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Evolution of Curie-Weiss behavior and cluster formation temperatures in Ru-doped
Smy 5551, 4sMnO; manganites
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We investigated magnetotransport properties, such as the clustering temperature 7, T, magnetoresistance,
and the resistivity of Smg 5551y 45sMnO3; manganite (which exhibits a non-Curie-Weiss (CW) behavior, resulting
from the multiphase competition and coexistence), and their evolution due to ruthenium doping on the Mn-ion
site (B-site). These results have been compared with the predictions of a model of a system of two competing
states in the presence of quenched disorder. Ru doping, which causes an interplay between the promotion of the
long-range metallic ferromagnetic phase and the Mn*3-Mn** ions clustering, results in a suppression of the
deviation from the Curie-Weiss law in H/M(T), which is accompanied by an increase in T¢, a decrease in the
resistivity and a reduction in the magnetoresistance. However T is little affected by the doping.
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An upward deviation from the Curie-Weiss (CW) law
X '=(T-6p)/C, where x™!, C, and 6p are reciprocal mag-
netic susceptibility, Curie constant, and the paramagnetic Cu-
rie temperature (the Curie-Weiss temperature), respectively,
has been observed in Sm,;_,Sr,;MnO; (SSMO) manganites
for compositions y=0.35-0.50 close to half doping.'~> This
property is governed by the formation of charge ordered/
orbital ordered (CO/OO0) phases in the paramagnetic (PM)
state,*> and has been attributed to the beginning of the
strong competition between the ferromagnetic (FM) and
CO/OO0 phases.® This has been supported by the small-angle
neutron scattering and muon spin relaxation (uSR) studies of
these compositions, which revealed that its PM ground state
consists of nanosize FM clusters incorporated within a short-
range CO/OO matrix.® The colossal magnetoresistance
(CMR) effect observed in SSMO stems from the percolation
of these FM clusters. The SSMO system and its underlying
magnetic properties are therefore good candidates for studies
of the competition between ordered phases caused by
quenched disorder.

A model of the competition between ordered states sepa-
rated by a first-order transition, due to quenched disorder in
CMR manganites, has been proposed by Burgy et al.” They
introduced an important parameter, the temperature scale T
at which clusters form in the regime of competing orders
above the ordering temperature 7,. For CMR manganites,
such as the SSMO system, T™ corresponds to the temperature
below which x! starts to deviate from the CW law, and T,
coincides with T. The first-order transition becomes con-
tinuous when disorder is sufficiently large. This creates an
intermediate region (T, =T=T") where FM and CO clusters
coexist in a PM matrix (see Fig. 1 in Ref. 7). T,,which
increases sharply with an increasing magnetic coupling, is
strongly influenced by the magnitude of disorder. On the
other hand, T" increases with an increasing coupling too but
more slowly than T,. The dependence of T and 7° on an
increasing magnetic coupling agrees qualitatively with ex-
periments performed on A-site (RE-site) doped manganites,
such as RE 5551y 4sMnO5 which show that both temperatures
increase with an increasing tolerance factor.’

The question is what happens to these two temperatures
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when the quenched disorder is introduced into a CMR man-
ganite by different means, such as doping at the Mn-ion site
(B-site doping). Do the theoretical predictions mentioned
above apply also to the B-site doping induced changes in 7
and T*? For example, ruthenium (Ru) ion, when substituted
for Mn ion in SSMO manganite close to half doping, such as
Smyg 55519 45sMnO; transforms the CO/OO phases in the PM
state into the FM phase.®® Consequently, Ru-site doping in-
duced suppression of the charge ordering process manipu-
lates the phase competition between the short-range FM
clusters and the CO/OO phase and leads to an increase in 7.
Therefore, ruthenium is a good candidate for studies of 7%,
its relationship with 7~ due to B-site doping, and the predic-
tions of the model. The changes in the properties of SSMO
due to this doping could be monitored using the measure-
ments of the temperature dependence of the reciprocal sus-
ceptibility.

This Brief Report analyzes the effects of Ru substitution
at Mn-ion site on 7%, T, and the magnetotransport properties
of Smy 55515 45MnO5. An increase in T with doping is asso-
ciated with a decrease in the resistivity and a suppression of
the MR but 7" and metal-insulating transition (MIT) tem-
perature (Tygr) show only a weak dependence on doping.
These results are attributed to an interplay between the pro-
motion of the long-range FM phase and the clustering of Mn
ions, induced by Ru doping. They are compared with the
theoretical predictions of the effects of magnetic coupling
and quenched disorder on the phase diagram of manganites
by Burgy et al.”

