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Epitaxial thin films of undoped LaCoOs;, of electron-doped Laj-;Cey3C00s3;, and of hole-doped
Lay 7St 3C00; exhibit ferromagnetic order with a transition temperature 7= 84 K, 23 K, and 194 K, respec-
tively. The spin-state structure for these compounds was studied by soft x-ray magnetic circular dichroism and
by near-edge x-ray absorption fine structure at the Co L, 3 and O K edges. It turns out that superexchange
between Co** high-spin and Co™* low-spin states is responsible for the ferromagnetism in LaCoO;. For
Lay7Ce(3Co0; the Co®* ions are in a low-spin state and the spin and orbital moments are predominantly
determined by a Co®* high-spin configuration. A spin blockade naturally explains the low transition tempera-
ture and the insulating characteristics of La;Ce,3C00;3. For Laj7Sr)3C00s3, on the other hand, the magnetic
moments in the epitaxial films originate from high-spin Co®* and high-spin Co** states. Ferromagnetism is
induced by 7, double exchange between the two high-spin configurations. For all systems, a strong magnetic
anisotropy is observed, with the magnetic moments essentially oriented within the film plane.
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I. INTRODUCTION

Transition-metal oxides with strong electronic correla-
tions have long been known for their unusual electronic and
magnetic phenomena, frequently posing fundamental chal-
lenges for our understanding of condensed matter: high-
temperature superconductivity in cuprates or colossal mag-
netoresistance and complex orbital ordering in manganites
are but a few examples. Spearheaded by superconducting
Na,CoO,-yH,O (Ref. 1) and by magnetoresistive and orbital
ordering effects in RBaCo,0s,,,>* cobaltates have recently
emerged as a further center of interest. They are distin-
guished and even unique in that they offer an additional and
possibly tunable aspect—the spin degree of freedom.

Among the many competing interactions occurring on
similar energy scales (e.g., Hund’s coupling, crystal field,
double exchange, and correlation), the spin degree of
freedom is essentially determined by a delicate balance
between the crystal-field splitting Acp, i.e., the energetic
splitting between 1,, and e, orbitals, and the exchange inter-
action J associated with Hund’s rule coupling. Depending
on the relative values of Acp and J,,, electrons are redistrib-
uted between 1,, and e, levels and for a Co** ion three spin
configurations are being discussed:> a low-spin state
(LS, 13,¢), S=0), a high-spin state (HS, #3 2, $=2), and an
intermediate-spin state (IS, tggei,, S=1); yet in the case of
bulk LaCoO; (LCO) the existence of an IS state is still under
debate.®?° In any case, there is general agreement that for
T—0, Co®" in bulk LaCoOj goes to an LS state (except for
Curie-Weiss-type impurity contributions).

In a previous work it was reported that in contrast to bulk
material, epitaxial thin films of LaCoO; become ferromag-
netic below a Curie temperature, 7, of 85 K while polycrys-
talline thin films grown under similar conditions behave like
the bulk material where no indication for ferromagnetism is
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found down to 5 K.?! It was also demonstrated that epitaxial
thin films do not show any significant spectral changes in
near-edge x-ray absorption fine structure (NEXAFS) for tem-
peratures between 30 and 450 K, implying that the spin state
remains constant and that the tensile strain inhibits any in-
crease in the LS-state population with decreasing
temperature.”? Alternatively, ferromagnetic order can also be
induced in LaCoO; by partial replacement of La** by Ce** or
by Sr**. A 30% substitution by Ce** leads to a T of 22 K
while for 30% Sr** a T up to 240 K is found.?>?* This
strongly “asymmetric” doping-dependent behavior of 7 is
in contrast to what is found for other transition-metal oxides
like the manganites: in the case of the Mn t;ge;ix configura-
tion an equivalent amount of electron or hole doping leads to
a comparable change in 7. For the manganites it was further
shown that, irrespective of the type of doping, ferromagnetic
ordering is always induced by the double-exchange
mechanism.?

In the case of the perovskite cobaltates, doping and epi-
taxial strain usually modify the Co-O-Co bond angles and
the Co-O bond lengths. Since Ay is strongly affected by
changes in the Co-O bond lengths, the balance between Acg
and J., can easily be influenced by epitaxial strain and
(electron/hole) doping, leading to a tunable spin configura-
tion. Of course, strain and doping effects may coexist for
doped thin films.

