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Abstract

The structural, magnetic, electrical and thermal transport properties have been investigated in
two-dimensional layered perovskite Sr; gsLng9sCoO4 (Ln = La, Ce and Nd) compounds. The
variations of Jahn—Teller distortion of the CoOg octahedron and the effective magnetic
moment indicate that the induced holes are mostly accommodated in the . orbital states
keeping the intermediate-spin configuration. The detailed comparison of temperature
dependence of magnetization, resistivity, thermoelectric power and thermal conductivity
suggests that the tolerance factor ¢ plays a very crucial role in the transport behaviours. With

r3+

decreasing A-site rare earth ionic radius r{;, the tolerance factor ¢ decreases and the distortion
of CoOg octahedron enhances, which leads to the increased bending of the Co—O—Co bond,
the narrowing of the bandwidth and the decrease in the mobility of e, electrons. In addition,
from the viewpoint of application, the huge Seebeck coefficients (>600 1V K~!) indicate that
the present layered cobaltites can be good candidates for thermoelectric materials.

1. Introduction

Currently, spintronics has been receiving considerable
attention leading to rapid development, because of the unusual
coupling among the charge, spin, orbit and lattice degrees of
freedom, which are essential for the emergence of complex
electronic phenomenon. In particular, the two-dimensional
(2D) layered Sr,CoO4 compound with a K, NiF,-type structure
is confirmed to have ferromagnetism (FM) with the highest
Curie temperature (7c = 250K) [1,2]. Moritomo et al
have investigated the low-doped system of La,_,Sr,CoQOy4
(0.4 < x < 1) with a mixed valence of Co** and Co>" ions
and proposed a spin-state transition of the Co** ion from the
high-spin (HS) state to the intermediate-spin (IS) state [3].
Further, Chichev et al have studied the high-doped system of
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La,_,Sr,Co0y4 (1 < x < 1.4) withamixed Co**/Co** valency
[4]. The IS ground state for SrLLaCoQy is also supported by the
optical conductivity spectra. Two broad bands are observed
around 2 and 3.5eV [5,6]. Wang et al have reported that
for the Sr_,(Y, Gd),CoO4 (0 < y < 1) system the spin
states for the Co®* and Co*" ions are both IS states at least in
the higher temperature range. The observation of enhanced
magnetoresistance suggests their potential applications in
spintronics [2,7]. The study of neutron diffraction for the
Sry4Lag¢Co0O4 and SrPrCoQOy systems indicates that La and
Pr dominate on the Sr-site and yields information on the FM
ordering [4,8]. The purpose of this paper is to understand
the magnetic, electrical and thermal transport properties of
rare earth element-doped SrjsLngosCoO4(Ln = La, Ce
and Nd). From the viewpoint of the comparison between
different rare earth ionic radii Ln3*, the structural study of the
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tolerance factor ¢ is very important due to its dominant role in
determining the physical properties. It is worth noting that the
remarkable thermoelectric power (>600uV K~!") indicates
that the present layered cobaltites may be good candidates for
thermoelectric materials. In the previous studied SrLnCoQOy4
(Ln = La, Ce, Pr, Nd, Eu, Gd and Tb) system, the Co valence is
only +3. The ground state shows paramagnetic (PM) behaviour
[9]. However, for the present Srj ¢sLngosCoQOy4 system, the
Co valence is the mixed state of Co**/Co**. We want to
know whether the mixed valence of Co ions can influence the
physical properties in the Sry ¢sLng¢sC0O4 system.

2. Experimental details

A series of ceramic samples of Sty gsLng 9sCoO4 (Ln = La, Ce,
and Nd) are synthesized by a conventional solid-state reaction
method. Appropriate proportions of high purity Ln, O3, SrCOj3
and Co304 powders are thoroughly mixed according to the
desired stoichiometry. In order to get relatively homogeneous
samples, all the samples are annealed in oxygen circumstance
at 800°C for 12h. X-ray diffraction (XRD) patterns of the
powder samples are obtained on a Philips diffractometer with
Cu K, radiation at room temperature. The XRD pattern reveals
that all the samples are in a single phase. It is found that
all samples have a tetragonal structure with the space group
I4/mmm similar to that of the undoped Sr,CoQOy system [1, 2].
Every sample is performed by energy dispersive spectroscopy
(EDS) analysis. The magnetic measurements are performed
on a Quantum Design Physical Property Measurement System
(PPMS) (18K < T < 400K, OT < H < 9T). The
temperature dependence of resistivity p(7), thermoelectric
power S(T) and thermal conductivity «(7T") is measured by
the standard four-probe method in the PPMS.