Samples with the composition Sm s5Sr)4sMn;_ Ru, O3
(SSMRO) for doping levels 0.00=x=0.10 were prepared
using a standard solid-state reaction technique. The appropri-
ate ratio of Sm,03, SrCO;, MnO,, and RuO, was mixed,
pressed, and calcined at 1200 °C for 24 h in air. The result-
ant samples were ground, pressed, and sintered under the
same conditions twice. X-ray diffraction has confirmed the
phase homogeneity of the SSMRO. They indicate the pres-
ence of a single phase upon doping with ruthenium. Scan-
ning electron micrographs (SEMs) showed similar grain
structure in samples with doping levels up to x=0.05; how-
ever, it revealed much higher grain boundary density in the
sample with x=0.10.
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FIG. 1. (Color online) Temperature dependence of the MR at
0.68 T for SSMRO at doping levels x=0, 0.01, 0.03, 0.05, and 0.10.
Inset: temperature dependence of the resistivity at the MIT for all
samples.

The temperature dependence of the resistivity and the
magnetoresistivity, MR={[p(0)—p(H)]/p(0)}, where p(H)
and p(0) are the resistivity in an applied field of 0.68 T and
in a zero field, respectively, was measured over a tempera-
ture range of 10-300 K using the standard four-probe
method. The temperature dependence of the magnetization
over the same temperature range was measured with a super-
conducting quantum interference device magnetometer
(Quantum Design) using the following procedure: the
samples were first cooled down from high temperatures (T
>T¢) to the temperature of interest in a magnetic field [field
cooling (FC)]. Then the measurement of the magnetization
was performed during warming in the presence of the same
field.

The temperature dependence of the resistivity p measured
for Ru-doping levels x between 0.00 and 0.1 are shown in the
inset of Fig. 1. It shows a continuous drop of the resistivity at
the MIT and an increase in the MIT temperature Tyyr with
an increasing Ru doping for doping levels x=0.05. The re-
sistivity of a sample with x=0.1 is higher than that of all
doped samples. This could be attributed to higher density of
grain boundaries in this sample, as observed by SEM. The
width of the resistivity peak and the magnitude of the re-
sidual resistivity ratio (po/pyr) at 10 K increase with an
increasing x. The temperature dependence of the MR for an
undoped Smy 55Sr)4sMnO; (see Fig. 1) shows a peak near
the MIT. At lower temperatures the observed magnetoresis-
tance is believed to originate from the tunnel magnetoresis-
tance through the grain boundaries.'? Ru-doping results in a
gradual overall decrease in the MR with an increasing x. In
particular, a peak at temperatures close to the MIT seen in
the undoped SSMO sample was observed to broaden and
diminish with an increasing x in the SSMRO samples.

The measurement of the temperature dependence of the
FC magnetization at 0.68 T [see Fig. 2(a)], shows an increase
in T~ with an increasing doping level, in agreement with
previous studies.!" The Curie temperature T was estimated
using the gradient method, i.e., it is taken as the temperature
at which the change in the gradient of the magnetization is
maximum. All samples exhibit magnetic transitions at tem-
peratures significantly higher than the MIT temperature [see
the inset of Fig. 2(a)].
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FIG. 2. (Color online) (a) Temperature dependence of the mag-
netization of SSMRO for doping levels x between 0 and 0.10. Inset:
dependence of T and Tyyr on x. (b) The corresponding tempera-
ture dependence of the inverse susceptibility H/M. The solid lines
are the fits to the equation: H/M=(T-60p)/C, where 0p is the para-
magnetic Curie temperature. Inset: dependence of 7* and 6p on x.

The temperature dependence of H/M for the SSMO and
SSMRO is presented in Fig. 2(b). The data for the undoped
SSMO show a clear deviation from the CW law starting
approximately below 250 K, well above T for this compo-
sition. The 7% marks the temperature below which a clear
upturn deviation from the CW law in the PM state is ob-
served. The inset of Fig. 2(b) shows the discrepancy between
T* and the paramagnetic Curie temperature 6p. As the Ru
content increases, the difference between T* and 6p de-
creases.

Below, we analyze the effect of ruthenium at the Mn-ion
site on the properties of SSMO. We concentrate on the de-
pendence of T" and T, on x, and discuss it in terms of the
theoretical predictions of Burgy et al. model.”

Ru has extended 4d orbitals which have greater overlap
and hybridization with O:2p orbitals than those of 3d ions.
This causes a wide bandwidth in Ru oxide, resulting in a
more metallic behavior.!?> Ru doping on the Mn site in man-
ganites causes a decrease in the Mn valence and an increase
in the concentration of Mn?* ions since it exists as a pentava-
lent (Ru®*) or tetravalent cation (Ru**) in the Mn**-O-Mn**
network.'? It increases the effective carrier density on the Mn
sites through the charge neutrality requirement.®® These ef-
fects contribute to a decrease in the resistivity at the MIT
with an increasing x, as was observed for the doping level x
up to 0.05 (see Fig. 1). On the other hand, small effect of Ru
doping on the magnitude of Ty [see the inset of Fig. 2(a)]
could be the result of the superexchange FM interaction
which can occur between Mn>* and Ru’*(Ru**). Such an
interaction produces ferromagnetic insulating phase which
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could limit the increase in Tyt with Ru doping, according to
Ref. 13. An increase in the width of the resistivity peak and
the magnitude of the residual resistivity ratio (py/ pyr) at 10
K with an increasing x (see the inset in Fig. 1) is consistent
with an increasing amount of disorder with doping.'*-'® An
increasing x leads also to a suppression of the MR peak in
the vicinity of the MIT (Fig. 1).

