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Abstract—Temperature and magnetic-field dependences of the static magnetization of polycrystalline cobal-
tite GdCoO5 have been measured. The magnetic properties of the GdCoO5 sample have been studied in the
paramagnetic and antiferromagnetic states. The magnetic phase diagram has been constructed. The
exchange field between the Gd—Gd sublattices and the anisotropy field have been estimated.
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1. INTRODUCTION

The nature and the degree of stability of electronic
states in cobalt oxide compounds have been discussed
up to now. LnCoO;-based rare-earth cobaltites with

the valence formula Ln3+Co3+O§_, where Ln = La,

lanthanides, or yttrium, can be considered as model
materials for studying the role of strong electron cor-
relations, hybridization, and also charge, orbital, and
spin ordering in the formation of electronic states. In
these oxides, the cobalt ion has no certain multiplicity
and can have various spin states: low-spin (LS, S = 0,

15,&, ), intermediate-spin (IS, S = 1, f,,€, ), or high-

spin HS, S = 2, t;gs; ) states [1]. The competition
between these states leads to specific features of the
magnetic, electrical, and structural properties of the
cobaltites.

Like many other oxides, rare-earth cobaltites are
characterized by oxygen nonstoichiometry that brings
about not only various spin states at a constant
valence, but also various valences, which hampers
studying these compounds to a greater degree. At the
present time, it is reliably established that cobalt ions
in LaCoOj are in a low-spin nonmagnetic ground state
at a zero temperature [2]. This state is separated from
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the magnetic state by a narrow spin gap of ~150 K,
which leads to the magnetic properties at 7> 50 K.

The LS state in these states can be stabilized by
decreasing the Co—O bond length that can be
achieved by a decrease in temperature, by external
pressure [3—5], or replacing of lanthanum by other
rare-earth element with a smaller ionic radius [6]. This
exactly takes place in GACoO;, where Co** has S =0
and L = 0 at low temperatures.

It is of interest to study the contribution of the
magnetism of rare-earth elements themselves to the
physical properties of cobaltites in which lanthanum is
replaced by other rare-earth element, along with the
problem of the spin state of the Co** ions. When there
are no magnetic moments of the Co** ions, the mag-
netism of GdCoQOj; at low temperatures can be due to
ordering the magnetic moments of Gd. The magnetic
properties of GdCoO; in the paramagnetic region at
T> 4.2 K are described in [7, 8] where the paramag-
netic Curie temperature was estimated to be O =
—6 K, but no antiferromagnetic state was achieved in
the temperature range under study. However, the tran-
sition of GdCoO; to the antiferromagnetic state at
Tx = 3.05 K was indicated in [9], but this phenome-
non was not considered in detail.
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Fig. 1. Temperature dependence of the magnetization of
GdCoO3 measured at H = 5 kOe. The inset shows the
M(T) curve segment in the range 2—8 K.

In this work, the magnetic properties of polycrys-
talline GdCoO; at temperatures 7 > 2 K have been
studied in more detail. We have also been studied the
transition to the antiferromagnetic state and the spin-
oriented transition in an external magnetic field.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The polycrystalline GdCoO; samples were pre-
pared by the solution sol—gel method [10], in which
stoichiometric amounts of cobalt and gadolinium
nitrates were dissolved in deionized water and then
were dried at a temperature of 90°C for 6 h. The thus-
prepared powders were annealed at a temperature of
300°C in air, were pressed into pellets 12 mm in diam-
eter, and were subjected to repeated annealing. We
measured the temperature dependences of the static
magnetization in the temperature range from 2 to
300 K and magnetic-field dependences of the mag-
netization in magnetic fields to 50 kOe at various
temperatures using a Quantum Design MPMS-XL
SQUID magnetometer at the Joint Usage Center of
the Siberian Federal University. The crystal structure
was studied at room temperature using a DRON-4
diffractometer in [7].

