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Magnetism and the spin state in cubic perovskite CaCoQO; synthesized under high pressure
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Cubic SrCoO; with an intermediate spin state can only be stabilized by high pressure and high temperature
(HPHT) treatment. It is metallic and ferromagnetic with the highest Curie temperature of the transition-metal
perovskites. The chemical substitution by Ca on Sr sites would normally lower crystal symmetry from cubic
to orthorhombic as seen in the perovskite family of CaM O3 (M = M** of transition metals, Ge**, Sn**, and
Zr**) at room temperature. This structural change narrows the bandwidth, so as to further enhance the Curie
temperature as the crossover to the localized electronic state is approached. We report a successful synthesis of
the perovskite CaCoO; with a HPHT treatment. Surprisingly, CaCoOj; crystallizes in a simple cubic structure
that remains stable down to 20 K, the lowest temperature in the structural study. The new perovskite has been
thoroughly characterized by a suite of measurements including transport, magnetization, specific heat, thermal
conductivity, and thermoelectric power. Metallic CaCoO3 undergoes two successive magnetic transitions at 86 K
and 54 K as temperature decreases. The magnetization at 5 K is compatible with the intermediate spin state #*e'
of Co** at the octahedral site. The thermal expansion of the Co-O bond length indicates that the population of
high spin state 3¢ increases for T > 100 K. The shortest Co-O bond length in cubic CaCoOjs is responsible
for delocalizing electrons in the 7*-band and itinerant-electron ferromagnetism at 7 < 54 K. A comprehensive
comparison between SrCoO; and CaCoOj; and the justification of their physical properties by first-principles
calculation have also been made in this report. Partially filled 7* and o* bands would make CaCoOj suitable to

study the Hund’s coupling effect in a metal.

DOI: 10.1103/PhysRevMaterials.1.024406

I. INTRODUCTION

Perovskite cobalt oxides have been well known for a
spin-state transition due to the exchange splitting A« matching
the crystal-field splitting energy A.. For Co** in RCoO;
(R = rare earth), depending on the bandwidth W of the o*
band and A = A — A, the perovskites can exhibit the
low-spin (LS) state t%¢° and higher-spin (HS) state 15~ *e*
[1-5]. The spin state transition can be tuned either by
a chemical substitution of the rare earth [6] or varying
temperature, as in the thermally driven spin-state transition
found in LaCoOs [7]. It appears for the perovskites with Co**
that a A = A — A. =~ 0 holds also, which led Potze et al.
[8] to propose the intermediate-spin (IS) state tf e! in order
to explain the x-ray absorption spectra in SrCoOs. The IS
state has been shown to be consistent with the magnetization
measurement of a single-crystal sample of SrCoO3 [9]. The
spin state transition is normally associated with anomalies of
transport and magnetic properties [10,11], thermal expansion
[12-14], bulk modulus [15,16], and the inelastic property
[17]. In addition to the interest of fundament research on the
spin-state transition, the capability to manipulate the spin state
in transition-metal oxides can also be used to enhance catalytic
properties for clean-energy technology [18].
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In a cubic crystal field, the ¢* band of transition-metal
oxides is broader than the 7* band. Populating electrons in
the o* band normally leads an increase in the conductivity.
Electrons in the o* band can also undergo a localized
to itinerant transition. In the RNiOj3 family, an evolution
from a localized to an itinerant electronic state can be
tuned through either chemical substitution [19-21] or by
applying hydrostatic pressure [22—24] on a composition on the
localized-electron side of the transition. At ambient pressure,
the bond length mismatch between the R-O and Ni-O bonds
progressively lowers the crystal symmetry from rhombohedral
to orthorhombic depending on the ionic radii of R**. As a
result, the Ni-O-Ni bond angle is reduced from 180° by an
angle 6 in the phases with lower symmetries. The width of the
o* band is related to cos@ [24]. On crossing the insulator-
metal transition, the Ni-O bond length changes abruptly
[25], indicating a first-order transition. The electron-electron
correlations facilitate the spin-spin exchange interaction. For
localized electrons, the perturbation formula of superexchange
interaction Ty ~ J ~ b?/U applies, where U is the on-site
correlation energy and b is the orbital overlap integral. On
the itinerant-electron side, any magnetic transition gradually
fades away as the bandwidth broadens. The magnetic transition
temperature peaks at the crossover as predicted by solving the
Mott-Hubbard Hamiltonian numerically [26]. This scenario
has been applied to explain an enormously high 7 found in
SrTcO3 and CaTcO5 [27-29].