As mentioned in the introduction an increase in 7 due to
ruthenium doping occurs in Sm;_,Sr,Mn,_,Ru, O3 for SSMO
compositions y between 0.35 and 0.60.!! At these composi-
tions the formation of the CO/OO phase was verified using
Raman scattering,’ optical conductivity,'” and x-ray diffuse
scattering.’

An increase in T, with an increasing concentration of
ruthenium is related to transformation of the CO/OO phase
into the FMM phase in the temperature range To<=T=<T"!!
Ru doping causes the long-range FMM phase to form pref-
erentially at the expense of the CO/OO phase; this preferen-
tial formation of the FMM phase is attributed to the exis-
tence of a random distribution of Ru ions which participate
in destroying the AFM ordering in the CO/OO clusters.>”

The evolution of the Curie-Weiss behavior with an in-
creasing Ru doping allowed us to gain additional insight into
the magnetic interactions present in these materials. We cal-
culated the molecular field constant N(A=6p/C) and the ef-
fective paramagnetic moment P, (from the the Curie con-
stant C= ,U%ngfNA/ 3kp) using the reciprocal susceptibility
data. This was done for two temperature regimes: above T
and below T* (down to T"—15 K). The dependence of \ and
P on the Ru-doping level x is shown in Fig. 3. \ increases
continuously with Ru doping both above and below T* show-
ing the enhanced FM correlation with Ru doping. On the
other hand, P,/ is the largest in the undoped sample and
higher than the expected value of 4.47 for free Mn moments.
This suggests that in this sample the strong FM coupling
between Mn*? and Mn** ions causes a local accumulation of
Mn*3 around Mn™ in large clusters, in the PM state above
and below T*.>'3 P, decreases slightly with increasing x (it
drops by about 10—15 % in SSMRO with x=0.1), suggesting
that the size of these clusters is reduced by Ru doping.? The
reduction in MR and a relatively small change in Ty could
be then explained by the absence of percolative pathways
between the FM clusters, created by the Ru doping in the CO
AFM matrix. This indicates an interplay between the promo-
tion of the long-range FMM phase and the Mn*3*-Mn** ions
clustering, induced by Ru doping.

A continuous increase in N with an increasing Ru doping
both above and below T™ confirms the correlation between
the doping and the increase in FM coupling in SSMRO
samples. Such a correlation enables one to compare the re-
sults shown in the inset of Fig. 2(b) with the phase diagram
obtained using Burgy’s et al. model simulations of a system
of two competing states.” The model predicts an increase in
T. and a suppression of clustering temperature range
(T" - 6p) with an increasing magnetic coupling. These predic-
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FIG. 3. (Color online) The effective paramagnetic moment P,
and molecular field constant \ (a) above T° and (b) below T for
doping levels x between 0 and 0.10.

tions agree qualitatively with the results shown in Fig. 2(b)
assuming a small increase in disorder with doping. Further-
more, the model suggests a reduction in the resistivity peak
with an increasing ordering temperature 7., which also
agrees with our results. However, a gradual increase in T*
with an increasing magnetic coupling, predicted by the
model, is not consistent with our results where T* depends
only weakly on doping. A possible reason is that the calcu-
lated T* refers to the idealized clean (disorder-free) system
while the experimental 7" could be affected by a number of
sources of disorder in the material. For example, the 7 that
we infer at x=0 is already affected by A-site disorder (o),
and with further B-site substitution 7° depends on both o
and B-site disorder.

In summary, we analyzed the effects of Ru doping at the
Mn site in Sm 5551 45Mn;_ Ru, O3 manganite on its magne-
totransport properties. In particular, we investigated changes
in T, T¢, MR, and the resistivity of this manganite. Ru dop-
ing promotes the FM phase but seems to reduce the size of
the Mn*™3-Mn** ions clusters, resulting in an increase in T,
suppression of the resistivity and the CMR properties, but it
has a little effect on T*. The experimental results have been
compared with the predictions of a model of a system of two
competing states.” Qualitative agreement was found in the
behavior of T, a clustering temperature range (7*— 6p), and
the resistivity at the MIT. The model however does not pre-
dict the small changes in T due to Ru doping.
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