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Abstract. Electron spin resonance (ESR) measurements have been performed on polycrystalline samples
of Pro.6Cag.4Mn;—zRu;Os (z = 0,0.1). The substitution of Ru in the Mn-site strengthens ferromagnetic
interactions due to the double exchange between the Mn®t and Mn** species and super-exchange between
the Ru®t and Mn®*t species. The temperature dependence of the ESR spectra indicates development of
magnetic phase separation in Prg.¢Cag.4Mng.9Rup 103 in contrast with the un-doped sample.

PACS. 75.47.Lx Manganites — 75.30.Gw Magnetic anisotropy — 76.50.+g Ferromagnetic, antiferromag-
netic, and ferrimagnetic resonances; spin-wave resonance

Introduction

Manganite perovskites (Ln;_,AE,MnOgs, where AE is a
divalent alkaline-earth, Ln is a trivalent lanthanide and x
the doping concentration) show many interesting phenom-
ena [1]. In the past 15 years, the discovery of colossal mag-
netoresistance (CMR) has renewed interest in this kind
of material [2,3]. More recently, many studies revealed a
complex phase diagram, for example paramagnetic insula-
tor (PMI), ferromagnetic insulator (FMI), ferromagnetic
metallic (FMM) and antiferromagnetic insulator (AFMI),
but also charge order (CO), orbital order (OO) and Jahn-
Teller effect [4,5].

The basic mechanism in CMR manganites is gen-
erally double exchange (DE) interaction, i.e. the exis-
tence of strong FM interactions between Mn3*+ and Mn*+
species [6]. However, the AFMI phase is expected to play
a very important role in the appearance of the CMR, prop-
erties. It has been shown that the electronic phase sepa-
ration scenario leads to CMR effect [7,8]. This scenario
consists in the competition between the FMM and anti-
ferromagnetic insulator (AFMI) ground states. For small
A-site cations, the compounds exhibit an AFM phase at
low temperature, CE-type in the Wollan and Koehler no-
tation, which is associated with charge ordering [9,10].
Under magnetic field or pressure, the CO state can trans-
form into a FMM state. The intensity of the required
magnetic field was shown to decrease with the increase
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of average size of A-site cation (r4) [11]. Recently, it has
been shown that the substitution of Mn by various cations
can induce metallicity and ferromagnetism even in the
absence of a magnetic field [12]. Whatever the nature of
AFM, the introduction of magnetic cation on the Mn site
leads to an effect similar to that obtained with an ex-
ternal magnetic field. The substitution of foreign cations
may induce the collapse of orbital and charge ordering,
and the development of ferromagnetic clusters around the
doping element, leading to phase separation [13]. Among
the magnetic cations, Ru is a good candidate to induce
metallicity and ferromagnetism, because the large size of
Ru*t compared with Mn** induces an internal pressure
effect and also because of its ability to adopt two valences
Ru*t and Ru®t. On the one hand the creation of Mn3*
when Ru®t replaces Mn**t leads to the development of
DE between Mn?t and Mn** species. On the other hand,
they can both participate to strong super-exchange FM
interactions with Mn?* [14-16).

Among the experiments able to evidence local mag-
netic order, electron magnetic resonance (EMR) is worth
considering, namely electron paramagnetic resonance
(EPR) in the paramagnetic domain and ferromagnetic
(or antiferromagnetic) resonance (FMR or AFMR) below
the Curie temperature (T¢) (or below the Néel temper-
ature Tx). This technique is helpful for understanding
magnetic interactions and spin correlations. Few groups
focused studies on the phase separation manganites by
ferromagnetic resonance investigations [17-19]. They show
the coexistence of FMI and FMM below T' < T¢ and
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the presence of FM clusters embedded into the PM ma-
trix above this temperature [20]. In an EMR spectrum,
the resonance of Mn gives a single line near ¢ = 2 in
a paramagnetic or antiferromagnetic phase, whereas in a
ferromagnetic phase, the line is shifted to low fields, what
constitutes an unambiguous signature of FM phase. On
the other hand, PM and AFM behaviours are discrimi-
nated from the temperature dependence of linewidth. This
protocol promotes EMR spectroscopy to probe phase sep-
aration phenomena.

