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Chanchal Sow, D. Samal, and P. S. Anil Kumar”
Department of Physics, Indian Institute of Science, Bangalore 560012, India

A. K. Bera and S. M. Yusuf
Solid State Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India
(Received 14 May 2011; revised manuscript received 28 March 2012; published 21 June 2012)

We present a critical investigation on the structural, magnetic, and magnetotransport properties of two sets of
polycrystalline StRuO; samples with uniquely defined ferromagnetic transition temperatures. The ac magnetic
susceptibility study exhibits the remarkable memory effect, a distinct characteristic of glassy behavior, at low
temperatures. The transport study suggests a crossover from Fermi-liquid to non-Fermi-liquid behavior. Most
strikingly, the temperature-dependent magnetoresistance exhibits two distinct dips (one around ferromagnetic
ordering temperature and the other around 50 K), resembling a double-well potential in appearance. In addition,
the temperature-dependent coercive field shows a plateau around 50 K. An attempt has been made to employ
neutron diffraction to understand the genesis of such unusual low-temperature magnetic features. From the
neutron-diffraction study, we find the evidence for changes in the unit-cell lattice parameters around 60 K and,
thus, believe that the low-temperature anomalous magnetic response is closely intertwined to lattice-parameter

change.
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I. INTRODUCTION

Now a days, one of the central themes in condensed-matter
physics is to understand the strong electron-electron (el-el)
correlation in solids that gives rise to a plethora of exotic
new phenomena, unpredicted by conventional band theory.
The correlation effect is found to be quite strong in narrow
band gap “d-" or “f-” shell electron systems. In this regard,
3d /4d transition-metal oxide systems have continued to be
an important area of research with many new discoveries viz.
high-temperate superconductivity in cuprates and the colossal
magnetoresistance (MR) in the manganites. Among the 4d
transition-metal oxides, the Ru-based oxide system is more
fascinating since it exhibits a rich variety of phases' starting
from semiconducting (La;RuOs)? to metallic ferromagnet
(FM) [SrRuO3 (SRO)]* and eventually to a p-wave triplet
superconductivity in Sr,Ru0,4.%” Moreover, the magnetism in
the Ruddlesden-Popper series®” of ruthenates St,,41Ru, 03,41
is different for different “n’s.” Unlike the 3d transition-
metal oxides, 4d transition-metal oxides are anticipated to
possess: (i) a relatively small Coulomb correlation effect
(small Hubbard U) due to the large extension of 4d orbitals
and (ii) a stronger spin-orbit interaction due to an increase
in atomic number “Z.” Although the evidence of large
magnetocrystalline anisotropy'%~'? (MCA) in SrRuQ3 directly
hints at stronger spin-orbit interactions, the transport and
spectroscopy studies'>!'* suggest that the electron correlation
effect!” in SrRuOj; cannot be ignored, and it does play an
important role in determining the electronic properties of
the system.'®!7 It is important to note here that the recent
band-structure calculation on SrRuO; by Rondinelli et al.'®
estimated the on-site Hubbard term to be 0.6 eV, suggesting
that the system is a moderately correlated one. Thus, one has
really to take into account the electron correlation effects in
ruthenates that can provide a better understanding of many of
the unique phenomena.
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SrRuOj is popularly known as an itinerant ferromagnet
with intriguing transport and magnetic properties'*> and
has been found to be very useful for electrodes in micro-
electronic devices because of its good electrical and thermal
conductivities.22” Moreover, it also has better chemical sta-
bility. The transport properties in metallic oxides are different
from the conventional metals. The Landau-Fermi-liquid (FL)
theory, which provides a firm foundation for understanding the
electronic-transport properties in metals, fails in many cases of
metallic oxide systems. The best example of this sort is high-T,
cuprates at optimal doping. Albeit, ruthenates form a different
crystal structure®® and exhibit absolutely different magnetic
properties, but many of the anomalous responses, such as the
fractional power law of electrical and optical conductivities,
anomalous Raman line shapes,>»?*3? are akin to what is
observed in the normal state of high-T7,. cuprates and is ascribed
to non-Fermi-liquid (NFL) behavior. Besides, it is very
interesting to state here that ruthenates of the same group also
exhibit subtle differences in magnetic ground-state properties
that strongly depend on structural distortion. For example, it
is believed that CaRuOs is a quantum paramagnet’!*> and
lies on the verge of ferromagnetic instability. The different
magnetic states of StTRuO; and CaRuOj3 are found to be due
to the different structural distortions in these materials, most
significantly due to the larger rotation of the octahedra in the
Ca compound that significantly affects the band structure >33
In essence, these materials are prone to magnetostructural
coupling. Recent studies on SRO epitaxial thin films also find
the same.>*