To elucidate the mechanisms leading to the magnetic
properties in the cobaltates we compare the NEXAFS and
the soft x-ray magnetic circular dichroism (SXMCD) of epi-
taxially strained LCO, of electron-doped Laj,Ce,;C005
(LCCO), and of hole-doped Lag-Sry;CoO5 (LSCO). The
spectra establish that due to completely different spin con-
figurations, ferromagnetism has a different origin in strained
LCO (superexchange) and hole-doped LSCO (double ex-
change). On the other hand, electron-doped LCCO poses one
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of the rare cases where the spin configuration on neighboring
Co** and Co?* sites leads to an insulating spin blockade. The
results of the current study give a natural explanation for the
strong discrepancy found for 7 between electron- and hole-
doped perovskite cobaltates and directly explain why the co-
baltates behave so differently compared to other transition-
metal oxides like the manganites. Using the established
XMCD sum rules,?®-?3 estimates for the spin and orbital con-
tributions of the magnetic moments are determined. A clear
anisotropy with the spin and orbital moments predominantly
lying within the film plane is found for all investigated
La,_,A,CoO; (A=Ce,Sr) samples.

II. EXPERIMENTAL

All film samples were grown on {(001) oriented 0.1% Nb-
doped SrTiO; (Nb:STO) substrates by pulsed laser deposi-
tion using stoichiometric sinter targets of the corresponding
compound. Film thickness was about 50 nm. The growth
conditions were the same as those reported in Refs. 21-24
and 29. The samples were characterized by x-ray diffraction
and by superconducting quantum interference device
(SQUID) magnetometry. The T values and saturated mag-
netic moments are summarized in Table I. Using the setup of
the Max-Planck Institute for Metals Research (Stuttgart, Ger-
many) SXMCD measurements were performed at 20 K in
total electron yield and with an applied magnetic field of
*2 T at the Institut fiir Festkorperphysik beamline WERA
at the ANKA synchrotron light source (Karlsruhe, Germany).
All spectra were measured with circularly polarized light,
and NEXAFS spectra were obtained by averaging the two
spectra taken with the projection of the photon spin parallel
(u* spectrum) and antiparallel (u~ spectrum) to the spin of
the Co majority electrons. From the hysteresis loops of the
investigated samples it was evident that the magnetic mo-
ments were all saturated around 1 T, i.e., significantly below
the 2 T used for the SXMCD experiment. The energy reso-
Iution of the absorption spectra was set to 0.3 eV for the
Co L, 5 edge and to 0.15 eV for the O K edge. To study Bli
and B L7 anisotropies, spectra were taken at normal inci-
dence [@= < (77,—k)=0°] and at grazing incidence (¢=65°),
where B is the magnetic field, 77 the surface normal of the
sample, and k the propagation vector of light. B 1 it values
are derived by extrapolating ¢ to 90°.3% After correction for
photon-flux variations and for the background, the spectra
were normalized at the edge jump, and the finite degree of
circular polarization (0.85) was taken into account. Photon-
energy calibration was ensured by adjusting the Ni L; peak
position measured on a NiO single-crystal before and after

TABLE 1. Transition temperature, 7, and saturated magnetic
moment, w,,. at 20 K for LCO, LCCO, and LSCO as determined
from magnetometry.

LCO LCCO LSCO
Tc (K) 84 23 194
fea (20 K) (pg/Co) 0.85 0.21 0.88
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FIG. 1. (Color online) ¢=0° and ¢=65° Co L, ; NEXAFS spec-
tra of LCO taken at 20 K. No spectral changes occur with sample
orientation, reflecting the isotropic nature of the unoccupied elec-
tronic density of states.

each NEXAFS/SXMCD scan to the established peak
position.3!

