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Abstract—The temperature and magnetic field dependences of the static magnetization of the polycrystalline
rare-earth cobaltites GdCoO53 and SmCoO; have been measured. It is shown that, below room temperature, the

magnetization of both compounds derives primarily from the rare-earth ion paramagnetism. The GdCoO5 and
SmCoO5; compounds have been found to differ substantially in magnetic behavior, which can be traced to dif-
ferences in their electronic shell structures. The magnetic behavior of GdCoOj is close to that of an array of
free Gd** ions, whereas in SmCoOj the deviation from the free-ion properties is very large because of the Sm**
ground state being crystal-field split. Van Vleck magnetic susceptibility measurements of SmCoO; suggest that

the splitting is ~10 K.
PACS numbers: 75.25.+z, 75.20.Ck
DOI: 10.1134/S1063783407110182

1. INTRODUCTION

Cobaltites of rare-earth elements with the chemical
formula LnCoO;, where Ln stands for lanthanum or a
lanthanide (Y, Sm, Gd, Ho, etc.), are perovskite-like
crystals which have been attracting interest for a long
time as materials exhibiting a variety of remarkable,
largely unique properties. Among these properties are
the fairly large magnetoresistance [1], anomalies in
magnetic susceptibility [2, 3], thermopower [4—6], ther-
mal lattice expansion [7], and metal-insulator transi-
tions [8—10]. The unwaning interest in cobalt oxides
stems also from their emerging applications as materi-
als for solid-state fuel cells [11], heterogeneous cata-
lysts, oxygen membranes, and gas sensors [12]. The
fairly high thermopower generated by the cobaltites of
rare-earth metals gives grounds to consider them as a
viable alternative to traditional semiconducting ther-
moelectric materials [13].

Despite the over half-a-century long history of
investigation of cobalt oxide compounds, the nature
and the degree of stability of both the ground state and
the higher-lying levels of Co** ions still remain a sub-
ject of intense debate [14-16]. The key issue for the
rare-earth cobaltites is the so-called problem of the
high-, low-, and medium spin states. A specific feature
of these oxides is that the electronic states of Co** cor-
responding to different values of the spin S are very
nearly degenerate, so that they can be coupled only by
temperature or pressure. Incidentally, the question of
what spin state would be realized in a particular case

has still not received a clear-cut answer, neither from
the theoretical nor from the experimental side.

The LaCoO; compound is at present the best studied
representative of the rare-earth cobaltite family. Exper-
imental data on other members of the LnCoOj series are
still fairly scarce, particularly in the low-temperature
domain. At the same time, these compounds appear
quite frequently to be more efficient and promising for
future applications, which justifies the study of their
properties as well. We are reporting here an experimen-
tal study and a comparison of the low-temperature
magnetic properties of two cobalt oxide compounds,
GdCo0O; and SmCo0O;. Despite a similarity in compo-
sition, the magnetic behavior of these two materials has
revealed noticeable differences attributable to differ-
ences in the electronic shell structure of the Gd** and
Sm?* ions.

2. SAMPLES AND EXPERIMENTAL TECHNIQUE

Our polycrystalline samples were prepared by the
sol-gel method [9], by which stoichiometric amounts of
nitrates of cobalt and gadolinium or samarium are
dissolved in deionized water, with subsequent drying
at 90°C for 6 h. The powder samples thus obtained
are annealed at 300°C in air, pelletized and annealed
once more. The pelletized GdCoO; and SmCoO;
samples were rectangular parallelepipeds measuring
4x2x1mm.
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Fig. 1. Temperature dependences of the magnetic suscepti-
bility and the inverse magnetic susceptibility for (/, I')
GdCoOj3 and (2, 2') SmCoOj5 in the magnetic field H =

1 kOe. The susceptibilities for SmCoOj5 are scaled up by a
factor of 100.

We measured temperature dependences of electrical
resistivity at temperatures from 80 to 400 K and of the
static magnetization in the range 4.2-300.0 K, as well
as magnetic-field dependences of the magnetization at
different temperatures and magnetic fields of up to
70 kOe.