For comparison, we also use the results of the mag-
netic measurements performed on polycrystalline
GdCo0O; samples obtained by solid-phase synthesis
described in [9].
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Fig. 2. Temperature dependence of the reciprocal of the
magnetic susceptibility for GdCoO3; measured in magnetic
field of 5 kOe. The inset shows the dependence X’I(T) in
the range 2—10 K.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

The X-ray diffraction data show that the GdCoO;,
samples under study have the rhombohedrally dis-
torted perovskite-type structure with space group P,,,,
which is typical of compounds of the LnCoO; series.
The lattice parameters correspond to the data avail-
able in the literature [11].

Figure 1 shows the temperature dependence of the
magnetization M(7T) of the GdCoO; sample measured
in a magnetic field of 5 kOe.

The magnetization increases monotonically as
temperature decreases. The M(T) curve has a maxi-
mum near 3 K that can be due to a transition to the
antiferromagnetic state. We found that T = 3.3 K.

Figure 2 depicts the temperature dependence of the
reciprocal of the magnetic susceptibility x~!(7). At high
temperatures, the x~!(7) curve is well approximated by
a linear dependence according to the Curie—Weiss law:

C

= — 1
T+ 0, )

X
where C is the Curie constant, ® is the asymptotic
Curie temperature. The quantity ®- ~ —6.4 K that
agrees well with the data of [7—9].

At temperatures higher than 6 K, C =
7.84 cm?® K/mol, which corresponds to the effective
magnetic moment L. = 7.91pg per formula unit
whose value almost coincides with the theoretical
value U5~ 7.94u; for free Gd** ion, but it is somewhat
higher than that in [7, §].
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Fig. 3. Magnetization curves of GdCoO3; measured at var-
ious temperatures.

Using the medium-field theory, we estimated the
exchange interaction J54_gq/k = —0.11 K by the for-
mula

KTy = z‘ls(fs”) )

where z is the number of the nearest neighbors, S=7/2
for Gd**, k is the Boltzmann constant, and J is the
exchange integral.

Figure 3 shows the isotherms of the magnetization
of GdCoO; measured at various temperatures. At 7'=
2.0 and 2.7 K, the magnetization curves have inflec-
tions in weak fields (Figs. 3, 4); the inflection can be
interpreted as a spin-reorientation process. At 7=2 K,
the spin-flop-transition field Hgp can be determined as
a point of intersection of approximations of the recti-
linear sections of isotherms of the magnetization
(Fig. 4a). In this case, Hg=4.7kOe. At T=2.7 K, the
thus-found similar value is Hgp = 2.8 kOe. Figure 4b
shows, for comparison, the curve of magnetization of
the GdCoO; sample prepared by solid-phase synthe-
sis. The magnetic properties of the Gd, _,Ca,CoO;
system are described in [9]; however, the spin-flop
transition in undoped GdCoO; sample was not dis-
cussed in [9]. We see that the spin-flop transition takes
place in GdCoO; samples prepared by various tech-
nologies. The transition fields Hy are different, which
is likely due to differences in anisotropy related to the
sample microstructures. It is seen that the spin reori-
entation is a smeared process; and it is likely related to
the fact that the measurements were carried out on
polycrystalline samples, and the magnetization is that
averaged over all directions.

Figure 3 shows that, at temperatures higher than
5 K, the field dependences of the magnetization have
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Fig. 4. Magnetization curves of GdCoO3 measured (a) at
T=2 K for the sample prepared by the sol—gel method and
(b) at T'= 25 K for the sample prepared by the solid-phase
method. Hgg = 12 kOe.

no inflections characteristic of the spin-reorientation
process, and this fact corresponds to the paramagnetic
behavior of GdACoO;,.

Figure 5 depicts the temperature dependences of
the magnetization measured over a wide field range of
5—50 kOe. It is seen that the maxima in the M(T)
curves corresponding to the Néel temperatures are
shifted toward lower temperatures with increasing
field.