III. RESULTS AND DISCUSSION
A. Co L, 3 NEXAFS

As a representative for all investigated La;_ A ,CoO;
(A=Ce,Sr) samples, Fig. 1 shows the in-plane and out-of-
plane Co L, 3 NEXAFS spectra of LCO measured at 20 K.*?
The LCO absorption spectra correspond in first order to tran-
sitions of the type Co 2p®3d”" — Co 2p°3d™! (n=6 for Co>*).
They consist of two manifolds of multiplets situated around
780 eV (L;) and 795 eV (L,) and separated by the spin-orbit
splitting of the Co 2p level. The features at both edges re-
semble those of a typical Co’" low-spin system like
EuCo0;.*3 For all spectra a small spectral Co** contribution
centered at 777.4 eV (feature P1) is present which can be
attributed to some residual oxygen deficiency as discussed
below. The present LCO absorption data reproduce the mea-
surements published in Ref. 22. No spectral changes are
found for the La;_,A,CoO; samples between the ¢=0° and
¢@=65° Co L, ; absorption spectra. This, on the one hand,
reflects the homogeneity of the samples and the isotropic
nature of the unoccupied electronic density of states. On the
other hand, it shows that in La;_,A,CoO; the Co absorption
is not dominant enough to cause a discernible role of satura-
tion effects as described in Refs. 34 and 35. These effects can
thus be neglected.

In Fig. 2 the ¢=0° Co L; absorption spectra of LCO,
LSCO, and LCCO are compared.*? The inset shows the cor-
responding L, edges. At both edges, changes in the spectral
shape are observed upon electron/hole doping: When going
from LCO to LCCO, spectral weight (SW) is transferred
from the main L; peak at 780.2 eV (P3) and the two high-
energy shoulders around 782 eV (P4) and 786.2 eV (P5) to
the peaks/shoulders on the low-energy side at 777.4 eV (P1)
and at 778.6 eV (P2). The labeling of the features is given in
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FIG. 2. (Color online) Comparison of the ¢=0° Co L; NEXAFS
spectra of LCO, LCCO, and LSCO taken at 20 K. The inset shows
the corresponding L, spectra. The spectral shape of both edges
changes upon doping.

Figs. 1 and 2. At the L, edge only a rather small transfer of
spectral weight from shoulder P7 to peak P6 is observed,
indicating that the LS state remains the dominant spin con-
figuration of Co®* upon 30% electron doping. When going
from LCO to LSCO, the spectral weight of P3 decreases
while features P2, P4, and P5 increase. Moreover, P3 shifts
to slightly higher energies. At the L, edge, P6 is strongly
reduced while feature P7 grows, thereby strongly changing
the spectral shape of this edge. Already at first sight it is
evident from comparison with other LS systems that Co** LS
states do not play the same prominent role in LSCO as they
do in LCO. As will be shown, the observed change in the
spectral shape indicates that upon Sr doping, the Co** LS
configuration is to a large extent replaced by Co** HS.

The spectra can be qualitatively analyzed in more detail
using atomic multiplet plus crystal-field calculations. The
code developed by Thole**3® and maintained and further
developed by de Groot**-#! was used to calculate spectra for
different values of the crystal-field splitting Acp and of the
charge-transfer energy A,. Charge-transfer effects were in-
cluded for Co®* by admixing transitions of the type
2p°3d’L—2p33d®L, where L denotes a hole in the
oxygen ligand. Correspondingly, 2p®3d®L—2p°3d°L and
2p®3d°L—2p°3d’L transitions were admixed for Co®* and
Co**, respectively. All multiplet calculations were performed
for an octahedral O, symmetry. The Slater integrals were
renormalized to 80% of their Hartree-Fock values to ap-
proximately account for intra-atomic configuration interac-
tions. To compare the calculated data with the experiment, a
Lorentzian broadening with ¢=0.2 eV (0=0.3 eV) and a
Gaussian broadening with 0=0.3 eV were applied to the L;
(L,) edge to approximately account for lifetime, phononic,
and resolution effects. Figure 3 shows the calculated Co 2p
XAS spectra of Co** LS, Co** HS, Co** IS, Co** HS, Co**
LS, and Co** HS. (The spectra for Co’* LS and for Co** IS
are not considered since a Co?* LS state is induced only by
strong Jahn-Teller distortions and a Co** IS state is stabilized
only in case of strong negative charge-transfer effects.) The
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FIG. 3. (Color online) Co2p XAS multiplet calculations of
Co** LS, Co** HS, Co** IS, Co?* HS, Co** LS, and Co** HS. In
addition the simulated (solid line) and measured (dotted line) spec-
tra of LCO, LCCO, and LSCO are also depicted. For clarity, the
spectra for the different configurations are offset.