Besides the exciting properties as described above, STRuO;
both in bulk as well as in thin-film forms, is reported to exhibit
remarkable characteristics of spin-glass behavior.!®*>7 It
has to be noted here that the subject of spin glass in
condensed-matter physics is one of the most complex topics
and has remained at the forefront of research to understand
the subtleties involved in it. Albeit, there is only a couple of
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reports which show the spin-glass-like phase in SrRuOj3, the
microscopic understanding of the origin of such phenomena in
this material is not completely understood yet. In this regard,
we have undertaken an extensive study by employing various
magnetic probes to understand the cryptic magnetic interaction
that is responsible for the manifestation of glassy behavior in
SrRuOj5 bulk material.

II. SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS

Polycrystalline samples of stoichiometric STRuO; as well
as Ru-deficient SrRu(; _y)O3 (with x = 0.07) were synthesized
via the conventional solid-state reaction method using high-
purity RuO, and SrCO; powders. In one case, we took
the stoichiometric weight ratio of precursors that eventually
resulted in Ru-deficient STRuQs;. In the other case, we took
an extra 2 wt % of RuQO, deliberately to form stoichiometric
SrRuOj3. After mixing the precursors according to their weight
ratios, the mixed material was preheated at 900 °C for 60 h with
two intermediate grindings with 100 °C/h constant heating and
cooling rates. Then, it was heated again at 1100-1300 °C for
about 150 h with several intermediate grindings to make a
homogenous single-phase material. The powder sample was
compacted into pellets and was annealed in the O, atmosphere
at 850 °C for 12 h. All the measurements have been performed
on the pellets.

The structural characterization of the sample is performed
by powder x-ray diffraction (XRD) using a Bruker D8 advance
x-ray diffractometer, and it is realized that both samples form
a single-crystallographic phase without any impurity phases.
The only distinction that we observe between the two sets of
samples is with respect to Ru stoichiometry. The electron probe
microanalyzer technique is employed to determine the Ru
stoichiometry, and the content is found to be (0.98 £ 0.01) for
one sample and is found to be 0.93 =+ 0.01 for the other sample.
For the sake of brevity, hereafter, we use the abbreviation
SROD for the sample having relatively more Ru deficiency,
and we use the abbreviation SRO for the other sample. It has
to be noted here that, even after adding an extra 2 wt % of RuO»,,
the Sr:Ru is within an inch of stoichiometry but not exactly at
1:1. This is probably due to the conspicuous volatility of RuO,
at elevated temperatures. The scanning electron microscopy
studies revealed an average particle size of ~4 pum for both
samples. The dc magnetization measurements are performed
in the temperature range of 10-300 K and a magnetic
field up to 5 T using a Quantum Design superconducting
quantum-interference device magnetometer. Ac susceptibility
measurements are carried out by a commercial CryoBIND
system down to a temperature of 4.2 K and in the frequency
range of 15 Hz to 1 KHz. The magnetotransport properties
are measured using the standard four-probe van der Pauw
configuration with the magnetic field (up to 11 T) applied
perpendicular to the current direction. Silver indium contacts
were used to give four-probe connections to both samples. The
temperature-dependent (5-200-K) neutron-diffraction (ND)
study is carried out using the Dhruva reactor, Trombay (India),
and the structural as well as the magnetic information has been
extracted out of that.
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III. RESULTS AND DISCUSSION

A. Structural analysis

Figures 1(a) and 1(b) show the typical Rietveld-refinement
x-ray diffraction patterns for both sets of samples. The
refinement has been carried out using the general structure
analysis system (GSAS) code.?® It is found that there is good
agreement between observed and calculated profiles. Both of
the samples crystallize in the orthorhombic crystal structure
(Pnma space group), and the lattice parameters are tabulated
in Table I. The refined structural parameters agreed well with
those reported in the literature.*

B. Magnetization

Figures 2(a) and 2(b) show the temperature-dependent
magnetization [field cooled (FC) and zero-field cooled (ZFC)]
measured at 100 Oe for SRO and SROD, respectively. The
FC curve shows Brillouin-function-like behavior, which is
a typical characteristic of a ferromagnet. The ZFC curve
shows a peak around 162 and 150 K, corresponding to FM
ordering temperatures, for SRO and SROD, respectively. From
Figs. 2(a) and 2(b), it is evident that the FC and ZFC curves
bifurcate from each other largely in the ferromagnetic phase.
The reason for such large splitting between FC and ZFC
curves directly indicates the existence of huge MCA present
in the system. In general, the magnetic anisotropy hinders the
rotation of the moment toward the direction of the applied
field, and hence, the more the MCA is, the larger the splitting
is. Our finding of large FC-ZFC splitting supports the results of
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FIG. 1. (Color online) Rietveld-refined profiles for (a) SRO and
(b) SROD.
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TABLE I. Refined lattice constants and different agreement factors obtained from the x-ray diffraction study.