Compared to Co(Ill) in RCoO3, Co(IV) in ACoO3; (A =
alkaline earth) has a much enhanced d-p hybridization because
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the Co**/** redox potential moves to the top of the O 2 p band,
which leads to a broadening of the o* band. The metallic
SrCoOj5 with the IS state is consistent with a broader o* band
[9,30]. The ferromagnetism found in the metallic SrCoOs3,
however, is likely caused by the direct exchange interaction
in the system with itinerant electrons in the o* band and
localized electrons on the f, orbitals. A further reduction of
the Co-O bond in the cobalt oxide may lead to either the IS
to LS transition or delocalizing the f, electrons. In this paper,
we report the successful synthesis of CaCoO; for the first
time. In contrast to the normal relationship between the crystal
structure and the chemical substitution in perovskite oxides,
the Ca substitution does not lead to a transition from the cubic
to the orthorhombic structure. Instead, CaCoO; remains in the
cubic phase. CaCoQOj3 not only stands out in terms of the crystal
structure among CaM O perovskites (M = M** of transition
metals, Ge**, Sn**, Zr*"), but also shows physical properties
rarely seen in transition-metal oxides.

SrCoO; crystallizes in the cubic perovskite structure with
the Pm-3m space group [9,30]. High oxygen pressure is
needed to stabilize the Co*" valance state. By using the
structural prediction software SPuDs [31] for perovskite
phases, a geometric tolerance factor #+ ~ 1 can be obtained
for CaCoO3, which means that a similar cubic phase should
be stabilized in CaCoOj3. However, all attempts to synthesize
CaCo0O:; failed so far. This difficulty has been overcome in this
work by oxidizing the brownmillerite Ca;Co,0Os under high
oxygen pressure.

II. DETAILS ABOUT EXPERIMENTS AND THE
CALCULATION

We have applied the two-step method used for the
SrFe;_,Co, O3 solid solution [32] to synthesize CaCoO3. As
the first step, oxygen-deficient Ca;Co,0Os with the brown-
millerite structure was prepared by following the procedure
reported elsewhere [33]. Then a CayCo,0s pellet, 3.0 mm in
diameter and 2.0 mm in length, was sealed into a Pt capsule
together with the oxygen releasing agent KC1O, at both ends
of the precursor. The assembly, including the capsule, heater,
and pressure medium, was treated at 7 GPa and 1500 K for half
an hour in a cubic anvil-type high-pressure apparatus [34]. At
the end of this high-pressure treatment, the heating power was
shut down before the pressure was released. The high-pressure
products were first checked by using powder x-ray diffraction
(XRD) on a Huber diffractometer (Cu-Ke; radiation, 40 kV,
30 mA). The sample with a single phase of the perovskite
structure was further studied with a PANalytical X pert diffrac-
tometer (Cu-Ko; radiation) with an Oxford PheniX cryostat at
Oak Ridge National Laboratory. Crystallographic parameters
were obtained by using Rietveld refinement with the FULL-
PROF program [35]. Thermogravimetric (TG) analysis was
performed on a Setaram TG-DTA system with a temperature
scan up to 1200 K in a gas flow of the mixture H, (4%)
and N; (96%). The temperature-dependent magnetization was
measured by using a superconducting quantum interference
device (SQUID) magnetometer from Quantum Design with
the applied fields H = 0.1 and 1 T. The SQUID magnetometer
and the VSM in a Physical Property Measurement System
(PPMS) were used to perform the isothermal magnetization
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measurements. The data of electrical transport and specific
heat were collected on the PPMS. Measurements of thermal
conductivity and thermoelectric power were carried out with
homemade setups. The structural study under high pressure
was carried out by using a diamond anvil cell. The detailed
information about the setup can be found in Ref. [16].

First-principles calculations were performed by using the
full-potential augmented plane-wave and local orbital methods
[36], as implemented in the WIEN2k code [37]. To include
the strong correlations for electrons in CaCoOj3, we used the
GGA-PBE [38] exchange-correlation functional with effective
Coulomb repulsions (Uegr) in the GGA + U calculations. The
muffin-tin radii were set to be 2.43 a.u. for Ca, 1.82 a.u. for Co,
and 1.62 a.u. for O atoms; Ryt Kmax = 8.00 and 3000 k-point
meshes were used over the whole Brillouin zone. We also
optimized the lattice parameter of CaCoO3 and the obtained
lattice parameter is in good agreement with the experiment
results.