calculated spectra are similar to previous multiplet
calculations.'®?242-4 Tt has been established previously that
the Co** IS configuration is not stable for the O, symmetry
of the CoOy4 octahedron in LCO.'%2? Yet for completeness,
we have included a Co®* IS spectrum (calculated for a te-
tragonal Dy, symmetry) in Fig. 3 as well. Its spectral shape
clearly demonstrates that it cannot be a significant species in
the systems under study here. In addition the simulated and
measured spectra of LCO, LCCO, and LSCO are also de-
picted. The simulated spectra are obtained for appropriate
linear combinations of calculated spectra for single configu-
rations. The shapes of the simulated spectra strongly depend
on the crystal field, charge transfer, spin-orbit coupling,
intra-atomic configuration interactions, energetic position,
and other parameters. For a discussion of the valence and
spin state of the Co ions, the simulations depicted in Fig. 3
reproduce fairly well all major features of the experimental
results. While it was not attempted to obtain a one-to-one
equivalence between the measured and the simulated data by
fine adjustment of all fitting parameters, it is satisfying to
note that the parameters chosen reproduce the measured data
at both the L3 and the L, edges.

The simulations clearly show that the spectral shape of
LCO in Fig. 2 is dominated by low-spin Co®*. The elaborate
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fitting procedure used in Ref. 22 has already shown that the
spectral shape of LCO is correctly described by a mixture of
~64% Co** LS and =~36% Co>* HS. This result is in agree-
ment with the current data. The LCCO spectrum is domi-
nated by the features of Co®* LS as well. Yet the spectral
features of the L; edge, i.e., the peak at 777.4 eV (P1) and
the shoulder around 778.6 eV (P2), unambiguously corrobo-
rate the presence of Co?* HS expected for an electron-doped
system. The changes observed at the L, 5 edges, as described
above, together with the multiplet calculations suggest that
corresponding to the doping content, Co** replaces ~30%
Co** HS when going from LCO to LCCO. Any remaining
contribution of Co>* HS, if present, is too small to be iden-
tified in the NEXAFS data, and we obtain a 30% Co**
HS/70% Co** LS configuration for LCCO. For LSCO, on the
other hand, the changes in the spectral features at the L; and
especially the more pronounced variations at the L, edge
suggest a replacement of Co’* LS by Co** HS while the
amount of Co** HS remains comparable to that in LCO: As
can be inferred from the simulations, the spectral shape of
both edges indicates a mixture of about 40% Co** HS, 30%
Co** LS, and 30% Co** HS. Even though the experimental
spectrum of LSCO can be simulated quite well using this
combination of charge and spin states, Co** IS configura-
tions (i.e., a'|d®)+ B'|d"L) states) cannot completely be ruled
out at this time. For LSCO the issue of IS states becomes
even more important since the Co** ion seems to be in an IS
state in SrCo05.* In the context of the oxygen edge, how-
ever, it will be demonstrated that this is not the case for our
thin-film samples.

Regarding the small oxygen deficiency mentioned above,
we note that feature P1, an indicator for Co?*, is present in
all spectra, cf. Fig. 2. Although this Co®* contribution had
been minimized by optimizing growth conditions it could not
be completely avoided. The identical spectral weight of P1
for LCO and LSCO (corresponding to =~5% Co**) suggests
that all investigated systems (including LCCO) are slightly
oxygen deficient.

B. Co L2,3 SXMCD

Figure 4 shows the SXMCD spectra (Au=u*—u~) of
LCO taken at 20 K.*? In contrast to the corresponding NEX-
AFS spectra, a clear anisotropy is found between normal-
and grazing-incidence SXMCD data. Compared with the
¢=0° spectrum, the ¢=65° spectrum has a much higher in-
tensity and also significantly different spectral features: A
distinct negative double peak is found in the ¢=65° data
with feature A around 778.1 eV and feature B at 780.0 eV
while feature C around 778.9 eV followed by a slightly
broader negative peak at =780.1 eV (feature D) appears for
the ¢=0° spectrum. Moreover, the SXMCD signal at the L,
edge is almost absent in the ¢=0° data. This strong aniso-
tropy already illustrates that the easy axis and the magnetic
moments of LCO lie predominantly within the film plane.
Interestingly, a small upturn (feature E) is found in the
¢=0° spectrum around 777.4 eV. This is exactly the energy
range of peak P1 in Figs. 1 and 2. Therefore, this upturn can
be attributed to a small amount of magnetically active Co**
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FIG. 4. (Color online) ¢=0° and ¢=65° Co L, 3 SXMCD spec-
tra of LCO taken at 20 K. A clear anisotropy between normal and
grazing incidence is found. The magnetic moments are essentially
caused by high-spin Co’* states.