3. EXPERIMENTAL RESULTS

X-ray diffraction data show the structure of the sam-
ples under study to be distorted perovskite-like with
Py, space group [17], which is typical of LnCoO;
compounds. The lattice parameters conform to litera-
ture data [18]. The room-temperature electrical conduc-
tivity of the samples is fairly low, about 10~ Q m for
GdCoO; and 10°% Q m for SmCoO;. The conductivity
is observed to continue to decrease with further
decrease in the temperature, so that at low temperatures
both compositions can be classed among insulators.

Figure 1 plots the temperature dependences of the
static magnetic susceptibility  and the inverse mag-
netic susceptibility ¥~ for GdCoO5; and SmCoO; mea-
sured in a magnetic field H = 1 kOe. While the suscep-
tibility of both compounds grows monotonically with
decreasing temperature, one observes here three sig-
nificant differences. First, the susceptibility of
SmCoOs is lower in absolute value by two orders of
magnitude than that of GdCoO;. Second, the suscep-
tibility of GACoOj tends to zero with increasing tem-
perature, and that of SmCoQOs;, to a constant value
Yo = 1.54 x 10 cm*mol. Finally, the temperature
dependence of the inverse magnetic susceptibility can
be fitted well by a straight line, which suggests that the
Curie—Weiss law

x = C/I(T+0O) (1)
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Fig. 2. Temperature dependence of the product of the mag-
netic susceptibility by the temperature for SmCoO5; mea-

sured in the magnetic field H = 1 kOe: (/) experiment and

(2) calculation for a free Sm>* ion. The inset shows the low-
temperature part of the graph.

holds here. This makes possible determination of the
asymptotic Curie temperature ® = —6 K. The constant

C= ufffN A/3k =6.81 cm? K/mol yields for the effec-
tive magnetic moment per formula unit U = 7.38p,
Ug is the Bohr magneton, N, is the Avogadro number,
and k is the Boltzmann constant. At the same time, the
temperature dependence of the inverse magnetic sus-
ceptibility of SmCoO; is substantially nonlinear;
hence, the Curie—Weiss law fails here.

Because the temperature dependence of the suscep-
tibility of SmCoO; in Fig. 1 looks as a superposition of
two contributions, an inversely proportional to temper-
ature and a temperature-independent one, it appears
reasonable to consider the temperature dependence of
the product of the susceptibility by temperature, which
in this case should be linear. This product is displayed
in Fig. 2, whence it is seen that the product y7 does
indeed behave over a wide temperature range as a linear
function of temperature. This means that the magnetic
susceptibility of SmCoO; can be presented as a sum of
two contributions, one of them obeying the Curie law
and another, temperature-independent,

x = CIT+ 7. 2)

Approximation of experimental data with a linear
relation yields C = 2.76 x 102 ¢cm?® K/mol and %, =
1.46 x 1073 cm3/mol.

The inset to Fig. 2, which shows the lowest-temper-
ature part of the ¥ 7 graph, suggests that the straight line
with the above parameters has a break near 7 = 10-
11 K and is continued by another section, also close to
a linear graph. This low-temperature part of the straight
line has a still steeper slope (dashed line in Fig. 2),
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Fig. 3. Magnetization curves obtained for GdCoO5 and
SmCoOj3 at T = 4.2 K. The magnetizations for SmCoOj are
scaled up by a factor of 100.

yielding C = 1.68 x 1072 cm?® K/mol and ¥, = 2.53 X
1073 cm?/mol for T < 10 K.

Field dependences of magnetization for both sam-
ples are linear in the weak field domain at all tempera-
tures, a feature characteristic of paramagnets. In strong
fields, however, the magnetization curves of the com-
positions under study behave differently. At T =4.2 K
and the maximum field of 70 kOe reachable in our
experiment, the magnetization curve M(H) of GdCoO;
suggests a trend to saturation not observed in SmCoO;
(Fig. 3).