The oxygen content of the sample is determined by a
redox (oxidation—-reduction) titration. The detailed method to
determine the oxygen content of the sample has been reported
elsewhere [10]. For the samples of Sr; gsLng9sC0QO44s, only
slightly excess oxygen § < 0.01 is observed. The EDS
analysis indicates that the nominal value and the analysed
one are the same for each sample. Thus the stoichiometric
Sr.05Lng 95Co04 can represent our samples, where slightly
excess oxygen is ignored.

3. Results and discussion

Figure 1 shows a schematic representation of the structure of
Sry 95sLng 95Co04. The structure is 2D and can be described
as the CoO; planes separated by double rock-salt layers of
SrO, in which the Co ions are in a usually distorted octahedral
environment while the Sr**/Ln** cations are 9-coordinated.
The structure refinements are carried out by the standard
Rietveld technique [11]. The refined lattice parameters as a
function of different A-site rare earth ionic radii are shown in
figure 2. It can be seen from figure 2(a) that both a and ¢
decrease gradually with decreasing A-site ionic radius rE;
(e ¥t = 1.216A > 13t = 1.196A > r3 = 1.163A).
In addition, the cell volume V decreases as the size of i}
diminishes (figure 2(b)). The decrease in the lattice parameters

Figure 1. Schematic representation of the structure of
SI'1_()5LH()_95COO4 (LH = La, CB, Nd)

(This figure is in colour only in the electronic version)

is in agreement with the fact that the sizes of Ln** ions are
smaller than that of the Sr** ion (rg;r = 1.310A).

In figure 1, the Co ions are in a distorted octahedral site
within the perovskite blocks, so that there are two different
Co-0 bond lengths: a longer Co—O(1) along the caxis and a
shorter Co—O(2) in the ab plane. As shown in figure 2(c),
both Co—O(1) and Co-O(2) distances monotonically decrease
as the size of rE; gets smaller. Refinement results indicate that
for the Sry gsLag9sCoO4 sample the in-plane Co—O(2) bond
length (1.902 A) and the Co—O(1) bond distance along the ¢
axis (2.034 A) are both longer than those of Sr; (5Ndg.9sC0oOy4
(abplane: 1.885 A, c axis: 2.020 10\). The extent of the distortion
from the CoOg octahedral coordination can be estimated
from the difference Ad between Co-O(1) and Co-O(2)
bond lengths (figure 2(d)). Interestingly, the value of the
distortion parameter Ad increases with decreasing 1. For the
Sr}.0sNdo.95C0o04 sample, Ad is0.1348 A, which indicates that
there is a stronger distortion in the CoOg octahedron compared
with that of Sr; gsLag95CoO4(Ad = 0.1319 A). Actually, the
distortion of the CoOg octahedron, which can also be reflected
by the ratio of the Co—O(1) bond length dco—o(1) to the Co—-O(2)
one dco—o@). The ratio dv—oq)/dv—o@) 1s approximately
1.20 (M = Mn, eé) for the eg-orbital-driven Jahn—Teller (JT)
distortion in LaSrMnQOy [12] and 1.02 (M = Ru, t;‘g) for the
thg-orbital-driven one in Ca;RuQOy4 [13]. Thus, the bond length
ratio from SrjgsLaggsCoO4 (1.0693) to Sry g5NdgosCoOy4
(1.0715) indicates the situation where the e, states of the IS
configuration are not only fully occupied by 3dj3,2_,> orbitals
but also partially by 3d,>_,> states. In the present layered
system, the IS configuration appears to be further favoured
rather than the HS or low-spin (LS) one due to the ligand field
splitting of e, states and the distortion of the CoOg octahedron.
The gain of kinetic energy of the e, electron also contributes to
the stabilization of the IS ground state relative to the LS one.
The gradual increase in dco—o(1)/dco—o0(2) With decreasing rE:
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Figure 2. (a) and (b) Variations of lattice parameters of Sr; gsL.ng 95C00y4. (c¢) and (d) The ionic radius dependence of the Co—O (1) and
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Figure 3. (a)-(c) The temperature dependence of magnetization M (T'). (d)—(f) The field dependence of magnetization M (H). (g)—(i) The
temperature dependence of the inverse susceptibility y ~'(T). The solid lines stand for the Curie—-Weiss fitting for Sty sLagsC0O,,

