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Muon spin relaxation (uSR) and magnetic susceptibility measurements have been performed in
the itinerant-electron magnet Sri—,Ca,RuO3, with x = 0.0, 0.3, 0.5, 0.65, 0.7, 0.75, 0.8, 0.9 and 1.0.
SrRuO3 is a ferromagnet with the critical temperature 7. ~ 160 K. Upon (Sr,Ca) substitution, 7t
decreases monotonically with increasing Ca concentration x and the ferromagnetic order disappears
around x = 0.7. Very weak static magnetism is observed in the x = 0.75 and 0.8 systems, while
the z = 0.9 and 1.0 systems remain paramagnetic in their full volume. Phase separation between
volumes with and without static magnetism was observed in the x = 0.65, 0.7, 0.75, and 0.8 sys-
tems, near the magnetic crossover around x = 0.7. In this concentration region, uSR measurements
revealed discontinuous evolution of magnetic properties in contrast to magnetization measurements
which exhibit seemingly continuous evolution. Unlike the volume-integrated magnetization mea-
surements, uSR can separate the effects of the ordered moment size and the volume fraction of
magnetically ordered regions. The muon spin relaxation rate 1/71 exhibits critical slowing down of
spin fluctuations near T¢ in the ferromagnetic systems with z = 0.0-0.65, consistent with the behav-
ior expected in the Self Consistent Renormalization (SCR) theory of itinerant electron ferromagnets.
The lack of maximum of 1/77 in the x = 0.7 system indicates the disappearance of critical slowing
down. These results demonstrate a first-order quantum evolution in the ferromagnet to paramagnet

crossover near x = 0.7.

PACS numbers: 75.35.Kz 73.43.Nq 76.75.4+1i
I. INTRODUCTION

Itinerant electron systems Sri_,Ca,RuOsz have at-
tracted significant interest of researchers with respect
to evolution from ferromagnetic to paramagnetic ground
states which occurs as a function of (Sr,Ca) substitution
x. Strontium-calcium perovskite ruthenate systems ap-
pear as the Ruddlesden-Popper series Aj4,Ru,O0143n,
where A is a divalent cation such as Sr or Ca'*2. The n
= 1 “214” systems, including a prototypical unconven-
tional superconductor SroRuO43#, have a single-layered
2-dimensional RuO planes. The 3-dimensional n = oo
“113” ruthenate systems Sr;_,Ca,RuOj3 stabilize in a
nearly cubic but orthorhombic structure of the GdFeOg
type.> " The distortion from the idealized cubic per-
ovskite structure is generated by a tilting of the RuQOg
octahedra due to the smaller size of Ca?" ions relative
to Sr?* ions, resulting in greater distortion for larger Ca
concentrations. In the two-dimensional 214 ruthenate
systems (Srq_,Ca;)2RuQy, this tilting makes the band
width narrower, and drives metallic SroRuQO,4 into an in-
sulating CagRu04%°. Unlike the 214 system, however,
the 113 systems remain metallic in the entire composi-
tion range of z = 0.0 to 1.0'%11,

Evolution from localized-moment magnetism to corre-
lated paramagnetism in metallic systems has attracted

significant interest since the 1970’s. Such an evolution
can be found, for example, in a variety of systems in-
cluding Heusler alloys, Fe, Ni, MnSi, and Pd. The ferro-
magnetic systems all exhibit Curie-Weiss law in the mag-
netic susceptibility x, with substantial “paramagnetic
moment” values p. derived from the Curie constant of
x at high temperatures. The ordered ferromagnetic mo-
ment ps at T = 0, however, is significantly reduced from
pe. The Rhodes-Wohlfarth ratio p./ps increases from ~
1 in the localized moment limit to a very large value
(~ 5.5) in “weak” ferro-/heli-magnet MnSi, and finally
diverges in Pd which loses ferromagnetic order'?. This
evolution also shows up in the ratio of the energy scales
of spin fluctuations or spin waves at the zone boundary
(which is a measure of an effective exchange interaction
J) and of the transition temperature energy scale kpTc.
Moriya, Kawabata, Doniach, Lonzarich and others!3 18
have contributed to develop a comprehensive understand-
ing of this evolution. In particular, the Self Consistent
Renormalization (SCR) theory of Moriya and Kawabata
has been very successful in describing it and accounting
for experimental results in weak ferro- or helical-magnets,
such as MnSi and ZrZns. In MnSi, application of hydro-
static pressure has been found'? to drive the system into
a paramagnet. Extensive experimental studies2? 22 have
been performed to characterize the quantum crossover
from helical to paramagnetic ground states of MnSi as a



function of pressure.

SrRuOj is an itinerant ferromagnet??, in which long
range magnetic order stabilizes below T, ~ 160 K. The
(Sr,Ca) substitution monotonically decreases the critical
temperature with increasing x, and the zero-temperature
spontaneous moment ps vanishes at a calcium concen-
tration x close to 0.7, as reported by magnetization
measurements?425.  Kiyama et al.?* also found that
Sry_,Ca,RuO3 exhibits Curie-Weiss-like magnetic sus-
ceptibility in the whole composition range, with the
Weiss temperature 6 changing sign from positive to neg-
ative at approximately x = 0.7. The paramagnetic mo-
ment p, remains nearly constant, while the ordered mo-
ment ps(T = 0) decreases with increasing x. Based
on these observations, Kiyama et al.?* proposed to map
the evolution due to (Ca,Sr) substitutions to the above-
mentioned general behavior expected by the SCR theory
in itinerant-electron systems.

