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Neutron diffraction, dc magnetization, and ac magnetic susceptibility measurements have been performed
to study the magnetic properties of perovskite (La,,Ba,,;) (Mn,s,Ru,,)O;. The compound crystallizes
into a cubic Pm3m symmetry with a lattice constant of @ = 3.9661(4) A at room temperature. Two anoma-
lies, at around 160 and 60 K, can clearly be seen in the ac susceptibility results, with the peak positions for
both anomalies shifting to a higher temperature as a dc magnetic field is applied. Neutron magnetic dif-
fraction measurements show that the anomalies that occur at high and low temperatures are associated
with the ferromagnetic ordering of the Mn and the Ru spins, respectively. The ordering temperatures for
the Mn and Ru spins were found to be 7 (Mn) = 195 K and 7 (Ru) = 80 K, with a saturated moment of
(i) = 2.21(5) 14 for the Mn spins and (g, ) = 1.00(5) 4, for the Ru spins.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

The transport and magnetic properties of general formula (La, ,A,) (Mn, B )O; manganite perovskite,
where A is an alkaline-earth metal and B a transition metal, are known to be sensitive to both A-site and
B-site doping [1-5]. Generally speaking, A-site doping creates a Mn*'/Mn*" mixed-valence state that not
only affects the carrier density but also significantly influences the colossal magnetoresistance exhibited
by this class of material [6]. These A-site doping systems exhibit a surprising wide variety of magnetic
and structural phases, such as metallic ferromagnetic La,;Ba,;MnO; with higher Curie temperature 7
~350 K [7], lattice effects in doped LaMnOj that tuned the Curie temperature adjusted by varying the
A-site doping [8, 9], structurally changing from well known Pnma to Imma for larger ionic radius of the
A-site (r,) [10], and magnetic phase transition from single phase ferromagnetic metallic state to multi-
phase ferromagnetic insulating state at x near 0.5 [11]. Recently, A-site ordered La,,Ba,;MnO; has been
synthesized by Millange et al. [12], where LaO and BaO planes alternately stack along the c-axis to form
a P4/mmm structure, which reveals different physical properties from the common cubic Pm3m symme-
try. The doping of Mn sites in (La, A,) (Mn, B,)O; systems with ruthenium means that charges are
transported through the Mn—O—Mn network via double-exchange interactions [13]. Recently, studies on
a similar interesting system, TL,Mn, Ru O, compound [14, 15], have shown the Ru*" substitution in the
Mn*" networks, resulting in a magnetoresistance increase as the charge density in the TI-O conduction
band is reduced. Goodenough [16] pointed out that ferromagnetism is governed not only by the double
exchange reactions, but also by the nature of the superexchange interactions. The electronic configura-
tion of Ru should allow ferromagnetic superexchange interactions with Mn*" [17]. Such Ru induced
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ferromagnetism in the Mn*' rich manganites has also been reported by B. Raveau [18] and C. Martin [19,
20]. B-site doping, on the other hand, disrupts the electrically and magnetically active Mn—O—Mn net-
work, weakening the DE interaction, and is believed to be detrimental to the conduction mechanism. A
significant reduction in the Curie temperature due to Al, Fe, and Ti doping onto the B-sites has been
reported [21], indicating that both the electrical and magnetic properties can be strongly affected by
B-site doping. In this paper, we report on the crystalline structure and magnetic ordering of Mn and Ru
in 50% A-site and 50% B-site doped (La,sBa,s) (Mn,sRu,;)O;, studied by using dc magnetization, ac
magnetic susceptibility, and neutron diffraction measurements.

2 Experimental details

A 50% A-site and 50% B-site doped polycrystalline sample with a nominal composition of (La, 5,Ba, 45)
(Mn, 5,Ru, ,4)O; was prepared from high-purity BaCO;, La,O;, Mn,0;, and RuO, powders by employing
the standard solid-state reaction technique [19, 22]. Mixtures of these powders were pressed into pellets
and prepared by heating at a sintering temperature of 1350 °C for 24 h. The regrinding, pressing, and
sintering process was repeated three times. X-ray diffraction was first used to characterize the sample,
pellet by pellet. No obvious differences were found in the X-ray diffraction patterns taken from different
portions of the sample.