Sample Space group a (A) bA) c(A) x2 Rp Rwp
SRO Pnma 5.5709(1) 7.8461(1) 5.5311(1) 2.94 0.065 0.087
SROD Pnma 5.5652(1) 7.8439(1) 5.5303(1) 3.23 0.047 0.056

an earlier paper by Kanbayasi,'! on the single crystal of SRO,
where he observed a large amount of cubic MCA with an
easy axis of magnetization along the [100] or [010] direction.
Moreover, a careful inspection of the ZFC curve reveals a
broad hump for both of the samples below 70 K. Besides,
we also observe a change in the trend of the dM/dT vs
the T plot for the FC curve around the same temperature.
Thus, the low-temperature unusual feature, observed both in
the FC and ZFC curves, indicates that there exists a feeble
hidden magnetic interaction in addition to the strong FM
interaction. The spontaneous magnetization below 7, follows
the scaling law M ~ (T.— T)? with B = 0.300 4 0.004
and 0.350 £ 0.008 for SRO and SROD, respectively. This
indicates a three-dimensional (3D) Ising-type ferromagnetic
behavior since the theoretical value of 8, obtained from the
3D Ising model, is approximately 0.32.*° However, it is worth
mentioning here that the value of the critical exponent for this
system continues to be a topic of controversial debate in the
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FIG. 2. (Color online) (Left) Temperature dependence of FC and
ZFC dc magnetization for (a) SRO and (b) SROD measured at 100 Oe.
The solid lines are the fitted curves according to M ~ (T, — T)P.
(Right) The temperature dependence of reciprocal susceptibility for
(a) SRO and (b) SROD. Solid lines show the Curie-Weiss linear fit.
The insets in both (a) and (b) show the M(H,T)/ M (H ,0) vs the T plot.
The solid line shows the fitting according to the equation M(H,T ) =
M(H,0)[1 — AswT?? — BgT 2].

literature. The early paper by Kats et al.,*' on the SrRuOj;
thin film, obtained the exponent to be 0.325 and interpreted
it on the basis of Ising behavior. However, the later paper by
Kim et al.,*> on a single crystal of SrRuQOs, obtained it to
be 0.5 and interpreted it on the basis of mean-field behavior.
The paper by Wang et al.,* on SRO films grown on SrTiO3
(STO), further obtained the values of 0.43 and 0.34 for [110]
and [010] orientations, respectively, and suggested that the
critical exponent seems to be dependent on the magnetization
orientation. However, the recent paper by Palai et al.,'° on
SRO films grown on STO, obtained the value to be 0.369
and 0.313 for [110] and [010] orientations, respectively, and
believed that the different values could be related to different
domain structures, orientation, or strain effect associated with
two different crystallographic-oriented films.

Furthermore, we have looked at the low-temperature
thermal evolution of magnetization for both sets of samples.
It is worth mentioning here that, in the case of an itinerant
ferromagnet, the low-temperature magnetization usually gets
reduced with the increase in temperature both by thermally
excited magnons as well as Stoner excitations. However,
unlike the Bloch T3/% law for magnons, the Stoner excitation
follows T2 dependence. Based on this approximation, the low-
temperature FC magnetization data are fitted to M(T)/ M (0) =
1 — AswT?? — BggT?, where M(0) is the magnetization at
0 K, Agw is the spin-wave parameter, and Bsg is the Stoner
excitation parameter. M(0) is obtained by extrapolating the
field cooled M(T) to T =0 K, and its values are found
to be 11.089 and 10.814 emu/gm for SRO and SROD,
respectively. The insets in Figs. 2(a) and 2(b) show the fitting
of low-temperature magnetization data to M(T)/M(0) =
1 — AgwT?? — BsgT?. From this fit, the parameter Agy,
Bgg is found to be 1.15 x 1074732, 538 x 107°7T~2 and
2.03 x 107473/, 431 x 1077T~2? for SRO and SROD,
respectively. It is found that, even in the absence of the T2
correction, the data fit reasonably well with the Bloch 73/2 law,
indicating a weaker Stoner excitation cross section. The Agwy
parameter, thus, obtained is marginally different in this case.
Using the spin-wave parameter, it is possible to calculate the
exchange interaction (J) between two Rut* atoms since J is
proportional toAg\,zf > In particular, Asw = (0.0587S)(2kp J S),
where S =1 is the total spin of Ru** (té‘geg) and kp is
the Boltzmann constant.3! Setting all the values of known
parameters, J is found to be 31.78kp and 22.23kp for SRO
and SROD, respectively. The larger J obtained for SRO clearly
explains why it has a higher Curie temperature than SROD.
Moreover, it is worth mentioning here that the value of J as
well as T, obtained for the SROD sample very closely match
the values reported for epitaxial thin films.'?

