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Metallic Ferromagnet with Square-Lattice CoO, Sheets
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A single-crystalline film of Sr,CoO,4 with square-lattice CoO, sheets (K,NiF,-type structure) was
synthesized, and its electronic properties were characterized. The compound exhibited both ferromag-
netic and metallic behaviors, with a fairly high Curie temperature T of ~250 K, in contrast to the
superconductivity recently found in a triangular-lattice CoO,-sheet compound. The film’s large
magnetoresistance with current perpendicular to the CoO, plane showed field-hysteretic behavior
analogous to tunneling magnetoresistance. The electronic structure of Sr,CoO, was also investigated to
characterize the quasi-two-dimensional ferromagnetic metal state in terms of optical spectroscopy and

first-principles calculation.
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Since the discovery of high-temperature superconduc-
tors, most of the extensive studies of strongly correlated
electronic systems have been devoted to superconductiv-
ity and magnetism. For example, the role of frustration
and the spin-singlet formation, i.e., the resonating valence
bond state [1,2], have been discussed for many years. In
this context, the recent discovery of superconductivity in
Co oxides with two-dimensional triangular-lattice CoO,
sheets [3] has aroused much interest, since this super-
conductivity appears in a magnetically frustrated system
with low dimensionality, similar to high-temperature
cuprate superconductors. Therefore, it is essential to study
Co oxides with different two-dimensional structures. In
this Letter, we report a novel compound, Sr,CoO, (SCO),
which has an identical crystal structure (a K,NiF,-type
structure) to superconducting Cu oxides of the form
La,_,Sr,CuO,. Compounds with the K,NiF,-type struc-
ture are well known to exhibit various intriguing physical
phenomena, such as high-temperature superconductivity
in cuprates, spin-triplet superconductivity in ruthenates
[4], and spin/charge stripes in nickelates and manganites
[5]. We have succeeded in fabricating a single-crystalline
thin film of Sr,CoO,, which has never before been syn-
thesized even in a form of bulk polycrystal, by employing
the pulsed-laser deposition (PLD) method. We have found
both ferromagnetic and metallic behaviors, with a fairly
high Curie temperature T of ~250 K, rather than super-
conductivity. Hence, Sr,CoO, may be regarded as a quasi-
two-dimensional metallic ferromagnet, which has never
been observed in the K,NiF;-type family. A previous
study of single crystals of La,_, Sr,CoO, (0.0 =x =
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1.0) found neither metallic nor ferromagnetic behavior
[6], while three-dimensional La;_,Sr,CoO; (0.18 = x =
0.5) is a well-known ferromagnetic metal [7,8].

By applying PLD with a KrF excimer laser (A =
248 nm), a-axis-oriented epitaxial thin films of
S1,Co0, with a thickness of 40 nm were grown. Targets
with a nominal composition of Sr,CoO, were prepared by
a conventional solid-state reaction from stoichiometric
mixtures of SrCO5; and Co;0,. The films were epitaxially
grown on LaSrAlO,(100) [(LSAO), a = b = 0.3755 nm
and ¢ = 1.263 nm] substrates with a K,NiF, structure.
For these LSAO (100) substrates, there are two film-plane
lattice constants, namely, @ and ¢. We denote the film-
plane a axis as the b axis in order to distinguish it from
the a-axis normal to the film plane [see Fig. 1(d)]. The
typical growth temperature was around 700-750 °C, and
the oxygen pressure was ~3 Pa. The resistivity was mea-
sured by a standard four-probe method. For measure-
ments of anisotropy, we cut the films into thin pieces
and evaporated silver electrodes so as to limit the current
direction to the respective film-plane axes, namely, the b
axis and the ¢ axis. Optical measurements were per-
formed at 7 K with a Fourier transform interferometer
and a grating monochromator equipped with a micro-
scope to cover the photon energy region of 0.2—4.1 eV,
in which the LSAO substrate is transparent. Optical con-
ductivity spectra o(w) were obtained from the reflectance
R(w) and transmittance spectra T(w).