Sr1.05Cep.95C00, and Sry gsNdg osCoOy, respectively.

implies that the induced holes are mainly accommodated in the
I, orbital states [13]. The Sry osNdg 9sCoO4 sample has more
JT distortions compared with that of other samples.

The temperature dependence of magnetization M (T)
measured in an applied field of H 0.1T for all the
samples is shown in figures 3(a)—(c), respectively. For the
La-doped sample, the Curie temperature 7¢ (defined as the one
corresponding to the peak of dM /dT in the M versus T curve)
is 193 K. It is clear that the zero field cooling (ZFC) curve
does not coincide with the field cooling (FC) curve below a
freezing temperature. The discrepancy between ZFC and FC
magnetization is a characteristic of glass. The induced FM can
originate from the FM interaction between Co®* and Co** ions.

The substitution of La** for Sr?* induces a large variation in
the Co valence and consequent FM interaction in the mixed-
valent state of Co**/Co*". The Ce-doped sample also shows
behaviour similar to the La-doped one as shown in figure 3(b).
It is worth noting that for the Nd-doped sample, there also
exists a FM transition and the transition temperature is 196 K.
However, PM behaviour is exhibited at low temperatures
(figure 3(c)). The magnitude of magnetization decreases with
decreasing rE: In addition, figures 3(d)—(f) show the field
dependence of magnetization M(H) from —5T to 5T at
T 10K and 200K for La-, Ce- and Nd-doped samples,
respectively. The magnetization M increases continuously
without saturation up to 5 T, revealing a superposition of both
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Figure 4. (a) Schematic representation of DOS for up-spin and down-spin Co-e, and t,, bands in conducting layered Sr; osL.ng9sCoO4
(Ln = La, Ce, Nd). (b) The effective moment . per Co site for Sry gsLng9sCoQO,. The broken lines are calculated for the case that all

doped holes go into ,, or e, states, respectively.

FM and antiferromagnetic (AFM) components. It can be
found that the magnetic hysteresis and the coercive forces
Hc of Srys(La, Ce)y.9sCo0O,4 samples are larger than that of
the Sry¢sNdg9sCoOy sample. Such a larger Hc is due to
the larger blocking of the domain wall motion [14] in the
Sty ps(La, Ce)g.o5C0o04 samples. It is noted that we have also
measured the M (H) curve at 10K for the Sr; y5Ndg95C0oOy4
sample. However, it only behaves like a straight line. Such
a result confirms the PM background at low temperatures for
the Nd-doped sample. Additionally, no bifurcation between
FC and ZFC is observed for the Nd-doped sample. That is to
say, the PM behaviour at low temperatures for the Nd-doped
sample should originate from the PM contribution of Nd3*.

In order to study the magnetic interaction further, 1/x
versus T curves are plotted in figures 3(g)—(i). For the
Sr;.05Lag.95Co04 sample, the data in the PM region are fitted
according to the Curie-Weiss law, xy = C/(T — ©®), where
C is the Curie constant and ® is the Weiss temperature.
The scatters are the experimental data and the solid line is the
fitted one (figure 3(g)). The fitted value of ® is 206 K. The
positive ® indicates the presence of FM interaction. It is
found that the Curie—~Weiss law is not satisfactory with the
experimental curve in the temperature range of 210-246 K.
The deviation of the inverse susceptibility, 1/x, from the
high temperature straight line corresponding to noninteraction
magnetic moments marks the onset of the magnetic interaction
between magnetic moments [15]. For the La-doped sample,
below 246 K the PM state appears to be dominated by local
FM fluctuations that are presumably mediated by Co>*/Co**
FM interactions induced by e, electron hopping. Namely,
there exist magnetic clusters in the PM region. For the Nd-
doped sample, it is very clear about the deviation as well
as that of La-doped sample (figure 3(i)). Nevertheless, the
Sr1.05Cep.95C00,4 sample shows an abnormal behaviour in the
slope of the x ~!'(T) curve around 230K (figure 3(%)). The
fitting in the PM region also obeys the Curie—Weiss law. Above
230K, the fitted value of ® is 114 K. Below 230 K, the fitted
value of ® is 45 K. The crossover near 230 K can be related to
the spin-state transition of Co ions.

