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Abstract. The magnetization measurement of systems with the nominal formula
R(Mn;_,Co,)O3 (R = Eu, Gd, Tb, Y) has been made. It has been found that EuMnO
and GdMnQ@ are weak ferromagnets of Dzialoshinsky—Moriya type whereas ThiMisGan
antiferromagnet. The substitution of manganese ions by cobalt ones leads to the appearance of
different magnetic states: cluster-spin-glass-likd (@ x < 0.3), inhomogeneous ferromagnets
with well defined Curie temperatures.40< x < 0.8) and again a spin glass state ¥ 0.9).
Spontaneous magnetizations and Curie temperatures reach maxima for compounds-With
External magnetic field induces a metamagnetic transition (MrigsCop5)O3 (R = Gd, Tb,

Y). The transition becomes irreversible at low temperature in the Th- and Y-based compounds.
The annealing in vacuum of (RIng5Caop5)O3 leads to the increase of the Curie temperature
and to the appearance of a metamagnetic transition for tiiliigsCop5)O3 compound. The
metamagnetic behaviour is interpreted taking into account the ionic ordering?ofabal Mrf+

ions and possible 3d-orbital ordering in theCcsublattice.

1. Introduction

Goodenougtet al have reported that ternary oxides(MngsMeg5)O3 (Me = Ni, Co) with

a cubic perovskite structure are ferromagnets [1]. Blasse has suggested the ferromagnetism
to be governed by the positive superexchange interaction betweenaid Mrf+ ions via
oxygen [2]. The Nit (Cc?*) and Mrf* ions in samples prepared at low temperature are
crystallographically ordered to a considerable extent, making up the rock-salt type lattice
[2]. This model was supported by the results of NMR measurements [3,4]. Recently
the RMnpsC0y5)03 (R = Nd, Sm, Eu, Gd, Th, Dy, Y, Ho) compounds have been
obtained using a conventional ceramic method [5]. These compounds were found to be
ferromagnets with relatively high Curie temperature and spontaneous magnetization. The
R(MnpsCay5)03 (R = Th, Y) exhibit metamagnetic behaviour at aroufid[5]. The origin

of metamagnetism was not established in these studies.

For better understanding of the magnetic properties of the perovskites containing
manganese and cobalt ions we have prepar@dnR_,Co,)Os; (R = Eu, Gd, Th) solid
solutions and investigated their magnetic properties in a wide range of magnetic fields and
temperatures. The results are reported here.
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2. Experimental details

Ceramic samples ®n;_,Co,)O3 were prepared by a solid state reaction of precursor
oxides. A final sintering process step was carried out at 1620<{0x < 0.9) or 1690 K
(0 < x < 0.6) in air. All the samples were cooled slowly (100 K with a furnace.
The EuMnQ@,, and GdMnQ,, were reduced in a quartz tube at 1070 K using metallic
tantalum as a getter. The decreasing weight of samples after reducing corresponds to the loss
of oxygen content (approximately 0.4%). The as-prepared materials were characterized by
x-ray diffraction using Co k& radiation and found to be single phase. The x-ray diffraction
lines were indexed on the base of an orthorhombic perovskite pseudocell. For GgMnO
and EuMnQ,, the oxygen content was determined by chromatometric titration. The
chemical analysis of the Co-containing samples was not performed; therefore the denoted
compositions are the nominal ones.

Magnetization measurement was performed with a vibrating sample magnetometer in
steady magnetic field up to 120 kOe.

3. Results and discussion

3.1. Magnetic properties of Eu(Mn,Co,)Os

The EuMnQ g9 composition is characterized by a spontaneous magnetization of 1.5€mu g
at 4.2 K and a well defined &l temperature of 49 K (figure 1). Enhancement of the
oxygen content leads to decreasingd\Ntemperature and negligibly increasing spontaneous
magnetization. After field cooling down to 4.2 K magnetic moments start to reorient in an
external magnetic field of 30 kOe (figure 2). The field 60 kOe is too low to complete the
full reorientation of magnetic moments. It is apparently due to a large magnetic anisotropy.