Figure 1(a) shows a transmission electron microscope
(TEM) image of a Sr,CoO4(100) thin film grown on a
LaSrAlO,(100) substrate. The CoO, layers in the grown
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FIG. 1 (color). (a) Cross-sectional transmission electron
micrograph of the interface between Sr,CoO,(100) and
LaSrAlO4(100), observed along the (010) direction.
(b) Reciprocal-space mapping of the (310) (left panel) and
(303) (right panel) x-ray diffraction (XRD) peaks for an
SCO film grown on an LSAO (100) substrate. (c) Schematic
of atomic-scale graphoepitaxy. (d) Definitions of each axis.

film are aligned perpendicular to the substrate surface,
without any trace of c-axis-oriented growth. This can be
also confirmed by the reciprocal-space mapping of the
XRD for an SCO film, as shown in Fig. 1(b). The mapping
data indicate that the film grew epitaxially with a film-
plane orientation such as bgcg || brsao and €sco |l €rsp0-
The data also indicate that the c-axis lattice constant
almost matched that of the substrate (cgco = ¢15a0)-
These results support the idea that the film growth was
enabled by ‘“‘atomic-scale graphoepitaxy” [9], as shown
schematically in Fig. 1(c). We expect that, as indicated by
the thick lines, atomic-scale trenches constructed by
AlQg octahedra run in plane along the b-axis direction.
Then, the interface would have a tendency to be com-
mensurate with such atomic grooves, promoting epitaxy
with respect to the c-axis direction. On the other hand, the
b-axis lattice constant was identical to that of the sub-
strate. This lattice clamping along the b axis may have
also contributed to the epitaxial growth. Thus, the PLD
method employing atomic graphoepitaxy enables us to
synthesize single-crystalline Sr,CoQ, films, even though
the compound itself has never been synthesized.
Magnetization measurements revealed a ferromagnetic
transition around 7 =250 K, as shown in Fig. 2. In
addition, we found large magnetic anisotropy where the
magnetic easy axis was the ¢ axis. The temperature
dependence of the inter-CoO,-plane resistivity p,. shows
a sharp maximum at 7 = 250 K, with a semiconducting
T dependence above T and metallic behavior below 7.
In contrast, the resistivity p, within the CoO, plane
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FIG. 2 (color). Temperature dependence of the magnetization
M (upper panel) and in-plane resistivity p, and interplane
resistivity p. (lower panel) for Sr,CoQO, thin films. The mag-
netization was measured with the magnetic field directions
H || b and H || ¢, where both the b and ¢ axes are within the
film plane. Thus, the observed magnetic anisotropy was not
affected by geometrical factors.

shows metallic characteristics even above T [10]. The
metallic behavior below T for both p. and p, is thus
dominated by ferromagnetic spin ordering. The anisot-
ropy, defined as p,./p,, ranges from 120-150 over the
whole temperature region that was investigated, revealing
the quasi-two-dimensional electronic nature of Sr,Co0;,.
Among the quasi-two-dimensional oxides, very few
have been known to show both ferromagnetic and
metallic behaviors. The highest Curie temperature re-
ported so far is ~130 K for a bilayered manganite
La, ,,Sr;4,,Mn,0; (x = 0.4) [11], while no ferromagne-
tism has been observed in single-layered (K,NiF,-type
structure) manganite La;_,Sr;;+ MnO, [12]. Our results
indicate that this newly synthesized Sr,CoO, may be
regarded as a quasi-two-dimensional ferromagnetic
metal, which has never been found among the
K, NiF,-type (single-layered) compounds.

Large magnetic anisotropy is also clearly seen in the
magnetization curves shown in Fig. 3. For H || ¢, we can
observe magnetic hysteresis with a rather large coercive
force woHc of ~2.2 T, whereas no hysteresis is observed
for H || b. For the Co-oxide perovskites, the possibility of
various spin configurations has long been discussed [5]:
LaCoO;(Co**, d°) is known to show a gradual crossover
from a high-temperature intermediate-spin state to a low-
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FIG. 3 (color). Field dependence of the magnetization M
(upper panel) and the interplane resistivity p,. (lower panel)
for Sr,CoO, thin films. The resistivity is normalized by the
value without the magnetic field.