In this view, with increasing Ca concentration, the
system evolves from an intermediate itinerant ferromag-
net SrRuOg, through weak itinerant ferromagnet, to the
nearly ferromagnetic metal CaRuQOg3 which remains para-
magnetic down to T' = 0 K.2426:27 We note that both Sr
substitution with Ca as well as application of hydrostatic
pressure to SrRu032%3% reduces the unit-cell volume,
and results in the reduction of T.. On the other hand,
the Sommerfeld constant «, derived from the 7T-linear
term of the specific-heat,?” does not show monotonic be-
havior with (Ca,Sr) substitutions. This observation rules
out a simplistic picture that the ferro-para evolution is
caused by a band narrowing due to increasing crystal tilt-
ing with increasing x, nor by a band widening that can be
expected in general when metallic systems are squeezed
by hydrostatic pressure. The specific heat study?’ sug-
gested that the increase in v is not due to an increase
in the density of states at the Fermi level, but to spin
fluctuations that enhance specific heat through exchange
interactions in the low temperature region.

We started to perform muon spin relaxation (uSR)
measurements of Sr;_,Ca,RuOj3 using poly-crystal spec-
imens in 2000. During the course of our study, we also
performed measurements of dc- and ac-magnetization
to characterize the specimens used in the pSR stud-
ies. Recently, we compared a part of zero-field (ZF)
#SR and dc-magnetization results on (Sr,Ca)RuOs with
1SR measurements of MnSi under applied pressure??,
and reported that quantum evolutions of both MnSi
and (Sr,Ca)RuOj into paramagnets are associated with
phase separations between volumes with and without
static magnetism near the boundary existing at the crit-
ical pressure of 14.7 kbar in MnSi and at x ~ 0.7 in
Sr1_,Ca,RuO3. In MnSi, we also reported disappear-
ance of dynamic critical behavior observed in the muon
spin relaxation rate 1/T} near this phase boundary?2.
These are the characteristic behaviors expected for the
first-order phase transition between the magnetically or-
dered and paramagnetic phases.

In this paper we provide a more comprehensive

report of puSR and magnetization measurements of
Sr;_,Ca,RuO3 by adding: (1) the results of 1/7} mea-
surements, performed in longitudinal external field (LF),
which revealed diminishing dynamic critical behavior as
the phase boundary is approached; (2) comparison of the
results on 1/77 with predictions from the SCR theory;
(3) new data points of ZF-uSR for a few interpolating
x values; (4) more detailed analysis on the results for
= 0.75, 0.8, 0.9 and 1.0; and (5) ac-susceptibility results
which provide severe constraints to the possible spread
of the substitution concentration x.

Although 24,26,31
NMR3%234,  Raman??, effect and
PAC35 studies found no evidence for static long-
range order in CaRuOj, some controversy remains
because earlier reports from Mossbauer-effect®”38 and
magnetization®”3® claim magnetic order in CaRuOs
developing at rather high temperatures as ~ 90 K, and
a theoretical calculation3® predicts a crossover from
ferromagnetic to antiferromagnetic interactions at x =
0.724 and subsequent spin-glass state for CaRuO3 with
dominant short-range antiferromagnetic interactions. It
should also be noted that magnetization studies reported
signatures suggestive of canted AFM spin freezing®’
near * = 0.8 and spin glass like behavior' at = =
0.90-95.  Substitutions of dilute magnetic impurities
Ti, Fe, Mn, Ni, Cr on the Ru site in CaRuOj3 result
in ferromagnetism*2 44, while Co substitution induces
spin-glass behavior*®. These results demonstrate that
CaRuOg is very close to a magnetic instability, and its
vicinity is sensitive to perturbation.

magnetization 123,

structura.
35 and Modssbauer

The present study will also provide clarifications to
the controversy of CaRuOj3 and elucidate magnetism of
systems with small (Ca,Sr) substitutions (0.75 < z <
1.0) by showing: (a) clear evidence for absence of static
magnetic order in CaRuO3 and Sry.1Cag 9RuO3 down to
T = 2 K; and (b) new SR results which indicate a spin
freezing with a very small average frozen moment (less
than 0.004 Bohr magneton per formula unit) occurring in
a small volume fraction in the z = 0.75 and 0.80 systems.
This paper is organized as follows: we will present sample
preparation in section II, magnetization measurements in
III, 4SR results in IV and discussions and conclusions in
section V.

II. SAMPLE PREPARATION

Polycrystalline samples of Sr;_,Ca,RuO3 were syn-
thesized by a conventional solid state reaction method.
Stoichiometric mixture of powders of SrCOj3 (99.99%),
CaCOs (99.99%) and Ru (99.9%) were ground and re-
acted at 1173 K for 24 h in air. The samples were re-
ground, pressed into pellets, and heated again at 1573
K for 24 h. This procedure was repeated several times,
and then the samples were cooled to room temperature
at the rate of 1 K/minute in the last procedure.
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FIG. 1: (Color online) (a) Field-cooled dc magnetization M of
Sri_5Ca; RuO3 samples with x = 0.0, 0.5, 0.65, and 0.7 under
an applied field of 5 G. The arrows represent the temperature
at which the onset of magnetic order is detected by pSR mea-
surements. (b) Magnetization M under an external magnetic
field of 1 kG. (c) Ac magnetic susceptibility xac of the z =
0.0, 0.5, 0.65, and 0.7 systems at frequency of 1000 Hz, and
field amplitude of 1 G. (d) Ac magnetic susceptibility Xac of
the x = 0.8 and 0.9 systems under the same experimental
conditions.

IIT. MAGNETIZATION MEASUREMENTS

We performed dc magnetization measurements using
a Quantum Design SQUID magnetometer at Columbia
University, New York, and ac magnetization measure-
ments at McMaster University, Canada. Figure 1 shows
magnetization measurements of the Sr;_,Ca,RuO3 sys-
tems with z = 0.0, 0.5, 0.65, and 0.7 in an applied field
of (a) 5 G and (b) 1 kG. The vertical arrows show the
temperature of the onset of static magnetic order mea-
sured using the puSR technique as described later. The
magnetization measured under 1 kG is approximately ten
times larger than the magnetization measured under 5 G.
Sr.3Cag.7RuOs3 is very weakly ferromagnetic, being the
closest to the magnetic/nonmagnetic crossover expected
around a calcium concentration z = 0.7 and 7" = 0 K.
Figure 1(c) shows the ac susceptibility (yac) measure-
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FIG. 2: (Color online) (a) Inverse dc-magnetic susceptibility
plotted as a function of temperature for systems with z =
0.0, 0.3, 0.5, 0.65, 0.7 and 0.8. The dependence is linear
at high temperatures. These results exhibit nearly parallel
lines in the plot of 1/x versus temperature. (b) The Weiss
temperature 6 determined from a fit of the susceptibility to a
Curie-Weiss law. Fitting the data right above the magnetic
transition yields 6 values close to Tc.