Figure 3(a) shows the M-H plot at 2 K for SRO and SROD
samples. Magnetization tends to increase sharply toward
saturation with the increase in applied field. However, a careful
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FIG. 3. (Color online) (a) M-H loops for the SRO and SROD
samples at 2 K and (b) shows the same at various temperatures for the
SROD sample. The inset in (b) displays coercivity vs temperature.

inspection finds that a small nonsaturating component appears
to be superimposed on the saturating FM component and, thus,
prevents the magnetization from being in a fully saturated
state even at larger applied magnetic fields. Our estimation
for the saturation value of the magnetization from the M-H
plots at 2 K is found to be 1.41 and 1.32 5 /Ru for SRO and
SROD, respectively. These moments are much smaller than the
expected spin-only moment of 2.0 up (u = gSup, where § =
1 for Ru) for SrRuO; based on the ionic model. Some of the
earlier reports on SrRuO; find that, even after applying a field
of 30 T, the saturation moment hardly reaches 1.5 j13/Ru.*
So, ithas become a fundamental concern to understand the lack
of saturation moment in SrRuQOj3. The plausible reasons that
one can think of for such effects are as follows: (a) There might
be some kind of hidden antiferromagnetic (AF) interaction
existing in the ferromagnetic domain; (b) since it is an itinerant
ferromagnetic system, the total moment is expected to be less
compared to the calculated moments based on the ionic model;
(c) it might have a complex spin configuration, such as spin
canting at the surface that can result in a reduced saturation
moment; and (d) the slow growth of domains might lead to an
incomplete alignment of the magnetization.

Figure 3(b) shows the M-H plot at various temperatures
starting from 2 to 200 K for the SROD sample. In the inset
of Fig. 3(b), we show the coercivity (H,) vs the temperature
plot for SROD. Generally, for a ferromagnet, H, increases as
we decrease the temperature. But, from the inset in Fig. 3(b),
it is astonishing to note that H, exhibits an unusual behavior
toward low temperatures. The unexpected behavior in the H,
vs the T plotis intriguing, and it is hard to understand from the
conventional ferromagnetic description. However, we envisage
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that it might be directly connected to the broad hump observed
in the ZFC curve.