3 Results and discussion

3.1 High-resolution neutron powder diffraction

High-resolution neutron powder-diffraction was then employed to determine the detailed crystalline
structure. The measurements were performed at the NIST Center for Neutron Research and the data were
collected on BT-1, the 32-detector powder diffractometer, using a Cu(311) monochromator crystal to
extract neutrons of wavelength 1.5402 A. Angular collimators, with horizontal divergences of 15', 20’
and 7' full width at half maximum (FWHM) acceptance, were employed for the in-pile, monochromatic,
and diffracted beams, respectively. During the measurement the sample was loaded into a cylindrical
vanadium-can, which gives rise to no measurable neutron diffraction peaks.

The diffraction patterns were analyzed using the General Structure Analysis System (GSAS) program,
[23] following the Rietveld refinement method [24]. Several models with different symmetries were
assumed during the preliminary analysis. In our structural analysis we then pay special attention to
searching for the possible symmetries that can describe the observed diffraction pattern well. All the
structural and lattice parameters were allowed to vary simultaneously, and refining processes were car-
ried out until R,, the weighted R,,, factor, differed by less than one part in a thousand within two succes-
sive cycles.

One of the concerns about the structure of (LaysA,s) (Mn,sB,5)O; is that whether the B-sites are
atomically ordered to provoke Mn—O—-B interactions. The ordering is generally favourable if the ionic
sizes of the atoms on B are largely different, as has been observed in Ba,FeRuO, and Sr,FeMoOq [25,
26]. In addition, doping onto the A-sites may create distortions due to the appearance of two different
atoms in separating the (Mn/Ru)O, octahedrons. In our structural analysis we then pay special attention
to searching for lattice distortion, occupancy factor, and atomic ordering of the Mn/Ru atoms. No atomic
orderings of the A or B sites were found. These results are similar to what has been found in separate
studies [21, 27]. The refinement was finally carried out assuming a cubic Pm3m symmetry, with
(Mn/Ru) located at the corners, (La/Ba) occupies the center of the cube, and O located between the
(Mn/Ru) atoms, as shown in the inset to Fig. 1. Figure 1 shows the diffraction pattern taken at room
temperature, where the solid curves indicate the fitted pattern and the differences between the observed
and the fitted patterns are plotted at the bottom of Fig. 1. Careful analysis of the occupancy factors gave
a chemical composition of (La, s,Ba, 45) (Mn, 5;Ru, 4)O; for the compound, which agrees very well with
the stoichiometric compound. The occupancy factor of oxygen atom was also refined in the final run
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Fig. 1 (online colour at: www.pss-b.com) Observed (crosses) and the fitted (solid curves) diffraction
patterns obtained at room temperature. The calculation was based on assuming a space group of Pm3m
symmetry, as shown in the inset.

and full occupancy was obtained. Good agreement factors R, (%) = 4.37, R, (%) = 5.64, and 7 =1.627
were reached. The formation of a cubic Pm3m symmetry, with the Mn and Ru ions on the octahedral
sites randomly distributed, for the present 50% Ba and 50% Ru doped compound is confirmed, indicat-
ing that the ionic radii of Mn and Ru are not significantly different and that the La/Ba atoms are large
enough to stabilize a cubic structure. Details of the refined structural parameters are listed in Table 1.

3.2 AC susceptibility

The magnetic properties of the system were first studied by measuring the ac magnetic susceptibility and
dc magnetization, using the conventional Quantum Design physical property measurement system set-
ups. For the ac susceptibility, both the in-phase component y'(7) and the out-of-phase component y"(7)
were measured, covering from 1.4 to 300 K. These data were collected by employing weak driving fields
with various strengths and frequencies, with and without the presence of an applied dc magnetic field.
We note that y'(7) measures the response of the system to the driving field, whereas y"(7T) signifies the
dissipative loss of the driving field to the system. Figures 2(a) and (b) present the y'(7) (filled symbols)
together with y"(7) (open symbols) at H,=0 and 1 kOe, respectively. Two anomalies are evident in

Table 1 Refined structural parameters of (La,,Ba, ) (Mn, Ry, ,,)O; at room temperature. B represents
the isotropic temperature parameter.

