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In order to gain insight into suppression of the ferromagnetic order-
ing temperature, local studies utilizing ??'°" Ru zero-field spin-echo NMR,
along with complimentary magnetization, high-angle X ray diffraction,
and Ru K-edge XAFS measurements, have been carried out on samples
of SrRuOj3 annealed at both “ambient” (atmospheric) pressure and “high-
pressure” oxygen (600 atm). For the “high-pressure” sample, the results
indicate structural disorder and the existence of some vacancies on the Ru
sites, along with a reduced magnetic ordering temperature.

PACS numbers: 71.28.+d, 75.50.Cc

1. Introduction

Among the ruthenium oxides, strontium ruthenate, SrRuQOgs, which has
a distorted perovskite structure, is the only known 4d transition-metal
oxide which is ferromagnetic. Previous studies have reported a suppres-
sion of the ferromagnetic ordering temperature for STRuO3 due to: (1) the
substitution of Ca and Na [1,2], (2) the effects of strain occurring in thin
films [3|, and (3) the synthesis conditions [4,5]. In particular, the synthesis
of SrRuO3 under high-pressure oxygen produces a non-stoichiometric form
with randomly distributed vacancies on the Ru-sites, along with a signifi-
cantly reduced ferromagnetic ordering temperature [5]. The decrease in the
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ordering temperature was attributed to an increase in the Ru formal valence
along with structural disorder. In order to understand the microscopic ori-
gin of the suppression of ferromagnetism in SrRuOg, local studies utilizing
99,101Ry zero-field spin-echo nuclear magnetic resonance (NMR), along with
complimentary magnetization, high-angle X ray diffraction (XRD), and Ru
K-edge X ray absorption fine structure (XAFS), have been carried out and
are reported here.

2. Experimental procedure, results, and discussion

Polycrystalline SrRuO3 was synthesized from a stoichiometric mixture
of SrCO3 and RuOy using a solid state reaction method [5]. The parent
SrRuO3 material was subdivided and processed under the following condi-
tions: (1) annealed twice under flowing oxygen at 1050°C for 10h (“am-
bient”) and (2) annealed twice under 600 atm oxygen at 1050°C for 10 h
(“high-pressure”). In this work, detailed zero-field spin-echo ?%!°'Ru NMR
spectra were obtained at 1.3 K and 4.2K over the frequency range from 45
to 105 MHz using a phase-coherent spectrometer. In addition, magnetiza-
tion measurements using a SQUID magnetometer and XRD analysis using
a diffractometer with Cu Kal radiation were carried out. The XAFS exper-
iments were carried out in the transmission mode at the X-11A beam-line
of the National Syncrotron Light Source, Brookhaven National Laboratory.

Fig. 1 shows the zero-field spin-echo NMR spectra obtained for the “am-
bient” sample at 4.2K (open symbols) and high-pressure sample at 1.3 K
(closed symbols), respectively. Consistent with earlier work, the NMR spec-
trum for “ambient” SrRuQj consists of two well-defined peaks at 64.4 MHz
and 72.2MHz corresponding to the “’Ru and '®'Ru isotopes, respectively,
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Fig. 1. 99191Ru zero-field spin-echo NMR spectra for StRuOs.
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and a hyperfine field of 329 KG [6]. For the “high-pressure” sample, although
the magnetization measurements show a lower ferromagnetic ordering tem-
perature (90 K compared to 160 K for the “ambient” sample), the NMR spec-
trum still shows the same two peaks at 64.4 MHz and 72.2 MHz, attributed
again to “?Ru and '°'Ru, respectively, i.e., there is no significant shift. How-
ever, the two peaks exhibit considerable broadening, along with structure
on both the low and high frequency sides which is believed to be quadrupo-
lar in origin. These peak frequencies and the corresponding hyperfine field
value of 329 KG are consistent with the Ru™® or low-spin (S = 1) valence
state. The *>'9%"Ru NMR spectrum is qualitatively similar to those observed
for the Ru sites having the Rut* valence state in both RuSroGdCuz0Og [7]
and RuSraYCusOg [8]. The spectra are characterized by a large internal
hyperfine field perturbed by a smaller quadrupole interaction; the Ru sites
are located in distorted RuOg octahedra. The observed quadrupole interac-
tions are large enough to account for the broadening shown in Fig. 1 for the
“high-pressure” sample. Furthermore, the effect of the high-pressure oxygen
treatment is much more severe on the ''Ru peak, which is consistent with
the fact that the quadrupole moment for '©'Ru is almost six times larger
than that for “Ru. A search over the frequency range 100 MHz to 150 MHz
yielded no evidence for the existence of the Ru™ or high-spin (S = 3/2) va-
lence state. Measurements of the (homogeneous) spin—spin relaxation time
Ty were made at both peaks for the two samples. For the “ambient” sam-
ple, the relaxation behavior could be described by a single exponential with
Ty, = 1,100 s and 920 ps for the Ru and ''Ru peaks, respectively. On
the other hand, the relaxation behavior for the “high-pressure” sample could
not be described by a single exponential; however, the relaxation rates were
significantly faster. Finally, it should be noted that NMR spin-echo signal
was considerably weaker for the “high-pressure” sample compared to that
for the “ambient” sample, which required operation at 1.3 K. Of course, the
severe broadening accounts for a large part of the signal reduction; how-
ever, the NMR enhancement factor appeared to be reduced as well for the
“high-pressure” sample. This is consistent with the increased coercive field
observed for the “high-pressure” sample and suggests an enhanced pinning
of the domain walls.

For both the “ambient” and “high-pressure” samples, a direct measure
of the magnetic ordering temperature 7, was made by observing the zero-
field-cooled and field-cooled dc magnetization in a field of 50 G. The values of
T. = 160 K and 90 K obtained for the “ambient” and “high pressure” samples,
respectively, are consistent with earlier results using both dc magnetization
and ac susceptibility measurements [5]. The low temperature magnetic mo-
ment per Ru atom did not saturate; values of 1.25 up and 0.86 up, were ob-
tained at 50 kG for the “ambient” and “high-pressure” samples, respectively.
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These values assume complete occupancy of the Ru sites. Curie-Weiss fits
to the magnetic susceptibility in the paramagnetic state were made for both
samples. The calculated paramagnetic moment (Curie temperature) val-
ues were 2.66 pup (153K) and 2.61 pp (97K) for the “ambient” and “high-
pressure” samples, respectively, assuming complete occupancy of the Ru
sites. Although the uncertainty involved in the Curie—Weiss fit is compa-
rable to the difference in the moment values, the lower value for the “high
pressure” oxygen sample is consistent with some vacancies at the Ru sites.
The temperature dependence of the magnetization measured at 10 KG could
be fit to the Bloch T3/2-law up to approximately 0.75 T, for both samples.
Measurements of the complete hysteresis loop for both the “ambient” and
“high-pressure” samples, indicated a considerably larger value of the coercive
field for the latter. This suggests an enhanced pinning of the domain walls
in the “high-pressure” sample. The “ambient” and “high-pressure” SrRuOg
samples are characterized by the GdFeQOjs-like orthorhombic structure. The
lattice parameters a, b, and ¢ were the same for the two samples within the
accuracy of the measurement. Furthermore, in an attempt to observe any
small subtle differences between the XRD patterns for the “high-pressure”
and “ambient” samples, a detailed scan was made of two high-angle lines:
(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 mea-
surement, the scans for the two were identical. Finally, preliminary results
from the Ru K-edge XAFS measurements indicate the existence of some
disorder in the Ru-O bond for the “high-pressure” sample.
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