III. RESULTS

Figure 1(a) shows the powder XRD pattern of CaCoOj3
at room temperature. The structural model used to refine the
profile is a simple Pm-3m cubic perovskite with the lattice
parameter a = 3.73431(6) A. The fitting goodness comes as a
surprise since all existing CaMO3; (M = M** of transition
metals, Ge**, Sn**, Zr**) adopt the Pbnm orthorhombic
structure at room temperature [39]. Refinements with other
structural models of the perovskite tilting systems such as
aa’ct (I14/mem) and b~a*b~ (Pbnm) gave slightly worse
results in terms of the reliable factor R. Moreover, the absence
of the low-angle peaks such as the one near 26 ~ 25° seems
to rule out the possibility of having the Pbnm structure. The
a’a’c™ tilting system does not produce the weak diffractions
at low angles; but all these tilting systems have diffraction
peaks split from that of the cubic phase at higher angles,
which is clearly not matching to the narrow diffraction peaks
observed. The TGA analysis in Fig. 1(b) gives a near oxygen
stoichiometry (2.98 & 0.02) of the sample. We have a good
reason to fix the oxygen occupation in the refinement with
the cubic model. The refinement with the cubic structural
model is, however, not airtight. Since the atomic displacement
parameter B is the only refining parameter in addition to the
lattice parameter, a slightly higher intensity of the peak near

60° forces the program to yield an unusually high B (Az) ~13
for the oxygen; a similar B value has been found at 1000 °C in
CaTiO; [40,41]. Whereas there is a high uncertainty about
the B value from refining the x-ray diffraction pattern, a
high B value may indicate oxygen fluctuations, which could
be correlated to an unusually low thermal conductivity of
the CaCoO;3 perovskite, which will be further discussed in
a following paragraph. All structural parameters from the
refinement are listed in Table I and more detailed information
about the structural refinement is provided in the Supplemental
Material [69].

Figure 2(a) shows the temperature dependence of the
magnetization. Fitting the temperature dependence of para-
magnetic susceptibility above 200 K to a Curie-Weiss law
gives a [esf = 3.58 up, which is close to the spin-only value
of the IS state S = 3/2 (uesr = 3.87 up). With decreasing
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FIG. 1. (a) X-ray diffraction pattern and the result of Rietveld
refinement with the cubic model for CaCoOs; observed (circles),
calculated (black line), and the difference (blue line) are shown in the
patterns. The detailed information about the refinement is given in
the Supplemental Material [69]. The inset is the structural model of a
cubic perovskite. (b) Temperature dependence of thermogravimetric
(TG) loss for CaCoOs3. The weight of CaCoOs slightly decreases for
T > 300 K. This weight change can usually be attributed to the loss
of the surface absorption, especially in the grain boundaries due to the
usage of oxidizing agent added during the synthesis. Above 400 K,
the TG loss starts to decrease quickly, suggesting the occurrence of
decomposition reaction. According to the TG loss between 400 and
1200 K as well as the final products (CaO and Co), the oxygen content
of CaCoO; can be determined to be 2.98 & 0.02. This value is very
close to the ideal chemical composition, confirming the formation of
the Co** valance state in CaCoOs.

TABLE 1. Refinement structure parameters of CaCoOj; obtained
at room temperature. Space group: Pm-3m; Atomic positions: Ca
(0.5,0.5,0.5), Co (0, 0,0), 0 (0.5, 0, 0).