(Lay 5,Bay 45) (Mn, 5;RU, 40)O;5, room temperature, space group: cubic Pm3m, a = 3.9661(4) A

atom x % z B (A% occupancy

La 05 05 05 0.973) 0.52

Ba 05 05 0.5 0.97(3) 0.48

Mn 0 0 0 1.83(4) 0.51

Ru 0 0 0 1.83(4) 0.49

(0] 0.5 0 0 1.94(2) 1
R(%)=437% R, (%)=564% 2 =1.627
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Fig. 2 Temperature dependencies of y'(7) (filled symbols) and y"(7) (open symbols) with applied magnetic fields
of (a) H,= 0 and (b) H, =1 kOe. Two anomalies marked as T, and 7,, are clearly evident. The solid line shown in

m2

Fig. 2(a) is a fit of the data obtained between 190 < 7'< 300 K to the Curie—Weiss expression.

2'(T), marked as T, and T,,. Each anomaly is associated with a dissipative loss, as seen in y"(7). The
anomalies at 7, and 7,, originated from the ordering of the Mn and Ru moments, respectively. The
peak positions of both anomalies shift to higher temperatures when an H, is applied, signalling the fer-
romagnetic character of both the Mn and the Ru moments. The high-temperature portion of y'(T) dis-
plays a Curie—Weiss ferromagnetic coupling behaviour. The solid curve shown in the high temperature
portion of Fig. 2(a) is an extrapolation of the fit of the data obtained between 190 and 300 K to the ex-
pression y' = y+ C/(T—T,), where C and T, are the Curie—Weiss constant and Curie—Weiss tempera-
ture, respectively, and where the temperature independent term y represents the paramagnetic contribu-
tion from the conduction electrons. The fitting results give 7,= 195 K for the Curie—Weiss temperature
and ;= 4.00(5)y for the effective moment. The positive value of T, obtained from the fit, indicates
that the ferromagnetic character of the Mn spins agrees with the magnetic neutron diffraction results (see
below). The calculation of the effective moment using the fitted value for C is only 5% smaller than the
value of 4.2, expected for the free Mn®" ions [27] and larger than that observed for the other double
perovskite compound of La, ;Ba, sMnO; [29].

In Figs. 3(a) and (b), we show the effects of the strength of the driving field and frequency on y'(7T') at
T=1.8K, respectively. The value of y'(T) goes higher when higher driving field was used (Fig. 3(a)).
As the strength of the driving field was raised, the susceptibility responses increased slower with increas-
ing driving field, and thus a field strength of several Oe is not strong enough to alter Mn/Ru spins. The
Mn/Ru spins respond “better” to lower frequencies (Fig. 3(b)). This frequency-dependent behaviour
becomes less pronounced in the higher frequency regime, indicating the relaxation rate of the magnetic
spins is relatively slow and insignificant for spin glass characteristics.

4‘0 T T T T T T T T T T T T T T T T T T T T T
(La,,Ba, , )(Mn, R, )O, ool b (La,Ba )(Mn  Ru O, 139
3op 18K _o—0 1 . T=1.8K .
,c_ﬁ I =100 Hz o el . H_=100e <394
= o e
T o *. X
< 3T+ 4 B 'n_. < 3.90
= [ . ~.. 1sss
36 | - e o
' (a){ (b 4386
35 O | | L L 5 i 1 1 1 N [ 1 1 [ I R R SRR R R |
"o 1 2 3 4 5 6 7 8 g 10 0 1 2 3 4 5 6 7 8 9 10
H_(Oe) Frequency (kHz)

Fig. 3 Effects of the strength of driving field and frequency on y’at 7= 1.8 K.
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The two anomalies observed in y'(T) are also evident in the magnetization curve, shown in Fig. 4.
These data were collected in a warming cycle, after being field-cooled at 1 kOe to the lowest temperature
obtained. Rapid increases in magnetization are seen below ~200 and ~90 K, while a plateau appears
between these two temperature regimes, which show that the two anomalies are associated with two
separate magnetic phases.