ments, at frequency of 1000 Hz and field amplitude of 1
G, in the z = 0.0, 0.5, 0.65, and 0.7 systems. For x = 0.65
and 0.7 the peaks of ya. occur at temperatures signifi-
cantly lower than the onset of static magnetism detected
by uSR. In the x = 0.8 and 0.9 systems, Yac increases
below 20 K, as shown in Fig. 1(d), without showing
a definite peak corresponding to a magnetic transition.
The kink observed in x = 0.9 is presumably due to a
contamination by a tiny ferromagnetic component.

By comparing the widths of the peaks in xac, one can
estimate the degree of chemical inhomogeneity in the
sample. The peak observed in x = 0.5 is 1 K wider
than the peak of the pure SrRuOgs. Assuming that this
reflects a variation in T, due to composition spread we
expect a standard deviation of calcium concentration of
+ 0.6 %. The peak of x = 0.65 is larger by 1.5 K than the
peak of SrRuQOgs, which leads to a chemical composition
spread of about 1.2 %. Thus we expect a composition
variation in the samples to be less than ~ 1 % in the
present specimens.

Figure 2(a) shows the inverse dc-magnetic susceptibil-
ity 1/x as a function of temperature under an applied
magnetic field of 1 kG for x = 0.0, 0.3, 0.5, 0.65, 0.7
and 0.8. The plots become linear at high temperatures,
where a Curie-Weiss-like behavior of the susceptibility is



expected for magnetic systems with itinerant electrons.
Figure 2(b) shows the Weiss temperature ¢ determined
by fitting the susceptibility with a Curie-Weiss law. Two
results were obtained for each sample: one from the fit
in the high temperature (high-7") range and the other
in the low temperature (low-T') range (fitting tempera-
ture ranges for each specimen is given in ref.*®). A con-
stant term was added to the latter fit. For systems with
x > 0.5, 0 derived from the high-T data is significantly
smaller (or more negative) than 6 obtained from the low-
T data. For ferromagnetic systems, the low-T fits yield
0 values close to T¢.

IV. uSR MEASUREMENTS
A. Experimental details

We performed zero field (ZF) puSR measurements at
the M20 Channel of TRIUMF, Vancouver, Canada. In
a time differential experiment, positive muons, polarized
along the flight direction, are implanted one at a time in
the sample. Within less than a nano second, the muon
stops at the location(s) of minimum electrostatic poten-
tial energy within the unit cell. The muon spin then
changes orientation as it interacts with the local static or
fluctuating magnetic fields. The muon subsequently de-
cays into a positron and two neutrinos (the muon lifetime
is 2.2 ps) and due to parity violation in muon decay, the
positron is emitted preferentially along the muon spin di-
rection. For all experiments, we used a muon beam with
momentum of ~ 28 MeV/c. The samples were made in
pressed pellets of approximately 1 cm in diameter and 2
mm thickness. The largest surface was placed perpendic-
ular to the beam direction.

In zero field (ZF) or longitudinal field (LF) configura-
tions, the positrons are detected by forward and back-
ward counters placed along the direction of the beam,
commonly labeled the z direction. The sample is located
between the two detectors. Histograms of the positrons
from muon decay events are recorded as a function of the
time ¢ which represents the residence time of the muons in
the crystal between the implantation and decay. The sta-
tistical average of the projection of the muon spin on the
z axis, P(t), is obtained from the two time histograms
as a function of t. At t =0, Pj(t) = 1 since initial muons
spins point in one (backward) direction. At longer times,
when the muon spin orientation is randomized and there
is no longer any difference between the average number
of positron counts registered in the forward and the back-
ward counters, Py (t) becomes 0. The amplitude of the
USR signal is denoted as the asymmetry and the time-
dependent asymmetry is given by the muon polarization
function multiplied by the initial asymmetry of the sig-
nal.

B. Fitting function for the time-dependent muon
spin polarization

Figure 3 shows the muon spin polarization P} (t) at
several temperatures, observed in the systems with x =
0.0, 0.3, 0.5, 0.65, 0.7, 0.75, 0.8, 0.9 and 1.0. Fast depo-
larization is observed at low temperatures in z = 0.0, 0.3,
0.5, 0.65, and 0.7, indicating that the local fields in these
systems are strong and static magnetic order is achieved.
The spin fluctuations slow down near T' = T, causing
faster depolarization of the muon spin around 7. than
at high temperatures, as can be seen by comparing the
top and the middle plots for each ferromagnetic sample.
The x = 0.75 and 0.8 compounds also show an increase
of muon spin depolarization at low temperatures. As
we describe later in the paper, additional longitudinal
field (LF) measurements, with external magnetic fields
applied along the initial direction of the muon spin, en-
able us to show that the depolarization in the x = 0.75
and 0.8 systems is caused by very small static fields (3—
4 G). There is no difference between the low tempera-
ture and the high temperature muon spin polarization
in CaRuO3, indicating that the sample is paramagnetic
above T'= 2 K.

The x = 0.0, 0.3, and 0.5 systems exhibit static mag-
netic order in the entire volume at low temperatures.
This can be seen from the amplitude (2/3) of the fast
damped oscillation of P7(t) at early time, shown in the
top row of Fig. 3. The damped oscillation is followed by
a slowly relaxing 1/3 component. In the z = 0.65 and
0.7 systems, the amplitude of the damped oscillation is
less than 2/3, which is an indication that only a fraction
of the sample volume undergoes static magnetic order.