The spontaneous magnetization of(EimggC0p1)0O3 and EUMng75C0y25)O03 is very
small and transition into the paramagnetic state occurs in a wide temperature range,
indicating the cluster spin glass behaviour (figure 3). This feature is in contrast to the case of
x = 0.5 andx = 0.7 compounds for which well defined Curie temperatures exist at 123 K
(figure 3). Further decreasing the Mn content leads to the fall of spontaneous magnetization
and of the temperature of transition into the paramagnetic statex £d0.9 composition the
long-range magnetic order seems to be destroyed. The spontaneous magnetization reaches
a maximum forx = 0.5 composition. The magnetization of the= 0.5 sample is not
saturated completely in a magnetic field of 120 kOe at 4.2 K, which is much lower than
the Curie temperature, 123 K (figures 2 and 3).

Decreasing oxygen content in the @®ngsCaoys5)O3 nominal composition leads to
increasing Curie temperature, to decreasing residual magnetization and to the appearance of
the peak of the field-cooled magnetization at aro@néh the magnetic field above 0.5 kOe
(figures 3 and 4).

3.2. Magnetic properties of Gd(Mn,Co,)O3

The temperature dependence of the magnetization of GdMin@d an applied magnetic
field of H = 1 kOe and the field dependence of the magnetizatiod K are shown in
figures 1 and 5 respectively. The magnetization of the samplewithO exhibits a sharp
peak at arouth 6 K on cooling. The spontaneous magnetization appears at 25 K, which is
slightly lower than the Bel temperaturdy = 40 K of the YMnGQ; antiferromagnet [7].

As one can see from figure 5 the GdMyd9 exhibits a metamagnetic transition at around
5 kOe at 2 K.
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Figure 1. Magnetization against temperature for EuMnf@ and GdMnQ g9 measured at
H = 1 kOe on cooling.
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Figure 2. Field dependences of the magnetization ofMysCoy5)O3 and EuMNnQ o2 (inset)
at 4.2 K measured after field cooling # = 1 kOe.

The temperature dependences of the residual magnetization @¥inzd Co,)Os
measured atH = O after cooling in the fieldH = 1 kOe are presented in figure 6.
There are no sharp transitions into the paramagnetic state foMidCoy;)O3 and
Gd(Mng 75Cay 25)O3 compositions. This is apparently due to the formation of clusters
with a different magnetic state in these compounds. The residual magnetization of
Gd(Mng 75Cy.25)0O3 and GdMngsCay5)O3 increases strongly with increasing temperature.
This feature may be ascribed to the Gd-sublattice contribution. Apparently the f-d exchange
interaction modifies the magnetic state of the 3d sublattice. The negative value of residual
magnetization at low temperature arises from Gd magnetic moment ordering. Such a
behaviour indicates the negative total f—d superexchange and large magnetic anisotropy. The
magnetic moment of Gd ions is opposite to the total magnetic moment of the 3d sublattice.
The compositions with @ < x < 0.7 exhibit sharp transitions into the paramagnetic state.

The magnetic field 120 kOe at 4.2 K is too low to saturate the magnetization of
Gd(MngsCoy5)O3 (figure 7(a)). It is important to note that the hysteresis in the high-
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Figure 3. Temperature dependences of the residual magnetization @¥irgu,Co,)O3
measured at = 0 after cooling in the fieldd = 1 kOe.
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Figure 4. Field-cooled magnetization atH = 109 kOe of EUMngsCoys5)O3

(reduced samples—1), @dnpsCo5)03 (reduced samples—2); ThIingsCo5)03 (3) and
Y (MngsCap5)03 (4).

field regime is much larger than that at low fields. With increasing temperature the critical
fields decrease and metamagnetic behaviour becomes more pronounced (figure 7). We did
not observe metamagnetism for &h,;_,Co,)O3 with x = 0.4, 0.6 and 0.7 in the whole
4.2-130 K range (figure 6). The annealing of (BlthgsC0y5)O3 nominal composition in

the vacuum leads to the increase of Curie temperature from 115 to 130 K (figure 6).

