di-
lution model leads to an overestimate for the vacancy con-
centration, and some small reduction in the effective Ru mo-
ment value must occur. Furthermore, the nominal value of
0.92 Ru per formula unit for high-pressure SrRu0.92O3 was
assigned from the initial Ru/Sr ratio for the powders used in
the synthesis. In fact, an EDXS measurement yielded a value
of 0.88 Ru per formula unit for the actual concentration.4

Using this value for the Ru concentration would result in a
somewhat higher moment value of 2.57�B, indicating that the
moment decreases by only 5.5% as Ru-site vacancy concen-
tration x is increased up to 0.12. The paramagnetic moment
value of 2.72�B is very close to the value calculated for Ru4+

in the low-spin �S=1, �eff=2.82�B� configuration. Since the
moment for Ru5+ in the high-spin �S=3/2� configuration is
3.87�B, the magnetic results described above argue against
the creation of Ru5+ as vacancies are introduced into the Ru
sites.

The magnetic results obtained from the hysteresis loops
below the ordering temperature in the ferromagnetic state
lead to a somewhat different picture for the Ru moment be-
havior. From the systematic behavior of the coercive field,
Hc �Table I, column five�, it can be seen that the introduction
of vacancies at the Ru sites enhances the pinning of the do-
main walls. However, the values obtained �at 5.0 K and
50 kOe� for the ordered moment are strongly reduced with
the introduction of vacancies at the Ru sites, which is con-
sistent with a previous report.6 The reduction, which is 46%
for x=0.12, is far greater than a simple dilution of Ru mo-
ments due to the existence of vacancies. Although saturation
is not achieved at 50 kOe, the reduction in the measured
ordered moment is comparable to that observed for Tc
�58%�.

It is noteworthy that the introduction of vacancies into the
Ru sites results in severe quadrupolar broadening of the
99,101Ru4+ NMR spectrum; however, there is essentially no
shift in frequency. This would indicate that the hyperfine
field, and therefore the local Ru moment, remains constant.
Assuming a hyperfine coupling constant��−�300 kOe/�B,
which is typical for 4d electrons and core polarization,7 the
99,101Ru4+ hyperfine field value of 329 kOe indicates a mo-
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ment value�1.1�B. Previous neutron-diffraction measure-
ments on SrRuO3 indicate that the Ru moments are aligned
parallel with a moment value of 1.4�B.8 Although there is
considerable uncertainty in the hyperfine coupling constant
value used above, the values obtained from NMR, neutron
diffraction, and dc magnetization for the Ru moment in the
magnetically ordered state are in rough agreement; however,
they are significantly less than that expected for S=1. This is
likely a consequence of the itinerant nature of this system.

As mentioned above, Cu K�I XRD indicated that all four
samples were single phase and had the GdFeO3-like ortho-
rhombic structure. Furthermore, the values obtained for the
lattice parameters a, b, and c were the same for all four
samples within the accuracy of the measurement and consis-
tent with those reported previously for SrRuO3.9 In an at-
tempt to observe any small subtle differences between the
XRD patterns for the four samples, careful scans were made
for two high-angle peaks: �1� near 67°, which consists of the
�400� and �224� reflections and �2� near 77°, which consists
of the �116� reflection. Within the accuracy of the measure-
ment, there was no apparent shift of the peaks, i.e., no ap-
parent reduction of the unit-cell volume due to the introduc-
tion of vacancies. This is consistent with the earlier work of
Dabrowski et al.4 in which a detailed structural analysis was
made using high-resolution backscattering data from neutron
diffraction along with Rietveld refinement methods. In their

analysis, it was concluded that the RuuO distance �or bond
length� remained essentially constant while the unit-cell vol-
ume actually increased slightly with the introduction of Ru-
site vacancies. The increase in the unit-cell volume is too
small to be observed by the conventional XRD methods used
here.

In summary, the NMR and magnetic results reported here
do not support the model of a simple increase in the average
oxidation state of Ru from 4+ to 5+ by the creation of some
amount of local Ru5+ as vacancies are introduced into the Ru
sites. Very recent Mössbauer work on a series of SrRu1−xO3
samples by DeMarco et al.10 yields mixed results on the
valence state issue. On the one hand, the measured isomer
shifts above the ordering temperature seem to indicate a
change from Ru4+ to Ru5+ as x increases. However, the mea-
sured hyperfine field below the ordering temperature remains
essentially constant at the characteristic Ru4+ value of
330 kOe.
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