In the paramagnetic state of ferro or antiferromag-
nets, the muon spin polarization function is determined
by static nuclear dipolar fields and fluctuating dynamic
fields from electron spins. For systems with rapid elec-
tron spin fluctuations, the two contributions are inde-
pendent and P7(t) can be given as their product. In the
present study, the dynamic relaxation due to electron
spins was fitted to exp(—(\t)?), with 0.33 < 8 < 1.0.
[ is determined by inhomogeneity in the system, with g
smaller for less homogeneous systems?*®49. For systems
with a unique value of local field at the muon sites, one
would expect 8 = 1, corresponding to the 1/77 exponen-
tial relaxation with a single slope. The values of 3, ob-
tained from the present data as a free fit parameter, were
about 0.5-0.6 for most of the systems in a wide temper-
ature range. This is presumably related to a significant
spread of the instantaneous local field as discussed later.

The very weak nuclear dipolar field in the
Sr;_,Ca,RuO3 samples is generated by the (nu-
clear) magnetic isotopes of Sr, Ca, Ru, and O. They
form a dilute system of moments, whose contribution
to the muon spin polarization function is of the form
exp(—Aaipt). The relaxation rate Agip, proportional to
the magnetic moment/unit cell, can be estimated by
comparing the magnetic moment/unit cell of the present
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FIG. 3: (Color online) Time spectra of the muon spin polarization function, P, observed in zero field in Sr;—,Ca,RuO3 with
z = 0.0, 0.3, 0.5, 0.65, 0.7, 0.75, 0.8, 0.9 and 1.0 at a few representative temperatures. The top-row figures show early-time

regions of the middle-row figures.

systems with the results in a dilute-alloy spin glass
CuMn (1 at. % Mn)*®. This calculation yields Aqip in
the range 5.5-7.5 x1073 us~! for the present systems.

Well above T, the relaxation due to fluctuating elec-
tronic spins is small and the nuclear dipolar fields dom-
inate the muon spin relaxation process. Application of
a small longitudinal magnetic field of 100 G “decouples”
the nuclear dipolar fields, making their contribution to
P7 negligible. Therefore, comparison of the ZF and LF
spectra at high temperatures allows to estimate an upper
limit for Agqip. We found Agip = 1 X 1072 ps™!, consistent
with the evaluations above. We used this value in the
analysis of the data for all samples. This is an extremely
slow relaxation, so in practice the effect of nuclear dipolar
field is negligible in the present study.

In the magnetically ordered phase, the relaxation due
to the nuclear dipolar fields is much smaller compared to
the effect of static internal fields from the spontaneously
ordered Ru moments. P? is then given as a product of
a Kubo-Toyabe function, describing the muon depolar-
ization due to static fields from the frozen component of
electron spins, and exp(—(\t)?) which accounts for the

effect of dynamic electron spins.
In the absence of an external applied magnetic field
the Kubo-Toyabe function is given as:

1 2
343 NG
where A is proportional to the root mean square width
of distribution of magnetic fields probed by the muons,
and 1 < p < 2. In the limiting case with p = 2 one
obtains the Gaussian Kubo-Toyabe function GSXT ()47,
which is appropriate for systems with randomly oriented,
dense, static spin systems. In these systems, the distance
between local moments is approximately the same as the
distance between the muon and the magnetic moments.
Each muon will experience magnetic fields from the same
Gaussian distribution of local fields. The function with
p = 1 in Eq. 1 describes the systems with dilute mo-
ments, where the muon will experience stronger or weaker
field distributions, depending on how far the muon site
is from a magnetic moment. Overall, the distribution
of magnetic fields probed by the muon is Lorentzian®.
Cases intermediate between the dense and dilute spin

APtP

G,(t) = (1 — APtP) exp(—




systems could be investigated by varying the parameter
p in the interval 1 < p < 2. We obtained the values of p
by fitting data observed at low temperatures, as p = 2.0,
2.0, 1.61, 1.57, 1.0 and 1.0, respectively, for the systems
with x = 0.3, 0.5, 0.65, 0.7, 0.75, and 0.8, and kept these
values fixed for higher temperatures. For SrRuOj (z =
0), we adopted p = 2.0 in data analyses for the purpose
of comparisons with adjacent x = 0.3 and 0.5 systems,
while more detailed internal field profile will be described
later.

In the present systems, the magnetic ordering takes
place in a rather broad temperature interval. The volume
fraction V; of the sample that is magnetically ordered,
0 < V; < 1, increases monotonically as the temperature
is decreased through T,. Therefore, all the data have
been fit using the function:

Pi(t) = {ViG.(t) + (1 = Vi) exp(—Aaipt) } exp(—()\t)ﬁ()-)
2

C. uSR results for the ferromagnetic systems with
z = 0.0, 0.3, 0.5, 0.65 and 0.7

Figure 4(a) shows the temperature dependence of the
root mean square width A of the distribution of local
fields probed by the muon. A was converted from ps™!
to kG using the gyromagnetic ratio of the muon spin,
Yu = 2mx13.54 MHz/kG. Ferromagnetic order appears
below 160.75 K, 92.1 K, 44 K, 24.7 K, and 18 K in the
systems with z = 0.0, 0.3, 0.5, 0.65, and 0.7, respectively.
In each system, the local field monotonically increases as
the temperature decreases.

The volume fraction V; of regions with static mag-
netic order is shown in Figure 4(b) for the ferromagnetic
systems. As the temperature is decreased, static mag-
netic order in full volume is achieved only in SrRuOsg,
Srp.7Cag.3sRuO3 and Srg.5Cag 5sRuO3, which have strong
magnetism with high Curie temperatures and large or-
dered moments. The fraction V; changes from 0 to 1 over
a temperature interval of approximately 23 K (could be
affected by poor early-time resolution), 12 K and 15 K,
respectively, in the x = 0.0, 0.3, and 0.5 systems. This
represents 14 %, 13 % and 34 %, respectively, from the
temperature at which the onset of magnetism is observed.
In Sr0_35Ca0_65Ru03 and Sro_gcaojRuOg, the pI‘OpOI‘tiOH
of the ordered phase increases slowly as the temperature
is decreased, reaching values in the range of 59 + 3 %
and 34 £ 2 % at T =2 K.