3.3 Isothermal magnetization

The field dependence of the magnetization in Bohr magnetons per formula unit of (La,s,Ba,,s)
(Mny 5;Ru, 4)O; at 2 K is shown in Fig. 5. At low H, the magnetization increases rapidly with increasing
H,, reflecting the existence of ferromagnetic spin correlations. A difference of the magnetization history
like this behaviour is due to the relaxation process for magnetization, since the B-sites are randomly
arranged from the results of their structural parameters. The other characteristic of the results is that the
initial magnetization is out of the M—H loop, which is the same as in previous reports [25]. The inset to
Fig. 5 shows the variations of the magnetization with the applied magnetic field, M(H ), taken at several
temperatures. No noticeably differences in the magnetization curves were found between the measure-
ments made with a field-increasing loop and a field-decreasing loop. There are apparently two magnetic
components that were observed: a paramagnetic component that can be aligned by H, above 7,, and a
ferromagnetic one that becomes dominating at high H, below 7,. The saturated magnetic moments ob-
tained at 7= 100 K and 2 K were ~1 and 1.3 4, respectively.
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Fig. 5 Magnetization in Bohr magnetons per formula unit of the (La, 5,Bay 45) (Mny 5,Ru, 49)O5 sample,
measured at several temperatures.
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Fig. 6 (online colour at: www.pss-b.com) Magnetic peaks develop as the temperature is reduced from
(a) 220 to 90 K and (b) from 90 to 1.2 K. The solid lines are the fitted pattern, using the Rietveld method.
Shown at the bottom are the differences between the observed and the fitted patterns.

3.4 Magnetic neutron diffraction

Neutron magnetic diffraction patterns, covering certain temperature regimes where the susceptibility
shows anomalies were collected to search for magnetic signals. These measurements were also con-
ducted at the NIST Center for Neutron Research, using a BT-9 triple-axis spectrometer and a pyrolytic
graphite PG (002) monochromator crystal to extract 1=2.359 A neutrons, with a PG filter to suppress
higher-order wavelength contamination. Angular collimations with horizontal divergences of 40’, 48',
and 48’ FWHM acceptance were used for the in-pile, monochromatic, and diffracted beams, respectively.
The sample was mounted in a cylindrical vanadium can filled with helium exchange gas to facilitate
thermal conduction, and a pumped “He cryostat was used to cool the sample. Diffraction patterns, cover-
ing the angular range from 26= 5° to 65°, were collected at several temperatures. No significant struc-
tural changes were observed over the temperature range studied.

In Figs. 6(a) and (b) we show the portions of the magnetic diffraction patterns obtained at 90 K and
1.2 K, where the diffraction patterns taken at 220 and 90 K, which serve as the background, have been
subtracted from the data to isolate the magnetic signal. The indices shown are based on the low tempera-
ture nuclear cubic Pm3m unit cell. Shown at the bottom of Figs. 6(a) and (b) are the differences between
the observed and the fitted patterns, using Rietveld method [24]. Only nuclear peaks were seen in the
pattern taken at 220 K (not shown). As the temperature was reduced to 90 K, the intensities of both re-
flections, shown in Fig. 6(a) increased significantly. The magnetic diffraction patterns that are associated
with the developments of the Mn and the Ru moments are shown in Figs. 6(a) and (b).