As a result, we obtained the magnetic phase dia-
gram of GdCoO; (Fig. 6) that demonstrates the field
dependence of the Néel temperature Ty (H) and the
spin-flop transition temperature Tgp(H).

In the mean-field approximation, the magnetiza-

tion of a system with one type of spins is known to be
[12]

M, = Ngug(S, 3)
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Fig. 5. Temperature dependences of the magnetization of
GdCoOj3 measured in various magnetic fields. The dashed
line shows the shift of the Néel temperature with increas-
ing magnetic field.

where (SZ Y = SBy(Sy) is the average magnetic
moment and

_ gupgH +k(0)(S"
kT ’
In the nearest neighbor approximation, k(0) = Iz. Asa
result, we have M, = NgupSBy(Sy), where By(Sy) is the
Brillouin function, N is the number of atoms per vol-
ume unit, g is the g-factor, p is the Bohr magneton,
and k is the Boltzmann constant.

In strong magnetic fields at 7' < Ty, we have
By(Sy) — 1, and the saturation magnetization (net
magnetization) of sublattices in GdCoO; must be
M, = gug(Sy) = 2(7/2)pg = Tug ~ 147.5 emu/g; this
value is much more than the maximum magnetization
134.05 emu/g measured at H = 50 kOe. This fact indi-
cates that the state, in which the magnetizations of the
Gd3* sublattices become parallel (spin-flop transi-
tion), appears in higher fields, and, because of this, we
did not obtain such a state.

C))

Estimate the exchange field through the Néel tem-
perature. In the mean-field theory,

3kT, 2
Hy(Gd) = zIS = M= 2k Ty 5
upHy(Gd) = z So1 - 3¢ In (&)
Using known relationship Hgr = J2H,x Hy that
relates the exchange field Hand the field of magnetic
anisotropy H,, we can estimate the value of the latter.

For GdCoO; prepared by the sol—gel method
(Fig. 4a), Hy =34 kOe, H,=0.33 kOe.

For the sample prepared by solid-phase synthesis
(Fig. 4b), H; = 31kOe, H,= 2.3 kOe.

PHYSICS OF THE SOLID STATE Vol. 54  No. 1

3.5F

'
[ ]

T
| ]

300 S

)
N
(9]
T
o
ol
oo}

1.5 1 1 1 | | | 1
0 5 10 15 20 25 30 35

H, kOe

Fig. 6. Field dependence of the Néel temperature 7y and
the spin-flop transition temperature 7gr. AFM is the anti-
ferromagnetic region, PM is the paramagnetic region, and
SF is the spin-flop transition region.

These data can be compared with similar character-
istics for GdAIO; single crystal [13] where H;= 21 kOe,
H, = 3 kOe. The difference is related to polycrystalline
character of our samples.

The samples prepared by solid-phase synthesis are
more anisotropic as compared to the samples prepared
by the sol—gel method.

4. CONCLUSIONS

The measured effective magnetic moment per for-
mula unit .= 7.91ug coincides practically with the
theoretical value g for free Gd** ions. Once again,
this fact confirms that Co3* ions are in nonmagnetic
state over the temperature range under consideration,
and this result agrees with those reported in [7, 8, 14—
16]. At temperatures below 3.4 K, the gadolinium sub-
lattice undergoes the transition to the antiferromag-
netic state.

The negative asymptotic Curie temperature is
indicative of the antiferromagnetic character of the
Gd—Gd exchange interaction. Small difference
between |®¢| and Ty shows that the exchange field Hy
and the anisotropy field H, can be estimated with
allowance for only sublattice interaction.

The very low Néel temperature Ty < 3.5 K brings
about low critical fields: the spin-flop transition field is
on an order of 10 kOe, the exchange field H = 20—35
kOe, and the anisotropy field is H, = 0.1—3.0 kOe.
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