The product of the local field width A and the or-
dered volume fraction V; is shown as a function of tem-
perature in Figure 4(c), expressed in units of Bohr mag-
neton per atom using calibration obtained from the re-
sults of StRuO3. At low temperatures V;A agrees with
the magnetic moment/atom derived from field-cooled dc-
magnetization measurements under 1 kG, Mrc (dashed
line). As described later, Mpc in this condition is
approximately equal to the spontaneous magnetic mo-
ment/atom. For systems that have magnetic order only
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FIG. 4: (Color online) (a) The width of the static local field,
A (kG), determined by ZF pSR, shown as a function of tem-
perature for the ferromagnetic Sri_,Ca;RuOs with x = 0.0,
0.3, 0.5, 0.65, and 0.7. The symbols are labeled in panel (b).
(b) The temperature dependence of the volume fraction V¢
of regions with static magnetic order. The x = 0.0, 0.3, and
0.5 systems achieve static magnetic order in the entire volume,
while the z = 0.65 and 0.7 systems exhibit static order only in
a partial volume fraction even at ' — 0. (c) The data points
denote the product of the local field width and the ordered
volume fraction VA derived from ZF pSR and expressed in
units of Bohr magneton/atom. The dashed lines represent
the magnetic moment/atom derived from the FC magnetiza-
tion measurements under 1 kG. The two measurements agree
reasonably well at low temperatures.

in a partial volume fraction, the bulk magnetization
should correspond to the product of the local magnetic
field A and the volume fraction V;.

The behaviors of the field width and the volume frac-
tion at the limit of low temperatures (7" — 0) are shown
in Figure 5 as a function of the calcium concentration
x. The x = 0.0, 0.3, 0.5, 0.65, and 0.7 systems are fer-
romagnetic. As presented in detail later an extremely
small static magnetic field of the order of a few Gauss
was found in z = 0.75 and 0.8. Figure 5(a) demonstrates
a drastic reduction of the static field width in = = 0.75
and 0.8 from that in the ferromagnetic + = 0.7 and 0.65
systems. This suggests a different type of magnetism in
the compounds with = 0.75 and 0.8. Figure 5(b) shows
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FIG. 5: (Color online) (a) The width A of the distribution of
static local magnetic fields, plotted as a function of calcium
concentration x for Sri_,Ca,RuOs with x = 0.0, 0.3, 0.5,
0.65, and 0.7. The green star and the blue diamond show the
very small rms field widths found in Srg.25Cag.7s RuOs and
Sro.2Cag.sRuOs3, as discussed in the text. (b) The volume
fraction V; of regions with static magnetic order at T' — 0,
plotted against Ca concentration x. Only the samples with
z = 0.0, 0.3, and 0.5 achieve static magnetic order in the
entire volume.

the volume fraction of regions with static magnetism at
the limit of low temperatures. The data indicates phase
separation between magnetic and paramagnetic regions
in the weakly ferromagnetic samples with x = 0.65 and
0.7. There is phase separation between regions with and
without static order also in the x = 0.75 and 0.8 sys-
tems. The large error bars in their case are due to large
trade-offs between parameters of the fit.

In Figure 6 we compare (1) the low-temperature local
field width times the ordered volume fraction V;A deter-
mined by uSR, (2) the low-temperature spontaneous mo-
ment ps, and (3) the low-temperature de-magnetization
Mpgc obtained from field-cooled measurements under 1
kG. The spontaneous moment was determined by reduc-
ing the magnetic field to 0 after the sample was magne-
tized under 5 T. The inset on the right hand side shows
part of the hysteresis loop for STRuO3 and py is indicated
by an arrow. Magnetic systems with itinerant electrons
generally exhibit significant high-field magnetic suscepti-
bility. The magnetization M observed in the inset still
increases with increasing B even at high magnetic fields
such as 5 T, which is the limit of our SQUID magne-
tometer. All the three results (1)—(3) exhibit very good
quantitative agreement. For all the systems, Mpc is com-
parable to ps. The effective paramagnetic moment per
atom determined from the Curie constant is shown at
the top panel of Fig. 6 for comparison. In all samples
Peft 18 much larger than ps, as expected for ferromagnetic
systems based on itinerant electrons.
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FIG. 6: (Color online) Comparison of the ordered volume
fraction times the local field width VA determined by uSR,
the low-temperature magnetic moment ps, and the low-
temperature magnetization Mpc obtained from field-cooled
measurements under 1 kG. The results for these three param-
eters show good agreement. The inset shows the spontaneous
moment of the SrRuO3s obtained from the hysteresis loop.
The upper panel shows the effective paramagnetic moment
pet determined from the Curie constant after fitting the in-
verse susceptibility 1/x at high temperatures.

D. uSR time spectra of SrRuQOs3;

In SrRuOj3 a second set of data with better early-time
resolution have been taken to accurately determine the
field amplitude at low temperatures. The resulting time
spectra in ZF are shown in Figure 7, which exhibits a
distinct oscillation observed below T.. The observation
of a highly damped oscillatory signal is consistent with
the recent results of Blundell et al.°. These spectra can
be fitted to the two-frequency function:

AOPﬁ(t) = ay exp(—A1t) cos(2mv1t + @)
+ ag exp(—Aat) cos(2mvat + ¢) + as, (3)

where Ag is the asymmetry at ¢t = 0, A; and Ay are the
damping rate of the oscillation, and v; and vy are the
muon precession frequencies. The temperature depen-
dence of v and vs is shown in the inset of Fig. 7. The
two different frequencies can be attributed to two mag-
netically inequivalent muon sites. Probabilities of muons
to occupy these sites, a1 /(a1 + a2) and as/ (a1 + a2), are
comparable to each other. The non-oscillating compo-
nent ag ~ Ap/3 represents muons stopped at sites where
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FIG. 7: (Color online) ZF-uSR time spectra observed in

SrRuO3 (z = 0.0). The solid lines represent fits to the data
with the two-frequency function (1). The inset shows tem-
perature dependence of muon precession frequencies ;1 and
V.

the internal field is parallel to the initial muon polariza-
tion.