C. Relaxation and memory

Figure 4(a) displays the normalized in-phase ac susceptibil-
ity component x'(7T) measured at a frequency of f = 420 Hz
and in an applied H,. = 0.17 Oe. It is observed that the sample
exhibits a broad hump around 70 and 50 K in addition to a sharp
peak at 162 and150 K for SRO and SROD, respectively. The
sharp peak position is frequency independent and corresponds
to the FM ordering temperature. But on the other hand, the
position of the low-temperature hump is frequency dependent
and is clearly shown in Figs. 4(b) and 4(c). However, it is
bewildering to note here that, as we increase the frequency, the
hump position shifts toward the lower temperature, and it is
very much unlike what is usually observed for a canonical spin-
glass system. It has to be mentioned here that, in the case of
the NaNiO, antiferromagnet, a similar trend has been noticed
and has been explained on the basis of multiple relaxation
rates.** To have a further understanding, we have carried
out the experiment related to memory effect.** % Generally,
time-dependent phenomena, such as aging, memory, etc., arise
in disordered glassy systems. The state of such systems is
described by the multivalley metastable energy landscape that
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FIG. 4. (Color online) (a) Temperature dependence of the in-
phase component of ac susceptibility for SRO and SROD samples
measured at f = 420 Hz; (b) and (c) show the zoomed-in view of the
temperature dependence of the normalized in-phase ac susceptibility
component measured at various frequencies for SRO and SROD,
respectively.
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exhibits slow dynamics. Due to the inherent slow dynamics
associated with the glassy system, it does not reach the
equilibrium state within the experimental time scale. As a
result, this leads to time-dependent generic nonequilibrium
phenomena. The memory effect can clearly be elucidated by
measuring x,. in two different ways, namely, (i) the halting
mode of measurement (xha;) and (ii) the reference mode of
measurement (xrf). In the halting mode of measurement, the
sample is first zero-field cooled from room temperature to the
lowest temperature with an intermediate halt (#,4) for about
~12 h at the halting temperature (7p,;). Then, the magnetic
response (Xhait) is recorded during the heating run by applying
a probing ac field (H,). However, in the reference mode
of measurement, the sample is zero-field cooled from room
temperature to the lowest possible temperature without any
intermediate halt, and then regular ZFC data (x.r) are recorded
during the heating run with the same H,.. To demonstrate the
memory effect more efficiently, we plot Ax" = (X/of — Xpar)
vs T, and the observed peak in A x’ around the Ty reflects the
memory effect, indicating glassiness present in the material.
Figure 5 shows the Ax’ = (x,.t — X)) VS the T plot for SROD
at various halting temperatures (20, 40, and 100 K). We also
observe a peak in Ay’ at Ty = 30 K for SRO, which is shown
as the inset in Fig. 5. From Fig. 5, it is evident that both sets
of samples exhibit peaks in Ay’ around the corresponding
Thai» except at 100 K, which is well above the temperature
corresponding to the hump positions. In fact, the remarkable
observation of the memory effect in bulk SRO illustrating
the glassy behavior. We believe that the manifestation of
low-temperature glassy behavior and a hump in the x' vs
T data has a common origin. The observation of glassy
phenomena in the case of itinerant ferromagnetic systems, such
as SrRuQs, is unconventional and needs meticulous studies
to understand the underlying physics behind it. However, at
this point in time, we think of the following two possible
reasons that can be attributed to the manifestation of such
an effect. In an ideal ferromagnet, domain growth involves
microscopic time scales. However, in the real world, no
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FIG. 5. (Color online) The differential in-phase ac susceptibility
Ax" = (Xjef — Xpa) VS the T plot at various halting temperatures
(Thare = 20, 40, and 100 K) for SROD. The inset shows the same plot
for SRO at Ti, = 30 K.
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ferromagnet is completely devoid of disorder or defects. In the
presence of such a pinning disorder, there can be a multitude
of metastable states that allows the domain walls to have
thermally activated hopping from one state to another. This
process does not allow the system to reach the equilibrium
state within the experimental time scale and, hence, can lead
to nonequilibrium phenomena, such as memory and aging
effects.* It is also quite possible that the system can show
such effects if spin canting happens to occur either in the
bulk or on the surface of the sample.’! The spin canting can
produce finite spin clusters that essentially consist of sets
of noncollinear ferromagnetically or antiferromagnetically
coupled spins embedded in the STRuOj; ferromagnetic matrix.
In essence, if the spin canting could render disorder and
frustration (two key ingredients required for the occurrence of
spin-glass phenomena), then the system will tend to exhibit
such glassy phenomena. As described earlier, the lack of
saturation magnetic moment inferred from the M-H plot,
indeed, indicates the possible existence of spin canting or
antiferromagnetically coupled spins in a ferromagnetic matrix.

D. Transport

Figures 6(a) and 6(b) show the temperature-dependent
resistivity in the zero and applied fields of 11 T for both
sets of samples. The zero-field resistance vs the temperature
curve shows metallic behavior and exhibits a change in
slope around 160 and 150 K, corresponding to a transition
from a paramagnetic state to a ferromagnetic state for SRO
and SROD, respectively. A careful inspection finds a low-
temperature upturn in resistivity for SROD, and it is clearly
shown as the lower inset in Fig. 6(b). This indicates the
occurrence of a metal-insulator-like transition that possibly
could arise due to the disorder-induced localization effect.’?->*
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FIG. 6. (Color online) The temperature-dependent resistance for
(a) SRO and (b) SROD in H = 0 and 11 T. The upper insets in
(a) and (b) show the dp/dT vs the T curve for H = 0 T. The lower
inset in (b) shows the zoomed-in view of the p vs the T plot in the
zero field for SROD.
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FIG. 7. (Color online) MR as a function of temperature for both
sets of samples.

It is well known that the magnetic and the transport behaviors
of StRuOj are very sensitive to Ru content, Ru-O-Ru distance,
and bond angle. Since SROD is Ru deficient, there could be
rupture of the conduction path within the RuOg octahedron
due to vacant Ru sites, and this might lead to metal-insulator
transitionlike phenomena.

We have extensively studied the MR behavior of both sets
of samples up to a field of 11 T. The MR is defined as
[R(H) —R(0)]/R(0), where R(H) and R(0) correspond to
the resistance in the presence of a magnetic field and a zero
field, respectively. It is found that the MR vs the T plot (Fig. 7)
exhibits two distinct negative maxima for both samples, one
around 50 K and the other in the vicinity of 7;.. Generally, for
ferromagnetic metallic oxide systems, a maximum in MR is
expected to occur around the Curie temperature owing to large
spin fluctuation, and as the temperature decreases, the system
gradually improves its magnetic order, and the MR decreases.
Howeyver, the observation of maximum in MR around ~50 K
is mysterious and conspicuously indicates the emergence of
a hidden magnetic ordering at low temperatures. This further
reinforces, if one carefully notices, the behavior of the dp/dT
vs the T curve, shown as the upper insets in Figs. 6(a) and
6(b). It is evident that the dp/dT vs the T curve shows a
change in slope around 50 K. Thus, we realized that the unusual
low-temperature magnetic behavior, as evidenced from ZFC
dc magnetization and ac susceptibility studies, has a direct
influence on the transport properties. In essence, the magnetic
and transport properties in STRuO3 are found to be strongly
correlated.