3.3. Magnetic properties of Tb(Mn,Co,)O3; and Y(Mn 5C0g 5)O3

There is no spontaneous magnetization in the temperature range 2-40 K for TbMnO
nominal composition. Magnetization—temperature curves have maximum at around 6 K
apparently due to the Th-sublattice antiferromagnetic ordering.
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Figure 5. Field dependences of the magnetization of GdMpOat 2 K (inset) and
Gd(Mng3Cop7)03 at 4.2 K.
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Figure 6. Temperature dependences of the residual magnetization ¢Mizd, Co,)O3
measured at{ = 0 after cooling in the field 1 kOe.

The substitution of Mn ions by Co ones leads to the appearance of the spontaneous
magnetization. The residual magnetization of(Mhg75C0y25)O3 increases strongly with
increasing temperature whereas that ofMby5Cay5)O3 has a minimum at approximately
7 K (figure 8). Further increasing the Co content leads to decreasing Curie temperature and
magnetization.

The field dependences of the magnetization of Th{MB0y5)O3 at 4.2 and 50 K are
shown in figure 9. After field cooling irH = 1 kOe theM (H) dependences at 4.2 K
show large hysteresis associated with metamagnetic behaviour. The second cycle of the
measurement coincides with the first part of the cycle obtained by decreasing magnetic
field. After the first measurement cycle the field-induced phase becomes statile-ad
(figure 9). We did not observe any decay of the field-induced magnetic phasg duniat
4.2 K. The metamagnetic transition is reversible at temperatures above 20 K as clearly seen
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Figure 7. Field dependences of the magnetization of (K@dys5Coys5)O3 at different
temperatures.

from inset to figure 9. The field-induced phase can be stabilized on cooling in magnetic
fields above 7 kOe (figures 4 and 10). Fields below 6 kOe are not sufficient to stabilize the
field-induced phase at low temperatures (figure 10). The transition between the two phases
is accompanied by a large temperature hysteresis indicating a first-order phase transition
(figure 10). The field-induced phase transforms gradually into the low-field phase on heating
at H = 0 (figure 11). The fieldd = 10.9 kOe is too low to stabilize the magnetic-field
induced phases in the Eu(li§Coy5)O3 and Gd(Mn 5Cay5)O3 reduced samples (figure 4).

The Y(Mny5Coy5)O3 sample exhibits the same behaviour as Th{yBy5)O3 (figures 4

and 11).

3.4. Discussion

The magnetic properties of R(Mn,Co,)O3 solid solutions are governed by magnetic
interactions between different magnetic ions. The most important interactions are
antiferromagnetic M —O-Mr**, C#*—O-Cd* and Mrf+—O-Mrf*+ and ferromagnetic
Co*t—-O-Mrf* and MrP+—O-Mrf+. We suppose that Gb ions have low-spin diamagnetic



Magnetic ordering in perovskites containing manganese and cobaB293

5

G —8—x=0.85
E#;F’DD g —a—x=0.7
o % el X505
o B Ebtb —y—x=0.25
g & %
&0 )
R %
2 34 Dp—nenp =]
3 BN \
£ A‘\*AA 8
e o, 4
C AA \
2 5 a o
= A
g b, \
*q')' A
‘C:» ‘@ esee LYY A E"
I o b
= 1 . . L %‘
% ;]
ow ~ &l
7
o & N ez \ AN

Temperature (K)

Figure 8. Temperature dependences of the residual magnetization @¥iriih,Co,)O3
measured atf = 0 after cooling in the field 1 kOe.

160

42K e
= 1204
g
P oo 27 5ok ey #
5 3 i
- 3 20 "o N
c 80+ £ & £
S = &4
-~ cr j -4
s s 15 £ £
N § é &
N £ o

2 B 10 P I
g) 40 5, 4 &&'
< g @25% H,

5‘ T T

0 5 10 15
Field ( kOe )
0 H M T M T M T
0 40 80 120
Field ( kOe )

Figure 9. Field dependences of the magnetization of Th§§Boy5)Os: 1, first cycle of the
measurement; 2, second cycle of the measurement.

state and play a passive role in the superexchange interaction. It is important to note that
Mn3*—O-Mr** magnetic interaction in a perovskite lattice becomes positive if the Mn—O—
Mn angle is close to 180and there are no static Jahn—Teller distortions [6].