4. DISCUSSION OF THE RESULTS

A question invariably arising in discussion of the
properties of compounds containing magnetic ions of
two kinds is the extent to which the magnetism of a par-
ticular ion accounts for the experimentally observed
properties. In our case, however, experiments on struc-
tural changes [19], magnetization, and neutron spec-
troscopy [20, 21] seem to suggest that below room tem-
perature Co** ions in LnCoO compounds with Ln other
than La reside typically in the low-spin nonmagnetic
state. Our data on static magnetization also indicate that
below room temperature Co** ions in GdCoO; and
SmCoQO; are in a fixed low-spin state. Thus, it is the
rare-earth ions that are primarily responsible for the
magnetism of GdCoO; and SmCoO; below room tem-
perature. The above remains valid for stoichiometric
compounds as well. In the case of oxygen deficiency
characteristic of rare-earth cobaltites, cobalt ions
induced by stoichiometry defects and residing in differ-
ent valence states should certainly contribute to magne-
tization. Besides, even for ions in a nonmagnetic
ground state the magnetic susceptibility can be not zero
at all because of the presence of the van Vleck polariza-
tion component, a point to be discussed below.
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The properties exhibited by magnetic ions depend
predominantly on their environment, i.e., on the
strength and symmetry of the crystal field. The influ-
ence of crystal field on susceptibility is most clearly
pronounced in magnets in which the exchange interac-
tion of the rare-earth ions is small as compared to the
crystal field. It is to such compounds that the LnCoO;
rare-earth cobaltites belong. In these compounds, the
crystal-field splitting is, in order of magnitude, 10> cm™!,
which is considerably in excess of the exchange, dipole
and other interactions. Gd** is in this sense an exclusion
to the rule, because its ground state is the S state (4f7,
88, L =0, S =7/2), which is crystal field split only in
higher orders of perturbation theory. Therefore, it can
be expected that the Gd** ions in GdCoO; should be
close in magnetic properties to an ensemble of free
ions. This is what is largely observed in actual fact.
Experiment reveals conventional orientational para-
magnetism. We recall immediately, however, the nega-
tive value of ©® =—6 K, and the noticeably smaller effec-
tive magnetic moment, L. = 7.38lg, as compared to
7.94up for the free ion, a feature suggesting the pres-
ence of weak antiferromagnetic interaction [17]. A sim-
ilar behavior of magnetic systems with Gd** ions is
characteristic also of Gd,0Os-based oxide glasses [22—
25]. For rare-earth cobaltites, small negative paramag-
netic Curie temperatures were observed in
La, _ ,Eu,CoO; compounds [26]. This experimental
observation was assigned [26] to oxygen nonstoichi-
ometry characteristic of these compounds.

The lower magnetic moment of the Gd** ion as com-
pared to its theoretical value can also result from the
crystal-field splitting of its ground state, the 8S,, octet.
If the ground state of ions with the half-filled 4f shell
were a pure 8S;,, only Zeeman interaction would be
nonzero. However, even in a free atom or ion, interme-
diate coupling plays a certain role and admixes higher
lying levels to the ground state which becomes [27]

2,172

(1-0a)

where o is the admixture parameter. The ligand field
splits this state, but neither the theoretical nor the exper-

imental value of this splitting for Gd** exceeds 1 K
[28].

As for the free Sm** ion, its electronic configuration
id 41>, and its ground state is the °Hs;, multiplet (L =5,
S =5/2). A characteristic feature of this ions lies in its
first excited state H,, being relatively close to the
ground state. The difference between the energies of
these states for a free ion is about 1000 cm~'. Admixture
of the excited-state wave functions to the ground state
gives rise to formation of paramagnetism of a new kind,
namely, polarizational van Vleck paramagnetism,
which is most clearly pronounced in the Sm** and Eu**
ions.

8 6
X Sop+0X Py, 3)
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The magnetic susceptibility ) of van Vleck para-
magnets can be presented as a sum of three terms

X = Xc+Xp+Xd’ (4)

where 7. is the susceptibility originating from conven-
tional orientational paramagnetism of ground-state
ions, ¥, is the polarizational van Vleck susceptibility,
and Y, is a component describing the diamagnetic con-
tribution of electronic shells. The diamagnetic compo-
nents being, as a rule, small, we shall assume it in what
follows to be negligible.