Parameter

a (A) 3.73431(6), 97% volume
3.7391(2), 3% volume

Ry (%) 3.59

R, (%) 2.8

x? 1.4
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temperature, an anomaly of M(T) occurs at 86 K; it seems
an AFM transition as seen from a zoomed-in plot of M(T) in
the inset. The AFM transition is followed by another magnetic
transition at ~54 K as temperature further decreases. These
magnetic transitions can also be confirmed by anomalies in the
specific heat at the corresponding temperatures in Fig. 2(b).
A dramatic increase of the magnetization on cooling through
55 K identifies this as a ferromagnetic transition. The downturn
observed in the M (T) data upon cooling below 25 K and the
separation between the field-cooled and zero-field-cooled data
may be attributed to an increase in magnetic anisotropy upon
cooling, or it may indicate that the low-temperature magnetic
structure is more complex than a simple collinear ferromagnet.
Ferromagnetism below 54 K is further supported by the
well-defined magnetic saturation and a small coercive field
observed at T < 54 K in Fig. 2(c). A magnetic-field-induced
transition is observed at temperatures below Ty as shown
in Fig. 2(d) for T = 70K. The onset field H, to trigger the
transition at 70 K is about 5.5 T, which increases slightly
at lower temperatures. The saturation moment M shows a
pronounced increase at H;. While M, continues to increase
for H > H,,itis still less than 1.0 up at 14 T. In comparison,
M is about 2.5 ug for SrCoOs [9].

The resistivity of CaCoOs in Fig. 2(e) is smaller than that
of SrCoOj3 by one order in magnitude at room temperature and
behaves metallic down to 2 K. An obvious drop of resistivity
on cooling through 7, observed in CaCoQOs is absent in StCoO3
[30], but is similar to the behavior of p(T) on cooling through
a ferromagnetic transition temperature 7, in metallic STRuO;
[42-44]. Whereas SrCoO; exhibits a small magnetoresistance
(MR) at low temperatures [9], the MR effect is strongly
enhanced and peaks around 7, in CaCoQj3 as shown in Fig. 2(f).

Figure 3 shows the detailed change of magnetization
curves at different temperatures. Compared to the isotherm
of M(H) at T > Ty, the magnetic order induces a strong
nonlinear behavior at low field and a metamagnetic transition
at H, which increases progressively as temperature decreases.
The correlation between the field-induced change of the
magnetization and the MR effect of resistivity at 40 K is shown
in Fig. 4. At the magnetic field where the inflection point of the
magnetization curve occurs, a decrease of resistivity is clearly
visible.

In order to confirm an AF transition in CaCoOj3 on cooling
through 86 K, we have measured the C,(7T") under different
magnetic fields. Figure 5 shows the C,(T) of CaCoOj3 in a
narrow temperature range near 86 K. The A-shape anomaly
at 86 K is typical for a second-order magnetic transition.
Magnetic field has no effect on C,(T) at T > 90K, but the
peak profile representing the entropy change associated with
the magnetic ordering becomes broad with the peak position
moving to lower temperatures under magnetic field, which is
commonly seen for an AF transition.

The positive thermoelectric power S of CaCoO3 shown in
Fig. 6(a) appears not to be consistent with a less than 1/4-filled
o* band in the HS (7 ~*¢*) state of CaCoOj3. The hybridization
with a partially filled 7* band may be a factor for a positive
thermoelectric power. The S(7T) of SrCoOs also given in
Fig. 6(a) is positive at room temperature. In comparison with
SrCo03;, a much lower thermoelectric power value of CaCoO;
at room temperature would indicate a broader bandwidth in
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FIG. 2. Magnetic and transport properties of CaCoQOj3. Temperature dependence of (a) magnetization in both zero-field cooling (ZFC) and
field cooling (FC), and (b) specific heat. (c), (d) Field dependence of magnetization at different temperatures. Temperature dependence of
(e) resistivity measured at zero field and 5 T, and (f) the magnetoresistance MR(%) = 100%[po(5 T) — p(0)]/p(0). The inset in (a) shows an
enlarged view for the AFM transition. The red line in the inverse susceptibility in (a) shows the fit of x ~!(T’) to a Curie-Weiss law between 200
and 300 K. The derivative of magnetization in (b) is used to determine the magnetic phase transition temperatures. The red curve in the inset
(b) shows the fit of specific heat to the formula C, = y T + BT3/? + T3, giving y = 66.3(2) mJ mol~' K72, 8 = 4.8(6) mJ mol~! K=/, and
o = 0.083(3)mImol~! K.

CaCoOs than that in SrCoQOs3, which is also consistent with As mentioned in the introduction, the spin-state transition
the comparison of resistivity in these two cobalt oxides. While ~ from LS to HS in RCoOs is associated with an anomalously
S increases monotonically with increasing temperature, S(7°) high thermal expansion. This observation motivated us to
does not fit the Mott diffusive model of the thermoelectric perform the structural study at different temperatures. The
power for a metal. The thermal conductivity «(7") of CaCoOs3 cubic phase remains stable to 20 K, the lowest temperature in
in Fig. 6(b) is low and glassy, which is contrary to that of  the structural study. The temperature dependence of the Co-O
metallic perovskites, such as STRuO3 [45] and LaNiOj3 [46]. bond length from the refinement of the XRD pattern is shown
in Fig. 7 together with those of other perovskite oxides for
comparison.