3.5 Magnetic spin structure

A ferromagnetic arrangement as shown in Fig. 7(a), where the Mn moments lie along the crystallo-
graphic axis direction with a saturated moment of {z, ) = 2.21(5) 3, fits the pattern observed at 90 K
well. For clarity of presentation, the spin direction is chosen to point along the c-axis, since our powder
neutron data cannot resolve between the three axes, due to their similarity. Figure 6(b) shows that the
difference magnetic pattern of 1.2 K reveals two peaks that appeared at the same scattering angles as the
nuclear ones do, indicating a ferromagnetic arrangement of the ordered Ru moments. A ferromagnetic
arrangement, where the moment points in a direction that is 46° away from the c-axis and 78° from
a-axis within the a—b plane, as is shown in Fig. 7(b), fits the observed pattern well by using the Rietveld
refinement method [24]. The saturated moment obtained for the Ru spins is {z,,) = 1.00(5)z. The
solid curves shown in Fig. 6 indicate the fits of the data using the Rietveld method, showing that the
proposed model describes the observed data well. However, work on single-crystal samples, where more
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Fig. 7 (online colour at: www.pss-b.com) Proposed spin configurations of the Mn and Ru ions in
(LaO.SZBaO.48) (MHO.SIRUO.49)O3'

magnetic reflections may be identified, will be needed to elucidate the detailed arrangement for the Ru
and Mn spins. Compared with the isothermal magnetization results (see Section 3.3), the total ordered
moments take the form of (14, yre) = (L X 51% + (14, gy x 49%. A at 90 and 1.2 K they are 1.12 and
1.62 145, respectively. A good agreement is observed between both results with only slight differences,
indicating the existence of inter-grain interaction in the sample.

3.6 Order parameters

On reducing temperature, the intensities of both the {100} and {110} reflections increase accordingly,
signaling the development of ferromagnetic moments. Figure 8 shows the temperature dependencies of
the {100} and {110} peak intensities, which represent the variation of the square of the order parameter
with temperature. A two-step transition is seen in the scattering for the {100} and {110} peak positions,
which contains contributions from both magnetic components. The two peaks follow essentially the
same temperature dependent curve, showing that they are the two components from the same origin.
Accordingly, the ferromagnetic moments begin to develop below 200 K, which originates from the or-
dering of the Mn moments. It reaches a plateau at around 100 K, as seen in the inset to Fig. 8, showing
that the Mn moments have saturated. The ordering temperatures of the Mn spins, as determined by the
inflection point of the order parameter curve, are 7. (Mn) = 195 K, which match the temperature at which
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S 24r 2 {26
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E R 1 '_-I-.:ﬁ__',_ Tl and {110} peak intensities, showing that
™ : (100) T & logs, '. 423 Tc(Mn)~ 195K and T. (Ru)~ 80 K. A portion
S B b i o of Fig. 8 is shown in the inset, where the solid
e . Temperature () . 1 L curve is a guide to the eyes only.
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#'(T) shows an anomaly. The ordering temperature found for the Mn spins in the compound is higher
than the temperature at which the Mn spin ordering in La, ;Ba, sMnO; results [29]. A second increase in
the order parameter is seen below 80 K, revealing the development of the Ru moments with an ordering
temperature of 7 (Ru) = 80 K.

4 Summary

We have studied the crystal structure and magnetic properties of a polycrystalline (La,s,Ba, )
(Mng 5,Ru, 49)O5 sample, fabricated using the standard solid state reaction techniques. The compound of
perovskite (La, 5,Ba, 45) (Mn 5,Ruy 44)O; crystallized into a cubic Pm3m symmetry. Two anomalous tran-
sitions, at around 160 and 60 K, were clearly observed in the ac susceptibility to be associated with Mn
spin ordering and Ru spin ordering. As a dc magnetic field is applied, the peak positions for both anoma-
lies shift to higher temperatures, revealing a ferromagnetic character for both the Mn and Ru moments.
Neutron magnetic diffraction measurements then show that the anomalies at high and low temperatures
were determined at 7. (Mn) = 195 K and 7 (Ru) = 80 K from the results of temperature dependent peak
intensities, being associated, respectively, with the ferromagnetic ordering of the Mn and the Ru spins
which point in the c-axis direction and a canted angle off the c-axis, respectively, resulting in a ferro-
magnetic structure at low temperature.
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