Furthermore, a careful investigation on the temperature-
dependent transport data reveals a crossover from FL be-
havior to NFL behavior around 40 K. Based on Landau’s
phenomenological FL theory for metals, the el-el scattering
cross section varies quadratically (T2) with temperature. In
Fig. 8(a), we show the low temperature p vs the T plot
that fits reasonably well to T? dependence, i.e., p = poa +
AT? up to a temperature of 40 K. The values of the fitting
parameters are found to be pps = 1.3 X 1072 Q cm and
A =127 x 107 Q cm K2 for SRO. Furthermore, it is known
that the electron-magnon-scattering cross section also follows
T? dependence, akin to the el-el scattering. So, it is really
hard to separate out the individual contribution from the low
temperature p vs the T plot. However, a qualitative statement
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FIG. 8. (Color online) (a) The p vs the T2 plot over the
temperature range of 4.2-200 K for SRO in H = 0 and 11 T. Solid
lines are linear fits to the data according to p = pps + AT? over the
temperature range from 4.2 to 40 K in H = 0 and 11T; (b) and (c)
show the p vs the T3 plotin H =0 and 11 T for SRO and SROD,
respectively. Solid lines are linear fits to the data according to p =
pos + BT'? over the temperature range from 4.2 to 40 Kin H =0
and 11 T.

can be made about the contribution of the electron-magnon
scattering to resistivity by inspecting the values of the fitting
parameters at zero fields and in the presence of an applied
magnetic field. In the presence of an applied magnetic field, the
coupling between electrons and magnons produces significant
spin-flip scattering, and therefore, the coefficient A is expected
to be field dependent. Since we notice, from our fitting, that the
coefficient A in the zero field and in the presence of the field
(11 T) is almost identical, we believe that electron-magnon
scattering has a negligible contribution to resistivity. Moreover,
it is observed that, as the temperature increases above 40 K,
the p vs the T plot does not follow 7% dependence. Rather, it
follows 7' dependence in the temperature range from 60 to
140 K, signifying the NFL-like behavior. Figures 8(b) and 8(c)

1.2x10%f :
8.0x10°f 1

4.0x10° .

Intensity (counts)

0.0] 4

1

0 20 40 60 80 100 120 140
20 (deg)

FIG. 9. (Color online) Neutron-diffraction pattern at various
temperatures (5-250 K) for SRO.
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FIG. 10. (Color online) Rietveld-refined profile of the neutron-
diffraction pattern at 250 K for SRO.

illustrate the 7' dependence of p for both sets of samples.
Although the underlying mechanistic understanding for the
observation of NFL-like behavior in StRuOj3 is being debated,
it is strongly attributed to the spin fluctuations. It is remarkable
to note here that all the anomalous behaviors discussed so
far are prominent below 60 K, the temperature at which the
transport data deviate from the NFL behavior.

E. Neutron diffraction

In order to have further insight into the origin of the
puzzling low-temperature magnetic behavior of SrRuO3, we
have undertaken a systematic temperature-dependent neutron-
diffraction study in the range of 5-250 K. Figure 9 shows
various ND patterns for the SRO sample recorded at different
temperatures over 5-250 K. With the lowering of temperature,
we only observe an increase in the intensity of the fundamental
Bragg peaks at the lower angular range below ~160 K. This
confirms the ferromagnetic ordering but no structural phase
transition below ~160 K. Figure 10 shows the Rietveld-refined
ND pattern for SRO at 250 K. In agreement with the x-ray
diffraction study and previous reports,> the Rietveld analysis
also confirms an orthorhombic crystal structure with space
group Pnma. The refined lattice parameters are in good
agreement with the same parameters obtained from the x-ray
diffraction study. A comparison of the lattice parameters
obtained from the XRD and ND studies is given in Table II.

Figure 11(a) shows the temperature dependence of lattice
parameters obtained from the Rietveld analysis of the ND
patterns. For completeness, we also note the values of
lattice parameters and the unit-cell volume for all measured
temperatures for SRO in Table IIl. From Fig. 11(a), it is
evident that the lattice parameters undergo a gradual change
around the ferromagnetic transition temperature. It is noticed
that the c-axis lattice parameter shows a compression as we
move from the high-temperature paramagnetic phase to the
low-temperature ferromagnetic phase. On the contrary, the
lattice parameters for the “a” and “b” axes show an expansion.