In the structural study under high pressure, we found that
CaCoO; becomes unstable under high pressure; diffraction
peaks become broad and new peaks not from the cubic phase

M (emu/g)

M (emu/g)

ok | | | |
H (10 Oe) 0 20 40 60 80

H (10 Oe)

FIG. 3. The field dependence of the magnetization in a tem-
perature range from 46 K to 64 K with AT =2 K. The M(H) at FIG. 4. The field dependence of (a) the magnetization and (b) the
Ty ~ 86 K and T¢ ~ 54 K are highlighted by the dash-dotted lines. resistance for CaCoOs at 40 K.
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up, and (b) spin-down components. (c) Co magnetic moment as a
function of isotropic lattice compression in CaCoO3 in which ¢ =
(a/ap — 1) x 100%.

appear. However, fitting the curve of V versus pressure at
low pressures (to 2 GPa) in which the cubic phase component
can still be identified, to the Birch-Murnaghan equation gives
a bulk modulus B,, = 165 & 8 GPa. The B,, value is much
smaller than that found in most perovskite oxides, but identical
to that of PrCoOs; where the unusually small B, has been
interpreted as a consequence of the pressure-induced spin-state
transition from the HS to LS at room temperature [16].
Results of our GGA + U calculation of Figs. 8(a) and 8(b)
and a previous DFT calculation [47] show that the Fermi
energy cuts into both 7* and o* electron bands, which is
consistent with the higher spin state. However, the calculated
overlap between 7* and o* bands appears too large, which
leads to a high saturation moment 2.4—3.0 up close to that for
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TABLE II. Structure and physical properties of CaCoO; and
SrCoQOj3. The theoretical calculation results of SrCoO; are after
Ref. [47], whereas the results of CaCoQj5 are from this work.

SrCoQO3 CaCoO;

Space group Theory Pm-3m Pm-3m

Experiment  Pm-3m Pm-3m
Lattice Theory 3.78/1.89 3.765/1.8825
parameters/Co-O Experiment 3.83/1.915* 3.73431(6)/1.867
bond length (A) 3.83/1.915"
Saturation Theory 2.448 2.396 (U = 0eV)
moment (ig) (U =0) 2791 (U = 3¢eV)

3.050 (Ueff =4 CV)

Experiment 2.50 0.75¢
Mee (UB) Theory
Experiment 3.58
y (mJK~2mol™") Theory 7.3 8.1 (Ut = 0eV)

6.4 (Ugr =3¢eV)
5.7 (Ueff = 4CV)

Experiment  45.7 53-71¢
A (107 mQcmK™2) Theory
Experiment 2-9 2.7°

4Data from Ref. [9].

bData from Ref. [30].

°A continuous increase of the magnetization is due to the field-
induced spin state transition; this is a cutoff value at H = 4 T.

4This value is sample dependent.

°Fitting to the Fermi-liquid behavior cannot be performed at very
low temperature since there is an obvious resistivity downturn at
T <~ 10 K; this value was obtained from a fitting at 7 > 10 K.

the IS state. The lattice parameter is also slightly higher than
the experimental value at 20 K. By reducing the cell parameter,
our calculation successfully predicts a transition from the IS
spin state to LS spin state as shown in Fig. 8(c).

IV. DISCUSSION

Physical properties of CaCoO3 and SrCoOj are summarized
in Table II together with the results from the electronic
structure calculations for comparison. Co(IV) in the cubic
SrCoOs is in the IS state; the paramagnetic susceptibility of
CaCoO; suggests that CaCoOs is also in the IS state. The
evolution of electrons in the 7#* and ¢™* band from SrCoO;
to CaCoO3 would be a key to understanding the peculiar
transport and magnetic properties found in CaCoQOj;. The
change of electronic behavior is normally reflected in the
crystal structure.