The large values ~ 40us™" of the damping factors A\;
and A2 indicate a broad distribution of the internal mag-
netic field. This may be due to further variation of muon
sites, plus other possible factors including grain bound-
aries and shape-dependent demagnetizing fields in fer-
romagnets. The wide distribution of internal fields, re-
sulting from the multiple muon sites, is consistent with
a small value of S ~ 0.5 observed in the paramagnetic
state. When the time spectra of Fig. 7 are fit using Eq.
1 with p as a free parameter, we obtain p ~ 1.5. The
average field strength A for this value of p (not shown
in the graph) agrees within +10 % with the A values
obtained for p = 2.0 shown with closed square symbols
in Figs. 3-5. No precession frequency was resolved in
ZF-uSR spectra of other systems.

1

E. upSR studies of the Srg.2Cag.sRuO3 and
Sro.25Cap.75 RuO3 systems

High-field magnetization measurements of polycrys-
talline samples up to 44 T indicated that Srg.2Cag.gRuO3
is an exchange enhanced paramagnet on the verge of
magnetism?*. The system shows large increase of mag-
netization in external field at low temperature and large
value of the high-field susceptibility, as expected in the
case of nearly ferromagnetic systems.

Figure 8(a) shows the time-dependent muon spin po-
larization function P in Srg2CaggRuO3 at T' = 2 K
under zero field and longitudinal magnetic fields of 13.5
G, 50.1 G, and 93 G applied along the direction of the
initial muon polarization. The data was fit in the range
from 0.035 us to 8.0 us assuming partial magnetic order
in the sample. Under ZF conditions, the contribution
to the fit function from magnetically-frozen regions is in
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FIG. 8: (Color online) (a) Time spectra of muon spin po-
larization function in Srg.2Cag.sRuOs under zero field and
longitudinal fields of 13.5 G, 50.1 G and 93 G at T' = 2 K.
(b) The width of the local field distribution A (black open
squares) and the volume fraction with static magnetic order
Vi (red stars) plotted as a function of temperature. Static
fields persist in the sample up to at least 7 K.

the form of a Lorentzian function, i.e., Eq. 1 with p = 1.
The contribution of electronic spin fluctuation is in the
form of a stretched exponential as shown in Eq. 2. At 2
K the volume fraction of the sample that is magnetically
ordered is 32 + 7 % and the width of the distribution of
local fields is 4.3 &+ 0.8 G. Since the data taken under a
longitudinal field (LF) of 93 G is similar to data under
50.1 G, a magnetic field of about 93 G is sufficient to
“decouple” the contribution of static fields from that due
to electronic spin fluctuations. The relaxation at 50.1 G
and 93 G are due primarily to electron spin fluctuations.
The width of distribution of local fields derived from LF
data is consistent with those from the ZF data. Figure
8(b) shows the temperature dependence of the volume
fraction V; and the width A derived from ZF pSR data.
The static field decreases monotonically as temperature
is increased and vanishes somewhere between 7 K and 12
K. The ordered fraction was a free fit parameter at all
temperatures except at 7 K where it was set to 20 % to
be able to fit the data. The ordered fraction also appears
to decrease with increasing temperature.

The pSR measurements are consistent with our FC
magnetization measurements performed under magnetic
fields of 5 G, 100 G, and 1000 G. The magnetization in-
creases significantly below ~ 20 K. At high temperatures
the magnetic susceptibility is Curie-Weiss-like and 1/x
is linear in T as shown in Fig. 2(a). We also found a
small amount of hysteresis in the Srg 290Cag goRuO3 sam-
ple, persisting up to ~ 20 K.

We  performed a similar puSR  study for
Srg.05Cag.75Ru03. The data analysis is the same
as for the Srg.2Cag.gRuO3, except that at each temper-
ature the ZF and LF data were fit simultaneously to
determine the small magnetic field in the sample. At
T = 1.7 K, the volume fraction V; is around 50 + 10 %
and the width of the distribution of local fields is 3.0
+ 04 % G. Figure 9(a) shows the muon polarization
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FIG. 9: (Color online) (a) Time spectra of muon spin po-
larization function in Srg.25Cag.75 RuO3 under zero field and
longitudinal fields of 24.9 G, 48.9 G and 100 G. (b) The width
of the local field distribution A (black open squares) and the
volume fraction of the sample that is magnetic V¢ (red stars).
Static fields appear to persist in the sample up to at least 12
K.

function P7 at 1.7 K under ZF and LF of 24.9 G, 48.9
G and 100 G. As in the z = 0.8 system, a magnetic field
of 100 G is sufficient to“decouple” the relaxation due to
static fields. Figure 9(b) shows the ordered fraction V;
and the local field width A as a function of temperature.
Static local fields persist up to about 12 K.

Our SR measurements are not conclusive about
the spatial spin correlations in SrgsCaggRuO3 and
Srg.25Cag.75Ru03. It should be stressed, however, that
the size of the ordered moment of 0.004 Bohr magneton
per Ru, obtained by scaling the results of ferromagnetic
SrRuOj3 (0.8 Bohr magneton per Ru) with the observed
local field width, is extremely small in systems with z =
0.75 and 0.8. Thus the mechanism for magnetic order of
these systems could be very different from rather stan-
dard ferromagnetic order for x > 0.7. The very slow
initial exponential decay, due to static magnetism, is sug-
gestive of a freezing of very dilute moments with the con-
centration of the order of 100 to 1000 ppm per unit cell.