PHYSICAL REVIEW B 85, 224426 (2012)
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FIG. 11. (Color online) (a) and (b) represent the modulation in
the lattice parameters and the unit-cell volume, respectively, over the
temperature range of 5-250 K and (c) integrated magnetic intensity
of the (101) and (020) Bragg peaks vs temperature.

For better realization, we show the changes in the unit-cell
volume as a function of temperature in Fig. 11(b). From
Fig. 11(b), it is unequivocal that the unit-cell volume shows
an unusual modulating behavior as a function of temperature,
and more surprisingly, we observe two troughs, the prominent
one around the ferromagnetic ordering temperature and the
other at a lower temperature (~75 K). This clearly signifies
the change in unit-cell parameters around the corresponding
temperatures. Also, we observe a decrease in the integrated
magnetic intensity [shown in Fig. 11(c)] below ~50 K. For a
final remark about RuOg octahedral tilting as usually noticed
in ruthenates, we have analyzed the temperature-dependent
ND data at great lengths. Our analysis finds that the octahedral
tilting has a fairly large amount of tilting (of about 8° to 9°)
with respect to the b axis.

TABLE II. The 250-K ND Rietveld-refinement results in comparison with the room-temperature XRD results.

Expt. Space group a(A) bA) c(A) %2 (%) Rp Rwp
ND (SRO) Prnma 5.5691(3) 7.8452(5) 5.5271(3) 4.64 0.058 0.079
XRD (SRO) Prma 5.5709(1) 7.8461(1) 5.5311(1) 2.94 0.065 0.087
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TABLE III. The refined values of lattice constants a, b, and ¢ as well as the unit-cell volume obtained from the ND pattern at all measured
temperatures over 5-250 K.

T (K) aA) Error in a (A) b(A) Error in b (A) c(A) Error in ¢ (A) vV (A% Error in V (A%)
5 5.57191 2.10 x 10~* 7.847 76 3.40 x 10~ 5.53532 2.00 x 10~ 242.043 0.016
50 5.571 74 2.10 x 10~* 7.848 94 2.80 x 10~* 5.53471 1.90 x 104 242.046 0.015
80 5.5696 230 x 107 7.850 17 3.50 x 10~ 5.534 26 2.00 x 10~ 241.97 0.017
100 5.57219 2.10 x 10~ 7.848 44 2.80 x 10~ 5.53518 1.90 x 1074 242.07 0.015
110 5.57245 220 x 107 7.849 12 3.00 x 107 5.53523 1.90 x 1074 242.104 0.016
120 5.573 48 240 x 107 7.847 25 3.10 x 10™* 5.53524 2.10 x 107 242.092 0.017
130 5.57252 2.10 x 10~ 7.848 24 2.90 x 10~ 5.535 42 1.90 x 1074 242.089 0.015
135 5.571 66 2.00 x 107 7.848 83 270 x 107* 5.535 16 1.80 x 1074 242.058 0.015
140 5.5716 230 x 107 7.847 52 3.20 x 107 5.53558 2.10 x 107 242.034 0.017
145 5.57199 2.10 x 10~ 7.847 76 2.60 x 10~ 5.534 80 2.00 x 10~ 242.024 0.015
150 5.570 43 230 x 107 7.847 31 3.30 x 107 5.532 89 2.10 x 107* 241.859 0.017
160 5.569 18 3.00 x 10~ 7.847 47 4.50 x 1074 5.533 10 2.90 x 10~ 241.818 0.023
170 5.570 09 2.50 x 10~ 7.8469 3.70 x 10~ 5.533 00 2.50 x 10~ 241.836 0.019
200 5.569 13 2.60 x 107 7.851 55 5.10 x 107 5.53223 2.60 x 107 241.904 0.022
250 5.570 89 2.00 x 10~ 7.85591 3.40 x 107 5.531 87 2.00 x 10~ 242.099 0.016

IV. THE EFFECT OF Ru DEFICIENCY

For gaining a better insight into such anomalous low-
temperature glassy behavior against the sample composition
with respect to Ru content, we have undertaken an elaborate
study on three more sets of samples by deliberately varying
the Sr/Ru ratio. The stoichiometry of these three sets of
samples is found to be SrRug 9400103, StRup 96+0.0103, and
SrRug 99+0.0103. We have performed a detailed ac suscepti-
bility study, and it is found that the ferromagnetic transition
temperature varies with the Ru deficiency systematically as
shown in Fig. 12. This observation is in good agreement
with the one by Dabrowski et al.,>® who noticed a decline
in the ferromagnetic transition temperature with an increase in
Ru-site vacancy. Concerning the possible existence of glassy
behavior in the above nonstoichiometric samples, we have
performed the memory experiment using the same protocol as