There is no doubt that electrons in the o* band of SrCoO;
are itinerant. Ferromagnetism in the perovskite is mediated
by the direct exchange interaction in a system with localized
electrons on t, orbitals and itinerant electrons in the o*
band. In contrast to all AMO; perovskites (A = Ca, Sr, Ba,
M = transition metals, Ge, Sn, Zr) where the replacement
of Sr by Ca always ends up with a cubic to orthorhombic
transition and/or an enlarged octahedral-site rotation and M-O
bond length in the Pbnm structure [39], the same chemical
substitution in ACoO3 does not lead to a change in the crystal
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of alkaline-earth element in perovskite oxides AMO;.

symmetry, but to a collapse of the Co-O bond length within
the cubic space group. The Co-O bond length in ACoOj3
versus the ionic radius (IR) of the A cation is plotted in
Fig. 9 together with other transition-metal perovskites AMO3
(M =Ti, V, Ru, Os, Ir) [40,48-56] for comparison. The
metallic AVOs3 is the only other family to show a bond
length contraction from SrVO; to CaVOs;. Electrons in the
7* band of these vanadate oxides are itinerant. However, the
bond length contraction from SrM O3 to CaM O is much more
dramatic in ACoOj than that in AVOs, as is displayed. This
change places CaCoOs to be the perovskite oxide having
the smallest unit cell and M-O bond length in the literature
so far. The most conducting perovskite ReOs has all the A
sites vacant, but the M-O bond length (1.873 A) in ReO;
[57] is slightly larger than that in CaCoOs. This structural
analysis signals that electrons in both #, and e, orbitals may be
delocalized in CaCoOjs. If so, the low-temperature magnetic
phases in CaCoOs should be attributed to itinerant electron
magnetism.

Linear behavior in the Arrott plot of magnetization is a
direct consequence of itinerant electron ferromagnetism [58].
For this test, we have converted the isothermal M (H) of Fig. 3
into the Arrott plot in Fig. 10. The obvious anomaly at high
fields is due to a field-induced transition; more discussion
about the field-induced transition will be given in a following
paragraph. The majority of the isothermal near T, can be fitted
by straight lines; the extension of the line corresponding to
T, passes through the origin. All Heisenberg magnets with
localized moments would have all isotherms with concaved
curvature in the Arrott plot. StTRuOs; is the only perovskite
oxide showing a straight line in the Arrott plot so far [59].
However, interpreting the observation as evidence of itinerant
electron ferromagnetism in SrRuOs is not straightforward.
Interested readers are referred to a previous study on this
[60]. In another test for itinerant electron ferromagnetism,
we have placed the magnetic properties of CaCoO; in a
Rhodes-Wohlfarth (RW) plot of pess/ M, versus T, in Fig. 11.
Existing ferromagnets are located on two wings in the RW plot;
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FIG. 10. The Arrott plot of isothermals for CaCoO; in the
temperature range 46—64 K with AT =2 K.

those with itinerant electron magnetism are on the wing with a
large pesr/ M, ratio and lower T,., whereas those with localized
moments are close to the line with a small p.¢/M; ratio and
higher 7, [61]. StCoO3 becomes unstable at 7 > T, so that
the e cannot be determined. Since the saturation moment
of SrCoOjs is consistent with that of the IS state of Co**, it
would be a good assumption to take a p.ss = 3.87 up of the IS
state for SrCoO3. Therefore, a much higher 7, and a higher M,
make SrCoOj; in line with localized moment ferromagnetism.
In contrast, CaCoOQs is close to the line of itinerant electron
ferromagnetism. As a matter of fact, the spot of CaCoO3 on
the plot is near that for ZrZn;, a prototype material for itinerant
electron ferromagnetism.

While fitting the paramagnetic susceptibility of CaCoO; to
aCurie-Weiss law gives a e that is close to the value for the IS
state, the saturation moment at 2 K is even smaller than that for
the LS state. In order to solve this puzzle, we have monitored
the crystal structure of CaCoO;3; at low temperatures. The
temperature dependence of the Co-O bond length (normalized
to that at lowest temperature) is plotted in Fig. 7 together with
other perovskite oxides for comparison [14]. We start from
PrGaO; and PrCrOj; in this analysis. PrGaO; serves as the
base for the thermal expansion of the M-O bond length in a

(FeCo)Si

Fe
® R
SrCo0; Ni
0- T T T T T T T
0 200 400 600 800 1000 1200

T (K)