F. puSR measurements of the dynamic spin
relaxation rate 1/T1

The present study on Sr;_,Ca,RuOg3 is a part of a
series of SR studies of the critical behavior of itiner-
ant ferromagnets. The first experiments performed by
Hayano et al.’! on the weakly itinerant helimagnet MnSi
(T, = 29.5 K) revealed critical divergence of the spin-
lattice relaxation rate measured under an applied field of
LF = 700 G. A linear dependence was found when the
relaxation time T was plotted as a function of 1/T, in
agreement with the SCR theory of spin fluctuations'3.
In a more recent puSR study of MnSi, we found an LF
dependence of the relaxation rate 1/77 in the paramag-
netic state®?. The field dependence, persisting up to 2.7
kG, is due to the helical/conical spin structures specific

to MnSi, where the remaining helical component of the
spin fluctuations perpendicular to the LF selectively con-
tribute to the relaxation.

In order to make universal treatments of the dynamic
effects for spectra fitted with different power 8 of the
power exponential decay, in this paper we define the
muon spin relaxation time 77 as the time required for
the muon spin polarization due to fluctuating electronic
spins, exp(—(At)?), to become half of the value at t = 0,
ie.,

1/8

r, - WEVT (4)
The parameter 8 was treated as a free fit parameter, and
was less than 1 around T. Figure 10(a) shows the re-
laxation rate 1/} observed in ZF and/or low LF below
100 G, as a function of temperature. The peak tempera-
ture of the 1/T3 versus T plot was chosen as the critical
temperature T.. The relaxation rate takes maximum val-
ues around T = 154.5, 85.0, 37.6, 14.8, and 13.0 K for
the z = 0.0, 0.3, 0.5, 0.65, and 0.7 systems, respectively.
These peak temperatures are well within the tempera-
ture interval of the magnetic transition estimated from
V¢, and are approximately in the center of the interval
for the samples with z = 0.3 and 0.5.

In Fig. 10(b) we plot the relaxation time 77 as a func-
tion of the inverse temperature 1/7". In the paramagnetic
state of the x = 0.0, 0.3, 0.5 and 0.65 systems, T} shows
an approximate linear dependence on 1/T". For the z =
0.0 and 0.3 systems the linearity can be seen only close
to T.. Further away from T, the relaxation rates due to
electron spin fluctuations and nuclear dipolar fields be-
come comparable, which prevents accurate derivation of
the T} values.

V. DISCUSSIONS AND CONCLUSIONS
A. Comparison with the SCR theory

The magnetization data in Section IIT agree well with
the SCR theory of spin fluctuations of Moriya'3. Accord-
ing to this theory, the magnetic susceptibility of systems
with itinerant electrons is a complex function of tempera-
ture, which simplifies to a Curie-Weiss-like law above T,
but not too close to T,.. The Curie-Weiss-like behavior in
itinerant systems is due to the approximately linear in-
crease with temperature of the mean-square local ampli-
tude of thermal spin fluctuations, rather than to fluctu-
ating local moments. In agreement with the SCR theory,
the slopes of the 1/x versus T plots in Fig. 2 are nearly
parallel. The Weiss temperatures of the Srg 2Cag gRuOg
is negative, which implies that the system is an exchange
enhanced paramagnet in the framework of the SCR. the-
ory. We derived the effective paramagnetic moment peg
from the Curie constant obtained by fitting the high-T'
inverse susceptibility (dashed line in Fig. 2). The re-
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FIG. 10: (Color online) (a) Temperature dependence of

the relaxation rate 1/77 for the ferromagnetic samples of
Sri—2CazRuOs. (b) The relaxation time 77 has a linear de-
pendence on 1/T in the paramagnetic phase of the z = 0.0,
0.3, 0.5, and 0.65 systems. The data for x = 0.7 is spread over
a range of 1/71 values and does not confirm this trend. The
inset shows the slope of the T7 versus 1/T" plot as a function
of T..

sults, shown at the top of Fig. 6, are consistent with
those reported in earlier studies!!26:38:41,

The present results on 1/T} are also consistent with the
SCR theory, in which the muon spin relaxation time T}
is related to the uniform susceptibility x in the following
way:

1 AR 3t 5)
T, 2T 2y’

where y = 1/(2Tax) is the reduced inverse susceptibil-

ity, t = T/Ty is the reduced temperature, and Ap¢ is
the muon hyperfine coupling constant. Ty and T are
temperatures that characterize the energy width of the
dynamical spin fluctuation spectrum and the width of
the distribution of static susceptibility in g-space. A
large Tp/T. ratio is expected for magnets with itiner-
ant electrons. Ty = 234 K was determined for the
Srg.4Cag.cRuOs sample with T, = 25 K23, which yields
To/T. ~ 9.4. In the temperature region where y obeys a
Curie-Weiss law, T T depends linearly on (7' — T). This
implies a linear relationship when T} is plotted against
1/T, as shown by our data for the z = 0.0, 0.3, 0.5 and
0.65 systems.

The plot of Ty versus 1/T for Srg3Cag7RuO3 devi-
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ates from the linear trend observed for the other ferro-
magnetic samples. Ishigaki and Moriya®® showed that
T, diverges as T~ /3 at the magnetic instability in met-
als. Among the ferromagnetic systems in the present
study, the z = 0.7 system is the closest to the magnetic
crossover. This could explain why the 77 versus 1/T plot
is non-linear, but the critical temperature of the sample
is rather large (around 13 K) and our data is insufficient
to show the divergence of T as T~'/3. Also, calculations
we performed for a hypothetical sample that orders over
a temperature interval centered on 7, suggest that the
curving of the Ty versus 1/T plot could be due also to
the broadening of the temperature interval of the mag-
netic transition, which is very pronounced in the x = 0.7
system.

The inset of Fig. 10(b) shows the slopes of the T ver-
sus 1/T plots as a function of T, for the x = 0.0, 0.3, 0.5,
and 0.65 systems. The SCR theory predicts a linear de-
pendence of the slope on T,.. The proportionality can be
derived theoretically from Eq. 5 assuming a Curie-Weiss
law for the uniform susceptibility. The present data fol-
low the linearity rather well. As shown previously, the
broadening of the transition could cause the reduction of
the slope for x = 0.65, which could make the linear fit of
the data points in the inset pass below the origin.