An ESR study was carried out for one polycrystalline
sample Prg Cag.4MnggRug 103 compared with the un-
doped compound, Prg Cag 4MnO3 in connection with the
magnetic measurements. It includes the temperature de-
pendence of ESR spectra and the evidence for magnetic
inhomogeneities.

Experiments

Polycrystalline samples were prepared by an organic gel-
assisted citrate process. The gel obtained was calcined at
750 °C for 5 h to give an intermediate black powder.
The mixed powder was pressed into pellets and heated
at 1250 °C in air, held at this temperature for a period of
12 h and then cooled down to room temperature. Scan-
ning electron microscopy (SEM, Zeiss DSM 982) in the
secondary electron emission mode was used to evaluate
the surface microstructure. Two representative SEM mi-
crographs are shown in Figure 1. The average grain size
was evaluated indeed around 1 pm but there is a large dis-
tribution of grain size. The cationic composition was in-
vestigated by energy dispersive X-ray spectroscopy (EDS)
analysis. The EDS analysis showed a nearly homogeneous
composition of the compounds in agreement with the nom-
inal composition (Prg.gCag.4MnggRug.103). The powder
X-ray diffraction patterns were recorded at room temper-
ature by using a D8 diffractometer (0 — 0) with a Cu K,
radiations. The magnetic susceptibility () was measured
with a Manics Faraday-based magnetosusceptometer in
the range 80 K to 300 K under a magnetic field of 1 T. ESR
studies were performed with a Bruker ER 200-SRC spec-
trometer and were carried out at 9.5 GHz (X-band) on
the loose packed powder obtained by crushing the pellets.
A very small amount of powder (=100 pg) is sufficient
and was placed at the bottom of a cavity. The studies
were measured upon heating from 130 K to 370 K by step
of 10 K. The temperature dependence of ges, calculated
via ge = hv/upHyes, linewidth AH,, and double inte-
grated intensity (DIN) (which is proportional to the EMR
susceptibility Xgpyr) were analysed. The average effective
value gog was calculated from the resonance field (Hr) and
the linewidth AH,, was deduced from the peak-to-peak
distance between the maximum and the minimum of the
derivative of the ESR absorption.

Results

The XRD patterns indicated a single phase with an or-
thorhombic symmetry of Pbnm space group characteristic
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Fig. 1. Two typical scanning electron micrographs showing the
size and the distribution of grains for Prg.¢Cap.aMng.9Ruo.103.

of O-type b > ¢/+/2 > a, for both compounds (Fig. 2). For
the un-doped compound Prg ¢Cag 4MnOj3, the refined cell
parameters are close to a = 5.4133(2) A, b = 5.4368(2) A,
c = 7.6536(3) A and V = 225.25(2) A% and the reliabil-
ity factors are Rprage = 5.02% and x? close to 1.41. For
Prg.6Cag.4Mng gRug .1 O3 compound, the following reliabil-
ity factors are close to Rprage = 4.62% and x? close to
1.36. The Ru substitution induced an increase of the cell
parameters and volume corresponding to a = 5.4251(2) A,
b=5.4625(2) A, ¢ = 7.6649(3) A and V = 227.14(2) A3.
This increase agrees with previous results reported in lit-
erature [21,22]. It was attributed to the preferential re-
placement of Mn**(0.530 A) by Ru®*(0.565 A) according
to the equation 2Mn** — Ru®* + Mn3* [23]. It results
in an increase in Mn*(0.645 A) and an increase of the
Mn-site average ionic radius. The predominance of the 54
valency state of Ru among the Ru®* and Ru** species is
supported by a number of characterizations [21,22].
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Fig. 2. Final refinement, with experimental (+), calcu-
lated (—) and difference X-ray powder diffraction patterns
of ProsCao.aMnOs (Rprage = 5.02%, x> = 1.41) and
Pro.6Cap.aMng.9Rup.103 (RBragg = 462%, X2 = 136)
(A =1.54 A).
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Fig. 3. ZFC magnetic susceptibility from 300 K to 80 K with
an applied field of 1 T. For clarity, two scales were used for
Pro_aC&oAMnO,QRHO,lOg and for Pro,gCaOAMnOg.