FIG. 11. The Rhodes-Wohlfarth plot of typical magnets; the data
of magnets other than SrCoQO; and CaCoQj are after Ref. [61].
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perovskite oxide without any transitions associated with spin
and charge [62]. PrCrO; behaves like PrGaO3; except for a
narrow temperature range near room temperature where the
magnetorestriction associated with an antiferromagnetic spin
ordering appears to alter the thermal expansion. In LaCoO3
where the thermally driven spin-state transition from the LS to
HS state starts at 25 K, a thermal expansion of the Co-O bond
length that is much higher than that of either PrGaO; or PrCrO3
has been reported [7]. In PrCoOj3, the onset temperature of the
LS to HS transition moves to 200 K where an extra gain of the
thermal expansion can be clearly seen [14]. The unusually
high thermal expansion, especially at 7 > 130K found in
CaCoQs;, suggests continuous spin-state transition from the
LS to the IS state, i.e., continuously pumping electrons from
the 7* band to the o* band, as temperature increases. The
scenario of a temperature-driven spin-state transition is also
well supported by a low and glassy thermal conductivity found
in CaCoOj displayed in Fig. 6(b) since the thermally driven
spin-state change is associated with bond-length fluctuations.
A similar thermal conductivity has been reported in LaCoOj3
and PrCoOj; [10]. The LS state is stabilized below room
temperature in NdCoO3 where the phonon thermal conduc-
tivity is restored [10]. The observation of a thermally driven
spin-state transition also implies that the electronic states in
the 7* band and ¢* band are nearly degenerate in CaCoQ3,
which opens the possibility of a field-induced spin-state
transition.

Figure 12 illustrates a schematic diagram of the spin state
and the band structure of CaCoQj3. The IS state can be defined
from the free-ion model with a cubic field on the left. The Co-O
bonding in the perovskite structure transforms the localized
orbital energies into bonding and antibonding bands; the
Fermi energy is located inside and antibonding n* and o*
bands are shown in the middle. The exchange splitting in the
ferromagnetic phase shifts the band of up-spin relative to that
of down-spin. The net moment is M = up(fz4 +ngp — nz)
that is parallel to the external field for a H > H, (the coercive
field of the magnet). Therefore, the effect of an external field is
to further stabilize the up-spin bands relative to the down-spin
bands. This field-induced band shift will lead to transferring
electrons from the 7*() band to o*(1). The field-induced
metamagnetic transition to the state with higher magnetization
shown in Fig. 2(d) and Fig. 3 supports the argument very well.
Since the o* bandwidth is broader than that of the 7* band,
the magnetization increase should be coupled with a gain of
the conductivity, which is consistent with the observation in
Fig. 4. The field-induced electron transfer from the 7* to o*
band is also the origin of a giant negative magnetoresistance
shown in Fig. 2(f).

A clear deviation from a Curie-Weiss law fitting in the
inverse magnetic susceptibility in Fig. 2(a) can be found near
150 K. Moreover, a nonlinear magnetization curve M(H)
indicates that magnetic fluctuations take place below 150 K. A
remarkable change of M (H) on cooling through Ty is that the
magnetic field induces an obvious transition at Hy ~ 5T in
the M (H) isothermals below Ty, as illustrated in Fig. 3. This
field-induced transition moves to a higher field as temperature
further decreases from Ty. There is no noticeable change of
the M(H) curve on cooling through 7.. We may look for a
clue to explain these anomalous magnetic properties from the
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FIG. 12. The schematic energy diagram of the IS state for CaCoOs.

structural data. Although there is no structural transition on
cooling through these magnetic transitions, the temperature
dependence of Co-O bond length undergoes a major change at
T ~ 100K, as shown in Fig. 7. A negligible thermal expansion
of Co-O bond length below 100 K suggests that CaCoO; has
predominately the LS state at T < Ty, whereas an unusually
high thermal expansion coefficient of the Co-O bond length
at T > Ty means a continuous increase of the IS state as
temperature increases. The LS state at low temperatures is
consistent with the saturation moment M; < 1 upg observed
and the HS state at high temperatures is close to the pes
extracted from the paramagnetic susceptibility. Therefore,
Ty actually marks an onset temperature for the spin-state
transition in addition to ordering spins into an AF structure.
The AF spin structure evolves into a ferromagnetic phase
(perhaps still with some spiral-spin component) on cooling
through 7. In the magnetically ordered phases either below Ty
or T, the peculiar band structure in CaCoO3; where the Fermi
energy cuts into both degenerate 7*({) and o*(1) makes it
possible that a magnetic field induces a transition from the LS
state to the higher spin state.