The expression for molar van Vleck susceptibility
can be written as [29]

A, = E,—

n n

A 2
Xp — 2NAZ |<n|1‘ii:|n>| , E

n

i (9)

n'=1

L+S

> {INagug (] + VBT +7%, , 320 + 1)exp(—ﬁ)

x(Sm™) = L=lL=s
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Here, N, is the Avogadro number, M. is the z compo-
nent of the magnetic moment, and E, and E, are the
ground and excited state energies. The field is assumed
to be aligned with the z axis. The contribution of each
term in sum (5) is the larger the smaller the energy dif-
ference E,, — E,. If the higher-lying levels are not ther-
mally excited, , is temperature independent.

For the Gd** ion, the energy difference between the
ground, 8S,,, and the first excited, °P,, states is about
30000 cm™; therefore, the polarizational susceptibility
is negligible, and what one observes is only the Curie—
Weiss orientational contribution (Fig. 1). In Sm** ions,
both susceptibility components are comparable in mag-
nitude. The magnetic susceptibility of free Sm** ions
calculated from the expression [29]

kT
(6)

;(2“ 1)exp(_kAT)

is displayed in Fig. 2 as a x7 vs. T plot (curve 2). Only
two states were taken into account, the ground state
with J=5/2 and g5, =2/7=0.2857, and the first excited
state with J = 7/2 and g;, = 0.8254. Here, A was
assumed to be 1100 cm™ [30]. We readily see that
below room temperature the graph obtained is practi-
cally linear; hence, thermal population of the H,, state
and the exponential terms in Eq. (6) can be neglected,
and use in susceptibility calculations the simple expres-
sion (2), in which the first term accounts for the orien-
tational, and the second, for polarizational susceptibil-
ity. For the free Sm** ion, C = 0.0886 cm?® K/mol, which
corresponds to an effective ion magnetic moment [ g =
0.84up, and the polarizational van Vleck susceptibility

at low temperatures is 6.76 X 10~* cm*/mol.

We thus see a pronounced quantitative difference in
both orientational and polarizational susceptibility
components between free Sm** ions, on the one hand,
and SmCoO;, on the other. First, the value of constant
C yields an effective magnetic moment L= 0.471, for
the Sm** ions in SmCoO; at temperatures above 20 K,
and only 0.37u; below 10 K, which is substantially
lower than the theoretical value of 0.84; for the free
Sm** ion. Second, the high-temperature, temperature-
independent component of susceptibility 7, for
SmCoO; is about twice that for the free ion, 1.46 x 103
against 0.676 x 1073 cm*/mol. At low temperatures, T <
10 K, this susceptibility component reaches a still
larger value, 2.53 x 1073 cm®/mol. Thus, the orienta-
tional contribution to the susceptibility for Sm** ions in
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SmCoO; turns out to be smaller, and the polarizational
one, larger than in the case of the free ion.

Although Co* ions are in nonmagnetic state and,
thus, do not contribute to orientational susceptibility,
the polarizational component of their susceptibility can
be not zero at all. If the ground state of the ion is non-
magnetic, and the first excited state has a magnetic
moment, as is the case with the octahedrally coordi-
nated Co**, the van Vleck susceptibility component can
be calculated from the relation [26]

A
2 2VS(S+1)(28+ l)exp(——)
. kT
X(C03 ) = Ng Ug

3kT

A . (7)
1+v(2S+ l)exp(—k—T)

where v is the orbital degeneracy of the excited state.
There is a problem here in that the order in which the
excited states in LnCoO; compounds are arranged and,
hence, the quantities A and v, are not known precisely.
Estimates made [26] from magnetic susceptibility data
yielded for LaCoO; x(Co**) = 1.64 x 10* cm*/mol, and
for La, _ .Eu,CoQs, still smaller values. The van Vleck
susceptibility of Co** in the low-spin state can be eval-
uated also from the isotropic component of the Knight
shift ¥K,,,, which is 2.11% for SmCoO; [20]. One
obtains from here y,(Co**) = (4.3-4.6) x 10~ cm*/mol.
The corresponding correction is seen to be small, and
by inserting it, we arrive for the van Vleck susceptibil-
ity of Sm* ions in SmCoO; at (1.4 + 0.1) X
10~* cm*/mol in the temperature range 20 < T < 320 K,
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and at (2.5+0.1) x 1073 cm?*/mol for 4.2 < T < 10.0 K,
which is again substantially larger than the free-ion
value.