B. Behavior indicating first-order transitions

The present results are summarized in Figure 11 which
shows a phase diagram for the Sr;_,Ca,RuO3. The criti-
cal temperature was derived from pSR measurements for
each sample and is plotted with open squares as a func-
tion of calcium concentration x. The systems with x =
0.0, 0.3, 0.5, 0.65, and 0.7 are ferromagnets with itiner-
ant electrons, consistent with numerous other measure-
ments. The stripe coloring indicates phase separation
between regions with and without static magnetic order.
The systems with x = 0.75 and 0.8 show an extremely
small static field of approximately 3 - 4 G at low tem-
peratures, but the spatial spin structure can not be de-
termined by uSR. The z = 0.9 system was contaminated
by a small amount of ferromagnetic phase, but there was
essentially no difference between the late-time muon spin
relaxation rates at different temperatures. This leads us
to conclude that the system is intrinsically paramagnetic.
Spin-glass-like behavior was proposed for CaRuQ3,38 but
we found no trace of static magnetic order in the sample
by pSR as shown in Fig. 3h). This result is consistent
with a recent report of %Ru Mossbauer effect3®, which
also found no static magnetism.

The local field width A detected by uSR at T'= 2 K
changes apparently discontinuously in the calcium con-
centration interval 0.7 < =z < 0.75. The present study
also demonstrated suppression of critical slowing down of
dynamic spin fluctuations and phase separation around
x = 0.7. These are typical behaviors expected for a
first order phase transition, and were also observed in
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FIG. 11: (Color online) Magnetic phase diagram of the
Sri—2CazRuO3. The critical temperatures (closed squares)
are derived from puSR measurements. The red symbols show
the local field width in each sample detected by pSR. The
systems with x = 0.0, 0.3, 0.5, 0.65 and 0.7 are itinerant
ferromagnets. The stripe coloring indicates phase separation
between regions with and without static magnetic order. The
systems with = 0.75 and 0.8 exhibit static order with ex-
tremely small moment size in partial volume fraction, but the
spatial spin structure cannot be determined by puSR. A transi-
tion from ferromagnetic to antiferromagnetic correlations was
predicted theoretically at calcium concentration z = 0.724.3°
The systems with = 0.9 and 1.0 remain paramagnetic to
T=2K.

MnSi?? in applied pressure between the irreversibility on-
set pressure p* and the critical pressure p.. The present
results suggest that this may be a generic phenomenon
near the quantum crossover from itinerant ferromagnet
to correlated paramagnet. MnSi involves helical ordering
due to lack of inversion symmetry of the B-20 crystals
and Dzyaloshinskii-Moriya interaction. In contrast, the
present system (Sr,Ca)RuOj3 does not involve these fac-
tors. Commonality of the results in these two systems
promotes a notion that the observed first-order behavior
is a generic property of itinerant ferromagnets.

In contrast to the abrupt change of the field width ob-
served by SR, a continuous change was observed in bulk
magnetization as seen in Fig. 6, as the Ca concentration
x is tuned through the magnetic transition. Magnetiza-
tion is a volume-integrated parameter which is propor-
tional to the product of the local ordered moment size
and the ordered volume fraction, while the SR mea-
surements can separately determine these two parame-
ters. For elucidating evolution of local order parameter
in spatially inhomogeneous systems, uSR has a definite
advantage over volume-integrated methods, such as mag-
netization and neutron scattering.

As discussed in ref.??, first-order behavior was found
not only in MnSi and (Sr,Ca)RuOs, but in many sys-
tems including heavy fermions, high-T, cuprates, super-
fluid He, and other systems. In general, one may expect
first-order transitions when the free energy minimum oc-
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curs at finite value of the order parameter just above
the transition temperature, which can be referred to as
a “soft mode”. This can be due to various different fac-
tors, such as, existence of competing order, effects of sur-
face/boundary and nucleation energies, etc. The SCR
theory has so far been applied to second order transi-
tions, and no specific calculations have been performed
for free energies of first order transitions based on the
SCR theory. Belitz et al.>*®> reported that a first or-
der transition can be expected as generic phenomena due
to the logarithmic term in the free energy in ferromag-
nets with itinerant electrons. The experimental results in
MnSi and (Sr,Ca)RuQOgs are consistent with this theory,
although they do not necessarily provide definitive proof.

In a recent study of Fe doped MnSi, part of the present
authors found a recovery of second-order behavior, pre-
sumably promoted by the randomness due to (Mn,Fe)
substitutions®®. This feature is also consistent with the
theory of Belitz et al., who discussed that randomness
would suppress first-order behvaiors and promote recov-
ery of second-order transitions. In this sense, it would
be very interesting to revisit magnetic order of CaRuOs3
systems doped with various magnetic impurities (Ti, Fe,
Mn, Ni, Cr, Co) on the Ru site*?*5 and elucidate their
order of phase transitions.

The present work has also provided a clear evidence
for the absence of static magnetic order in CaRuOs.
In (Sr,Ca)sRuOy4, our recent uSR studies®” have re-
vealed that non-Fermi-liquid behavior in resistivity ap-
pears above the magnetic freezing temperature, suggest-
ing that charge scattering via spin fluctuations as the
origin of this behavior. Klein et al.?® reported non-Fermi-
liquid behavior in resistivity of CaRuOs, with the T1°
dependence below T' ~ 50 K. The absence of static mag-
netic order is consistent with this observation.

In summary, we have reported phase separation be-
tween magnetically ordered and paramagnetic volumes,
associated with the suppression of dynamic critical be-
haviors in (Sri_,Ca,)RuO3 near the phase boundary
when the system evolves from ferromagnet to correlated
paramagnet as a function of (Ca,Sr) substitution around
the Ca concentration z = 0.7. Above z = 0.7, we found
an extremely small static internal field suggestive of freez-
ing of very dilute moments in a partial volume fraction
at x = 0.75 and 0.8. We also confirmed that CaRuO3
does not undergo static magnetic order above T' = 2 K.
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