One may be curious about (1) whether the Curie-Weiss law
remains valid for CaCoO3 which is now identified as exhibiting
itinerant electron magnetism and (2) g and M, in the RW plot
have been measured at temperatures where different spin states
have been identified. The temperature dependence of magnetic
susceptibility for ZrZn, can be fitted by the Curie-Weiss law
almost perfectly at T > 100K [63]. The Curie constant from
the fitting can be generally expressed as C = gq. Although the
q value is not far from [S(S + D1'? for localized spins, it is
actually related to the electronic density of state (EOS) at the
Fermi energy as derived from the unified picture of magnetism
by Moriya [64]. Since the Curie constant C is related to the
EOS of itinerant electrons in CaCoOj3, the spin-state change
in the band picture may not induce a change in the C value
as much as that for a localized spin system. Moreover, the
spin-state transition from the LS to the IS state at T > Ty is

progressive. The dramatic difference of the RW ratio C/M;
between CaCoO; and SrCoOs is actually dominated by the
change of the saturation moment M.

The electronic contribution to specific heat C,, has been
obtained by fitting the C,(T) data in Fig. 2(b) to the
formula C, = yT +aT%*+ BT? at low temperatures. A
y =53 mJ K=2 mol~! is significantly higher than the y, =
5.7-8.1 mJ K=2 mol~' from the band structural calculation in
this work and from the literature [47]; this y value is also
higher than those of typical o * band metals like LaNiO3 (y =
18.1 mJ K2 mol™!") and LaCuOs (y = 5.6 mJ K~2 mol™!)
[65]. The only possibility for CaCoO; to have such a
high y is that the highly correlated 7* electrons which
facilitate ferromagnetism also contribute to the specific-heat
and transport properties. A similar y = 45mJ K2 mol~' has
also been obtained for the isostructural SrCoO3. The unusually
high y value of CaCoOj is rarely observed in 3d oxides.
We have performed dynamical mean-field calculations to
take into account possible Kondo hybridization, but found no
evidence of enhanced renormalization of band structures from
a strongly correlation effect. The Van Hove singularity is too
far away from the Fermi energy to yield a large y. Thus the
heavy-fermion behavior in CaCoO3 remains a mystery as in
the case of LiV,04 [66,67] and demands further investigation.
Although CaCoOj3 has the highest y value of the simple metal-
lic perovskites, the ratio y2/A is not far from the Kadowaki-
Woods ratio y2/A = 1/ay ~ 10" (mJ> K2 mol~2 cm™2 Q72)
[68], where A is a coefficient of the formula p = py + AT?
used to fit the temperature dependence of resistivity at low
temperatures.

In conclusion, a new perovskite oxide CaCoO3 has been
synthesized by treating the brownmillerite-type precursor
CayCo,0s5 under high pressure and high temperature. CaCoOj3
is the first CaM O3 (M = transition metal, Ge, Sn, and Zr)
perovskite reported which is cubic at room temperature. Like
the perovskites with Co(IIT) such as LaCoO3 and PrCoOj; at
room temperature, both SrCoO3 and CaCoO3 have the down-
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spin t, energies close to the up-spin e, energies. The metallic
conductivity down to 1.8 K in these perovskites with Co(IV)
indicates that the o* electrons are itinerant. Furthermore,
the Co-O bond length in CaCoOs; is the shortest in all
transition-metal perovskites and promises that #, electrons are
itinerant. Itinerant electron ferromagnetism below 7, ~ 54 K
can be well supported by (a) nearly linear isothermal near in the
vicinity of T, in an Arrott plot and (2) the location of CaCoQOs3
which is near that of ZrZn; in the Rhodes-Wohlfarth plot of the
magnetic properties. In contrast, SrCoOs is located in a regime
typical for localized magnetism in this plot. In CaCoOs, spins
are ordered into an AF structure below Ty ~ 86 K and further
evolve into a ferromagnetic state below 7,. The magnetic
ordering transition at Ty also separates the spin state below Ty
that is dominated by the LS state from the high-temperature
phase showing a thermally driven LS-HS transitionat 7 > Ty.
The peculiar band structure of CaCoO3 makes it possible that

PHYSICAL REVIEW MATERIALS 1, 024406 (2017)

magnetic field induces the LS to HS transition in the phase
below Ty and T,.
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