Figure 4(a) shows a schematic representation of density
of states (DOS) for the Sr; ¢sL.ng9sCoO4 sample. The Co-3d

electrons form the localized #,, band. The remaining electrons
occupy the conducting e, band which is energetically higher
than the 75, band in the crystal field. The e, band further splits
due to JT distortion into two sub-bands, which are separated
by the JT splitting energy. Meanwhile, the JT distortion also
causes a splitting of the 75, band. Both the splitting e, sub-
bands and the f,, sub-bands will cross due to the weak JT
splitting energy. Moreover, Hund’s rule coupling removes the
spin degeneracy in the FM state. The resulting separation of
the spin-up (eg 1, ¢ 1) and spin-down (e, |, 2, ) is denoted,
respectively. The #p, | is energetically lower than e; 1. Both
the e, 1 and 15, | states are partially occupied, which comprise
the quasimetallic bands in the layered Sr; ¢gsLng9sC0Oy4. The
change in the nature of induced holes is manifested by the
effective magnetic moment p.s (per Co ion) derived from
the Curie-Weiss plot. The upper and lower broken lines
in figure 4(b) represent the calculated values from p.s =
2J/S(S+1) for the t,-hole (eétfgx) and eg-hole (eé‘xtzsg),
respectively. As a result, the observed variation of peg is well
in accord with the £5-hole picture.

Obviously, the different behaviours of magnetization for
all the samples depend on the ionic size of Ln**. As we
know, for La;_,A,BO3 (A = Ca, Sr and Ba; B = Mn
and Co) manganites and cobaltites [16, 17], it is argued that
the magnetization and the transition temperature are mainly
determined by a global distortion arising from the deviation
of the structure from the cubic perovskite. This distortion
can be described by the deviation of the tolerance factor
t = ((ra) + ro)/[ﬁ(rB + rg)] from ¢t = 1 where rg and
ro denote the ionic radii of the B and O ions and (rp) is
the average radius of the ions on the A-site. For the present
Sry.9sLng 95C00y, the tolerance factor ¢ can play an important
role in determining the behaviour of magnetization. Directly
speaking, with decreasing rE;, the tolerance factor ¢ decreases
and the distortion of CoOg octahedron becomes stronger,
which leads to the narrowing of the bandwidth. Therefore, the
magnitude of magnetization of the Srj o5Ndg.95Co0,4 sample
does not exceed those of other samples.

Figure 5(a) shows the temperature dependence of
resistivity p (7). It indicates that p increases with decreasing
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Figure 5. (a) The temperature dependence of resistivity o(T). (b) The plot of In p against 7~'. The solid lines stand for thermally activated
conduction fitting. (¢) and (d) The temperature dependence of the Seebeck coefficient S(7'). (e) The temperature dependence of thermal
conductivity « (T'). (f) The ionic radius dependence of the tolerance factor .

ri* and all samples have semiconducting behaviour in the
whole measured temperature range. The magnitude of p at
low temperatures is very large (>10°  cm). Comparatively,
the 3D perovskite LagsSrgsCoO; is a good conductor with
p < 107*Qecm [18]. The increase in p with decreasing
it is attributed to the decreased tolerance factor ¢ and the
Weaker mobility of e, electrons. The high temperature o (7')
data can be fitted by the thermally activated conduction law
[19], p(T) = poexp(E,/ksT), where E, is the activation
energy. The plot of In p against 7! is plotted in figure 5(b).
The value of E, increases from Sry gsLag95Co04 (76 meV) to
Sr;.05Ndg.95C004 (173 meV) with decreasing rE:

Compared with the 3D cobaltite system, e, electrons of the
present 2D system are expected to show different behaviours.
In the 3D system, the o * band is formed from hybridization of
Co-3d3,2_,2 and O-2p orbitals along the ¢ axis as well as from
Co-3d,2_,> and O-2p orbitals along the ab plane. However, in
the layered system, the o* band would be mainly composed
of the 33d,2_,> and O-2p orbitals with a less contribution of
the 3ds;,2_,> orbitals because of the 2D confinement of the
Co-0-Co network. Due to the tetragonal symmetry of the
CoOg octahedron, both 1,, and e, states are further split into
two levels. If the electrons in orbitals other than 3d,>_,> tend
to be localized, a semiconducting nature is expected for the 2D
system with the IS state. This may explain the higher p of the
present 2D layered system compared with the 3D perovskite
system.

Figures 5(c) and (d) show the temperature dependence
of the Seebeck coefficient S(7). All the samples have
semiconducting-like behaviour. For the SrjsCeg9sC0O4
sample (figure 5(c)), a transition near 230 K is observed, which
is the same as that of magnetization. Namely, the spin-
state transition of Co ions can occur. It is surprising that
for all the samples the magnitude of S is very large. The
values of S = 615u VK ' at21K and § = 470 uVK™!

55 K for Sry ¢5Ceg.95C00y4 and Sry gsLag 9sCoO, are obtained,
respectively. Especially, the magnitude of S3p0k at room
temperature increases with decreasing ri**, which is attributed
to the enhanced spin entropy due to the weakened magnetic
interaction caused by the narrowing of the bandwidth.

The temperature dependence of thermal conductivity
k(T) is shown in figure 5(e). According to the Wiedemann—
Franz law, the measured «y comes mostly from the
contribution of the phononic «p, due to the ignored
electronic k.. For the SrjosLag9sCoO,4 sample, « increases
rapidly above 200K with increasing temperature. For the
sample with Srj05Cep95C004, k decreases and a spin
state transition of Co ions is still observed near 230K.
k decreases in the whole temperature range with decreasing
rﬁg Furthermore, the rather low « values (<4 WK~'m™!),
indicating a phonon mean free path with the order of a lattice
spacing, are considered to correlate with the distortion of the
Co**Qg octahedron with an IS state. As is well known, the
Co**0y lattice distortion due to the Co®* ion with the IS
state can scatter the phonons [20]. With decreasing {7, the
tolerance factor? reduces and the distortion in CoOg octahedron
enhances contributing to the decrease in «.

Based on the above results, it can be concluded
that the tolerance factor ¢ is the dominating factor that
strongly influences the structural, magnetic, electrical and
thermal transport properties in the 2D layered perovskite
Sry.05Lng 95C00, system. The standard ionic radii for different
elements are used to calculate r. The tolerance factort as
a function of the ionic radius r%’r is plotted in figure 5(f).
It is found that with the decrease in r]j;, t decreases due
to the substitution of smaller Ln** ions for a larger Sr** ion.
The CoOg octahedral distortion increases and the bending of
the Co—O—Co bond becomes obvious. Finally, the bandwidth
gets narrower and the mobility of e, electrons reduces. Hence
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the Srj05Ndp9sCoO, sample with the smaller A-site ionic
radius exhibits lower M, higher p, higher S and lower «.

4. Conclusions

In summary, we have investigated the structural, magnetic,
electrical and thermal properties for the layered perovskite
Sry 95sLng95Co04 (Ln = La, Ce and Nd) with the K,;NiF,-
type structure. The variations of JT distortion of the CoQOg
octahedron and p.g indicate that the induced holes mostly
enter the 7, orbital states while retaining the IS configuration.
The detailed comparison of the temperature dependence of
M(T), p(T), S(T) and «(T) suggests that ¢ dominates the
transport behaviours. The decrease of ¢ with decreasing rE;
and the stronger distortions of CoOg octahedron, which brings
on the enhanced bending of Co—O—Co bond, the narrowing of
the bandwidth and the decrease of the mobility of e, electrons.
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