temperature low-spin state [13]. In the present case of
Sr,Co0,(Co**, d°), there are three possible spin states,
namely, low spin (£3,), intermediate spin (f3,¢,), and high
spin (t%geg,). The observed saturated moment of the
1.8up/Co site is close to what would be expected for
the intermediate-spin configuration in accordance with
the case of SrCoO;(Co*") [14]. In the lower panel of
Fig. 3, we show the isothermal magnetoresistance (MR)
along the c axis at various temperatures. Basically, nega-
tive MR is observed, as shown in the lower panel of Fig. 2;
the magnitude of the MR reaches its maximum around
Tc. At lower temperatures, however, it shows an anoma-
lous increase up to 30% at H.. Across H., the magnetic
domain flips over, and hence, there should be a maximum
number of magnetic domain boundaries at Hc. The ob-
served anomaly in p.(H = H) can be regarded as the
interdomain tunneling resistance, suggesting that some of
the magnetic domain boundaries intervene between the
ferromagnetic CoO, layers as being perpendicular to the
¢ axis. This situation contrasts with the negative inter-
plane magnetoresistance observed in La,_,,Sr;;,,MnO,
(x = 0.30) [15], where the anomaly is derived from in-
terlayer tunneling between the weakly antiferromagneti-
cally coupled MnO, bilayers.
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To gain insight into the electronic structure of ferro-
magnetic Sr,CoQ,, we performed a first-principles band-
structure calculation. The plane-wave pseudopotential
calculations were done based on the density functional
theory with local spin density approximation (LSDA) for
the exchange-correlation potential [16]. The ferromag-
netic solution is much lower in energy than the nonmag-
netic solution, by about 296 meV/cell. The calculated
density of states (DOS), shown in Fig. 4(a), clearly in-
dicate that both the majority spin e, states and the minor-
ity spin 1,, states are partially occupied around the Fermi
level, suggesting nonfull spin polarization of the conduc-
tion electrons. This stands in contrast to the full
spin polarization, ie., half metallicity, postulated for
La;_,Sr,MnO; [17] and Sr,FeMoOQg [18]. The partial fill-
ing in the 7,, manifold (in particular, in the d,, and d_,
states) can render the compound active in spin-orbit
interaction, which is consistent with the fairly strong
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FIG. 4 (color). (a) Calculated density of states for ferromag-
netic Sr,CoQO,. The projected densities of states (PDOS) for Co
, and e, are also shown. (b) Optical conductivity spectra
o(w) for a Sr,CoO, thin film with light polarizations E || b
(left panel) and E || ¢ (right panel). Values of dc conductivity
calculated from Fig. 2 (lower panel) are also shown by red
circles at O eV for both polarizations. The spectra calculated by
the Kubo formula are denoted by dotted lines for both polar-
izations. For the case of E || b, the shaded rectangle at 0 eV
schematically indicates the intraband contribution (the Drude
component), which was not included in the calculated spectra.
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magnetic anisotropy that we observed. The calculated
total spin moment is 1.97ug/cell, with 0.20u5/0xygen
coming from in-plane oxygen and 0.11uz/0oxygen from
apical oxygen. This value is close to the experimentally
obtained value of 1.8 5, which is consistent again with
the picture of the intermediate spin state. The electronic
structure was also clarified by obtaining optical conduc-
tivity spectra, as shown in Fig. 4(b). The highly aniso-
tropic nature of the electronic state in this compound was
confirmed: we observed a metallic response for the po-
larization E || b, while a nominally insulating (gapped)
feature appeared for E || c. We also note that dc conduc-
tivity obtained from the resistivity in Fig. 4(b) is consis-
tent rather well with the optical conductivity for both
polarizations. The anisotropy is well reproduced by the
LSDA calculation, as denoted by the dotted lines in
Fig. 4(b). (Although the discrepancy between the experi-
mental and theoretical results in the low-energy region of
o(w) for E || b appears large, it is due to the Drude
components, which is not shown in the theoretical curve.)
The broad structure around 2 eV observed for E || b was
attributed to the charge-transfer transition from the O 2p
to the Co 1,, states among the down-spin electron bands.
The agreement between the experimental and calculated
spectra verifies that the electronic structure can be essen-
tially described within the framework of the present
LSDA calculation.

In conclusion, we have succeeded in synthesizing
Sr,Co0O, in the form of a single-crystalline thin film
with square-lattice CoO, sheets (K,NiF,-type structure).
The new compound was found to be a metallic ferromag-
net, with appreciable magnetic anisotropy and quasi-
two-dimensional transport properties. We have thus dem-
onstrated that the CoO, layers can act as a stage for two-
dimensional ferromagnetism as well as superconductiv-
ity. The fairly high T¢ (250 K) of Sr,CoO,4 may provide
intriguing opportunities to explore the spintronic func-
tionality of CoO, layers.
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