The reason for these differences lies in the crystal-
field splitting of the Sm* ground state. In perovskite
crystals, such as the orthoferrites, orthochromites, and
cobaltites, the rare-earth ion resides in a low-symmetry
ligand environment of symmetry C, (distorted cubocta-
hedron), The field of this symmetry splits the ground
state multiplet of the Sm** ion into three Kramers dou-
blets. As shown in [31], this splitting, first, reduces the
magnetic moment of the atom because of the crystal
field acting on the orbital component. This feature is
usually treated as “freezing” of the orbital moment,
which occurs in our case too. Second, the crystal field
effect can become manifest in a strong anisotropy of the
g factor, saturation magnetization, and crystal suscepti-
bility. In polycrystalline samples we deal with averaged
quantities, and the magnetic susceptibility can be calcu-
lated as

(0 = O+ 2%x.)/3, (8)

where ), and ), are susceptibility components in direc-
tions parallel and perpendicular to the z axis, respec-
tively. In the limiting case of ), = 0, () = x;/3, and the
observed values of the susceptibility will be found con-
siderably lower than those for the free ion. The anisot-
ropy can also be a factor preventing magnetization in
SmCoO; from reaching saturation.

As shown in [27, 30, 32], splitting of the Sm*
ground state multiplet in fields of different symmetries
results in the ground state being, as a rule, either a dou-
blet with J, = £1/2 and p = 0.25up or a doublet with
J.=215/2 and U = 1.24up. Our data suggest that the
ground state in a field of symmetry C; is most probably
the first doublet, with a splitting of 10-11 K.

It was earlier found that the van Vleck susceptibility
of Eu** ions in related compounds La, _,Eu,CoO; prac-
tically coincides with that of free ions [26]. The matter
is that the ground state of Eu3* is the singlet ’Fy, J = 0,
which is not split by the crystal field. In our case the sit-
uation is radically different. Thus, the crystal field
effect is very large.

5. CONCLUSIONS

Our experimental study of the static magnetization
of GdCoO; and SmCoOj; cobaltites has revealed that,
below room temperature, the trivalent cobalt ions in
these compounds reside predominantly in the nonmag-
netic low-spin state. The magnetization originates pri-
marily from the magnetic moments of the Gd** and
Sm?3* rare-earth ions. The GdACoO; compound exhibits
a weakly pronounced antiferromagnetism, possibly
associated with oxygen nonstoichiometry, but devia-
tions from the pure paramagnetic behavior are, on the
whole, not very large. The effective moment of Gd**
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obtained in the experiment is lower than the theoretical
value for the free ion by only 7%. Hence, in GdCoOs;,
the magnetic system is an ensemble of weakly interact-
ing Gd** ions, whose properties are close to those of
free ions. This is far from being true for SmCoQO;, in
which the experimental value of the orientational com-
ponent of the Sm*" magnetic moment is substantially
lower than that characteristic of the free ion. Moreover,
SmCoO; reveals a clearly pronounced van Vleck polar-
izational paramagnetism with a susceptibility consider-
ably larger than that of the free ions. This strong differ-
ence between the low-temperature magnetic properties
of two compounds with close compositions should be
assigned to the difference in their electronic shell struc-
tures. The Gd** ion is an S ion with a zero orbital
moment and a symmetric electronic shell. Therefore,
the Gd** ground state is practically unaffected by the
crystal field. By contrast, the ground state multiplet of
Sm** is crystal-field split into three Kramers doublets.
This brings about partial freezing of the orbital moment
and the corresponding decrease in the orientational
component of the magnetic susceptibility. At the same
time, the van Vleck susceptibility component of Sm?**
ions in SmCoOj turns out to be larger than that of the
free ion, which suggests a higher polarizability of the
ion electronic shell in crystal field.
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