The x(T) curves for PrggCagsMnggRug 103 and
Pry.6Cag.4MnO3 are shown in Figure 3. The x(T) curves
for un-doped Prg 6Cag.4MnQO3 exhibits two bumps, one at
~250 K and a smaller one at ~170 K. The sharp bump
at 250 K is a signature of the charge ordering transition
at T = Tco. Below Tco, the large decrease of y may
be attributed to the development of an antiferromagnetic
behaviour with a Néel temperature corresponding to the
second bump Tn = 170 K. For the doped sample, as the
temperature decreases, a large increase of x is observed at
about 220 K, which is consistent with the development of
a FM phase.

Figure 4 shows ESR spectra versus temperature for
the Prg.gCag.4MnO3 un-doped compound. The responses
remain single line over the temperature range from 370 K
down to 130 K. The evolution of geg and AH,, versus
T are shown in Figure 5. Like Prg 4Cag ¢MnOs (Ref. 24),
Prg.6Cag 4MnO3 shows two CO and AFM states at two
different temperatures. The temperature of both charge
ordering and antiferromagnetic transitions were deter-
mined from the geg and AHp,, profiles [24]. Tco was shown
to correspond to the minimum of the AH,, curve at 250 K.
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Fig. 4. ESR spectra of Prg.¢Cag4MnO3 between 360 K and
130 K.
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Fig. 5. Temperature dependence of the lineshape parameters
for Pro.6Cap.4aMnO3 and Prg.eCag.aMng.9Rup.103, geg-factor
(left y-axis), linewidth (right y-axis).

This transition does not affect gog that remains at a value
close to 2. Ty was shown to correspond to both a max-
imum in the AHp, curve and to the abrupt increase of
Jeff, Characteristic of a crossover from paramagnetic to an-
tiferromagnetic resonance. These transitions are also ob-
served in the susceptibility and DIN curves (Figs. 3 and 6).
The ESR measurements are thus able to discriminate the
charge order (Tco = 250 K) and PM-AFM (Ty = 170 K)
transitions.

The substitution of Ru on the Mn-site leads to more
complex ESR spectra (Figs. 7a and 7b). In the PM regime,
between about 300 and 230 K, a single Lorentzian line
is observed. As the temperature decreases from 230 K,
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Fig. 6. Temperature dependences of double integrated in-
tensities (EMR susceptibilities) for Prg.sCao.4MnOs and
Prp.6Cagp.4Mng.9Rug.1 O3 normalized to those at T" = 300 K.

the peak broadens and shifts towards lower fields. This
is a characteristic of the appearance of a FM phase [24].
The shift is caused by the crossover to ferromagnetic res-
onance, where the line position is mainly governed by
magneto-crystalline anisotropy [25]. At 220 K, an addi-
tional peak can be observed on the high field side near
g =2 (Hr = 3500 G), attributed to the presence of some
remaining PM phase. So, the transition is broad in accor-
dance with the x(T) curve (Fig. 3). Below 210 K, the spec-
trum is split and lines broaden. The principal peak shifts
towards lower fields and an additional peak can be ob-
served on the high field side. A particular behaviour occurs
below 190 K, the resonance field becomes very high, with
a ger value much smaller than 2. In single crystals, the
magneto-crystalline anisotropy induces an angular depen-
dence which may concern high fields, since the resonance
field depends on the direction of the crystallographic axes
with respect to the applied magnetic field [25]. The spec-
tra are then the consequence of the superposition of single
crystals in different orientations, since many poly-oriented
crystallites may be agglomerated in a grain.