Furthermore, the peak height increases with the increase in
the halting time. This observation conspicuously reflects its
direct connection to the multivalley energy landscape picture
as described earlier. As the system is halted for longer and
longer times, it tries to uncover deeper and deeper valleys.
Eventually, the response gets reflected in the Ay’ vs the T
plot with an increase in the height of the peak, and this truly
substantiates the multivalley picture in the context of glassy
physics. In Fig. 13(b), we show the Ax" = (X ¢ — Xpar) VS the
T plot for StRug 94400103 at the same halting temperature of
40 K and with a halting duration of 8 h. Here, we also see a peak
around the halting temperature, revealing the signature of the
memory effect. In essence, all the samples, with compositions
varying from 0.01 £ 0.01 to 0.07 £ 0.01, with respect to
Ru deficiency, exhibit the characteristics of glassy behavior.

described earlier. Figure 13(a) shows the A’ = (X}t — Xpar) =
vs the T plot for SrRug g9+0.01O3 at the halting temperature of = 0.008
40 K with three different halting times of 2, 4, and 8 h. It is f
interesting to note that, even with a halting time of only 2 h, we S 0.004
see a clear peak, indicating the signature of the memory effect. _s '
X 0.000 )
~~ 164 C T T T T T ] - 2
S) o = -0.004
2 162} T ]
g 160 | . 2
g S 0.006
= 158 - 1 .
£ =
2 156} | =
= ~_ 0.004
£ 154} . _E
£ 152} ; v
;150_ ] 'E0.00Z.I.I.I.I.I.I.
xR 25 30 35 40 45 50 55 60
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Ru deficiency (x)

FIG. 12. Ferromagnetic transition temperature vs Ru-deficiency
plot.

T (K)

FIG. 13. (Color online) The differential in-phase ac susceptibility
Ax" = (Xper — Xta) VS the T plot at a particular halting temperature
of 40 K for (a) SrRll()_ggio_()l 03 and (b) SrRllo_g4i()_()103.
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Hence, we strongly believe that the stoichiometry in relation
to Ru content cannot be accounted for by the observed glassy
behavior in the STRuO; system.

Based on the above findings, we firmly believe that the
puzzling low-temperature magnetic and transport behaviors
in SrRuOj; can be linked to the change in lattice parameters
that occur around the same temperature range. It is plausible
that the structural modulation at low temperatures could be
one of the possible reasons, which can induce the weak anti-
ferromagnetic interaction that is responsible for nonsaturating
magnetization and glassy behavior.

V. CONCLUSION

We performed structural, magnetic, and transport mea-
surements to elucidate some of the most striking unusual
physical responses of SrRuOs;. Two sets of polycrystalline
SrRuO; samples with unique ordering temperatures were
synthesized. Both samples were found to crystallize in an
orthorhombic crystal structure with the Pnma space group.
The low-temperature magnetization was found to be well
described by the Bloch T3/% law, and the magnetization near
T, was found to follow the scaling law M ~ (T, — )¢ with
B = 0.35 and B = 0.30 for SRO and SROD, respectively,
signifying the 3D Ising behavior. The M-H plots exhibited a
nonsaturating tendency uncovering the itinerant ferromagnetic

PHYSICAL REVIEW B 85, 224426 (2012)

behavior. The magnetic ac susceptibility study exhibited a
broad hump far below the ferromagnetic ordering temperature,
and the frequency dependence of this hump position exhibited
the characteristic of multiple relaxations. Most strikingly,
we noticed the low-temperature glassy magnetic behavior as
clearly demonstrated by the time-dependent memory effect.
This was very surprising and unlikely to happen in systems,
which had itinerant ferromagnetic character. However, we
conjectured that slow domain growth and spin canting could
be the cause for such an effect. The transport study evidenced
a crossover from FL to NFL behavior around 40 K and a
slope change in the dp/dT vs the T plot in the vicinity of
that temperature. Astonishingly, we observed two distinct dips
(one around the ferromagnetic ordering temperature and the
other far below the ferromagnetic ordering temperature) in the
temperature-dependent MR response. In addition, we observed
the signature of an unusual dip in the temperature-dependent
coercive field toward the low-temperature side. The emergence
of such unusual magnetic and transport responses is strongly
believed to be connected with a hidden magnetic interaction.
Our effort on the neutron-diffraction study was able to trace
the cause of such a hidden magnetic interaction. The findings
of the neutron-diffraction study evidenced the change in the
unit-cell lattice parameters around 75 K and that could be
the central cause behind such anomalous low-temperature
magnetic responses.
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