The relatively low spontaneous magnetic moment of EulgyGnay be ascribed to a
weak ferromagnetic interaction of Dzialoshinsky—Moriya type because there are fio Mn
ions interacting ferromagnetically with Mh ones. It is well known that the AB{
perovskite (A= rare earth, B= Fe, Cr, V) exhibits weak ferromagnetism of Dzialoshinsky—
Moriya type [6]. A large magnetic anisotropy is associated witi¥viens occupying highly
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Figure 10. Field-cooled magnetization of Tb(MBCms)O3 at H = 5.4 kOe measured
on cooling (1) and heating (2); zero-field-cooled magnetization (3) and field-cooled
magnetization (4) of Tb(Mf)sCa5)O3 at H = 10.9 kOe.
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Y(Mng5C0p5)O3 measured aff = O after cooling in the field 1 kOe (curves 1 and 3) and
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distorted MnQ@ octahedra. A large distortion of the crystal lattice results fropoabital
ordering in the manganese sublattice which takes place in EuMn@round 1370 K [8].

In accordance with neutron diffraction data [9]. TbMnN® a spiral antiferromagnet below

40 K. It is possible that GdAMn§shows the temperature-induced transition from collinear
to spiral magnetic structure. In the collinear magnetic ph@se 5 K) GAMnG; exhibits
spontaneous magnetization due to weak ferromagnetic interaction as observed for FuMnO
(figure 1). It is necessary to carry out the neutron diffraction experiment to justify this
hypothesis. We think that the peak of magnetization at atduK for GAMnG; (figure 1)

is associated with antiferromagnetic ordering in the Gd sublattice. External magnetic field
induces the antiferromagnet—ferromagnet transition for the Gd subsystem. Such a transition
has been observed for Gdrgperovskite in the Gd-ordered phase [10].



Magnetic ordering in perovskites containing manganese and cobaB295

In the rangex < 0.3 cobalt ions probably have a low-spir-%alence state because there
is no well defined Curie temperature and the temperature of the transition into paramagnetic
state forx = 0.1 is lower than that fox = 0. Forx > 0.3 the configuration Cg + Mn*+
seems to be more stable than the3¥# Co** one and magnetic properties are governed by
a positive Mrt*—Co** magnetic interaction in accordance with the consideration of Blasse
[2]. The ionic ordering of Mfi* and C3* ions leads to a decrease of antiferromagnetically
coupled Mt —Mn** and Cé+t—-Cd* pairs, which gives rise to increasing magnetic moment
of the 3d sublattice. The Curie temperature of the compounds in the rabge 0< 0.8
does not depend on composition. Therefore one can assume the materials in this range
behave like a mixture of two materials, i.e. a material with low content of manganese ions
and a material which resembles the Eug¥Bay5)O3 oxidized sample.

The metamagnetism of R(NBCay5)O3 compounds is associated with a transformation
of the magnetic order in the 3d sublattice because this phenomenon is observed at relatively
high temperatures. The ordering of £oand Mrf* ions apparently plays an important
role because only the = 0.5 composition exhibits the metamagnetic behaviour. In
the reduced samples the oxygen content seems to be close to an ideal value—3. The
temperature and field dependences of the metamagnetic transition in the &dds)Os
compounds resemble the metamagnetic behaviour @535(Mngg|\/|ngg)og charge-
ordered perovskites. In these materials both orbital and charge ordering occurs
simultaneously. These orderings can be removed by applying an external magnetic field
[11,12]. The transition is irreversible at low temperature. We think that the R{May 5)O3
perovskites exhibit orbital ordering in the Eosublattice of the ionic ordered phases. In the
orbital-ordered phase magnetic moments form the noncollinear magnetic structure whereas
in the orbital-disordered phase the magnetic structure is collinear. An external magnetic
field apparently induces the order—disorder transition in the orbital subsystentofics
leading to the appearance of the collinear magnetic structure. Most probably the orbital
ordering takes place at arourf@¢ because the critical field in the vicinit§i- falls below
1 kOe. Further experiments such as x-ray analysis of magnetically ordered phases and
magnetostriction measurement are under way to clarify this hypothesis.
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