The temperature dependences of geg and AHp,, be-
tween about 300 and 210 K are shown in Figure 5. At
room temperature, both compounds Prg gCag 4MnO3 and
Prg.¢Cag.4Mng gRug 103 are in the paramagnetic phase.
AH,y, value is higher for Prg 6Cag.4Mng.9Rug.103 (Fig. 5)
and confirms that Ru substitutes the Mn sites in agree-
ment with the evolution of the cell parameters. This
increase of AH,, has been explained by the increase
of spin-spin interactions between localized Mn** and
Ru’t carrier species which tends to broaden the ESR re-
sponse [26]. For the un-doped compound, the AH,,(T)
curves show a minimum at about 250 K and a maximum
at 170 K corresponding to Tco and Ty respectively [24].
For Prg gCag 4Mng gRug.1 O3, ger remains nearly constant
and close to 2 down to 220 K and then increases rapidly.
As the temperature decreases, AHp, decreases in a quasi-
linear regime of temperature, goes through a minimum
at Tmin = 240 K and then increases. The variations
of both geg and AH,, are consistent with a PM-FM
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Fig. 7. (a) ESR spectra of the Prg.sCag.4aMno.9Ruo.103 from
200 K to 300 K. For clarity, the spectra from 130 K up to 190 K
are in (b).

transition [24]. In the temperature dependence of AH,,
T(AHpin) is close to =1.1T¢ (Tc = 220 K) and corre-
sponds to the deviation of the spectrum from Lorentzian
line shape [17,19,24]. This is attributed to the existence
of magnetic inhomogeneity, which is created by the ap-
pearance of FM phase within the PM matrix. Between
Tc and T(AHpin), the application of a high field could
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induce a partial alignment of the Mn spins along the field
direction. Some of them are concentrated into small do-
mains (or clusters) with short range FM coupling. This
is why the line broadens and this leads to magnetic het-
erogeneity. Double integrated intensities (DIN) tempera-
ture dependence for both doped and un-doped samples
are compared in Figure 6. The DIN evolutions are signif-
icantly different. For the un-doped sample, the DIN plot
allows to retrieve the transition temperatures Tco and
Tn previously evidenced. The DIN plot obtained for the
doped samples exhibits a sharp maximum at 220 K cor-
responding to the FM transition and a smaller maximum
at 180 K. This bump is close to the AFM transition of
the un-doped compound. It can be related to the shoul-
der occurring at about 3500 G for all the ESR spectra
at temperatures under about 190 K. The presence of an
AFM phase at T' < 180 K can be correlated with the small
value of x (1.66 up/Mn at 80 K).

The DIN curve, which generally resembles the be-
haviour of the AC susceptibility, exhibits a double maxi-
mum for Prg ¢Cag.4Mng gRug 103. This feature is charac-
teristic for mixed AFM-FM system, i.e. phase separation
ground state below Ty, consistent with x(7") which ex-
hibits FM interactions down to 80 K. This fact can be ex-
plained by Ru valency effect and consequently Mn valency.
Moreover, taking account of the AFM interactions in the
un-doped compound, AFM super-exchange between Mn
and Ru species operates also in Prg ¢Cag.4Mng.9Rug.10s3.
As a result of Ru doping, a phase separated state is de-
veloped, with two magnetic states: AFM and FM, with
the Curie temperature higher than the Néel temperature.
The ESR and susceptibility studies demonstrate a dras-
tic difference between both compounds showing AFM and
mixed ground state. It is shown that the valency effect of
Ru doping plays a crucial role in the appearance of the
phase separation of AFM and FM states.

Conclusion

x(T) and ESR measurements were carried out on
Pry.6Cag.4Mng 9gRu,O3 (z = 0, 0.1) in the temperature
interval 300-100 K. Results indicate that Ru doping leads
to the disappearance of charge ordering, coupled with the
appearance of ferromagnetism with T, at about 220 K.
The onset of ferromagnetism is related to the valency ef-
fect of Ru on the Mn** < Mn3*t double exchange and to
additional FM interactions between Ru and Mn species
through superexchange [22]. The temperature dependence
of x is consistent with the presence of a ferromagnetic
phase down to 80 K. The high sensitivity of ESR to both
minor magnetic phases and short range interactions allows
to detect the presence of an AF phase for temperatures
lower than Ty = 180 K. The experimental results sug-
gest the development of an inhomogeneous ground state
(AFM + FM) for temperatures lower about 180 K.
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