in LCO due to a slightly reduced oxygen content as already
inferred from the NEXAFS data above. On the other hand,
feature E seems to be completely compensated in the
@=65° spectrum by the strong spectral weight (SW) of fea-
ture A and, thus, no indications for oxygen deficiency appear
in the ¢=65° data. Taken together, the data shown in Fig. 4
point to a negligibly small contribution of the oxygen-
deficiency-induced Co** to the total SXMCD SW in the
LCO sample, and it is evident that the magnetic moment in
LCO is essentially determined by Co** HS states.

Estimates for the spin (my;,) and the angular-dependent
orbital contributions (m¢,) of the magnetic moments can be

orb
derived using the established XMCD sum rules?0-28-30:46-48

(AAL3 + AALZ)(p
3 (AL3 + ALz)

¢ —_
Moy =

ny, (1)

AL, +AL

— ¢ _
Mg = Migpin + 7mT - np, (2)

where mgy, my,,, the effective spin moment m, and the
angular-dependent magnetic dipole moment m¥ are in units
of wg/atom, n,=10-n3,4 with ns,; being the 3d electron oc-
cupation number, AAL3 and AALz, and Ap, and Ay are the
XMCD and NEXAFS intensities integrated over the L; and
L, edges, respectively. It has been shown that the magnetic
dipole term in the spin sum rule can be separately deter-
mined in an angle-dependent XMCD measurement.***® For
3d electron systems the angular average of m{ vanishes and
one can write

my + 2mUr =0 (3)

and calculate both the intra-atomic dipole components mf
and the spin moment mspm.30’46 The in-plane dipole compo-
nent m% is obtained from the measured components my and
m$ according to
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mé=mi cos® @+ ml sin® @. 4)
Similarly, the in-plane orbital moment m! , is related to the

measured components m_, and m?, according to

¢ _ L 2 Il 22
Moy, = M, COS™ @ + My, SINT Q. (5)

Furthermore, the transition-metal correction factors for the
spin sum rule caused by Coulomb interaction (mixing of the
L; and L, region) were applied.*” The values deduced in this
way for LCO are shown in Table II. In a uniaxial system, the
spin-orbit-induced energy anisotropy, AEg,, is directly

linked to the anisotropy of the orbital moment,’® and for a
more than half-filled 3d shell one obtains*®
AEgq ~ = (mgy = meg). (6)

The moments given in Table II and especially the negative
value of Agp=ml,—m!, (m! >mk) reflect the strong
magnetic anisotropy of the sample, with the orbital moment
and, as a consequence of the spin-orbit coupling, also the
spin predominantly residing within the film plane. Employ-
ing a single-ion model where mgy;, =~2-(S_)ug/Co, the mea-
sured spin moment of 0.77(1) ug/Co corresponds to =~19%
of Co’* in an HS state. The value of the spin moment is
consistent with the 0.85 ug/Co found in our SQUID mea-
surements for the saturated moment on LCO. At first sight,
the finding of =19% of Co’" in an HS configuration seems
to be in contrast to the =36% in an HS state deduced from
the NEXAFS results. The numbers are, however, fully com-
patible if one considers the microscopic situation that may
well be described in analogy to percolative effects: If the
Co** HS states are distributed statistically in the Co** LS
matrix only a fraction of them will be arranged together with
the LS species in the required long-range three-dimensional
checkerboardlike manner. As a consequence, only a certain
number of clusters with a size sufficient for ferromagnetism
will be formed. We will continue the discussion of the spin
state in terms of a microscopic picture in the context of the O
edge.

TABLE II. Spin moment mgy, and spin-density anisotropy m#
and m7 together with the orbital moments m! , and m>,. mf and
mlrb are the out-of-plane moments measured at ¢=0° while m‘T and
m‘orb are the in-plane projected moments calculated from the mea-
sured quantities at ¢=0° and ¢=65° as discussed in Refs. 30 and
46. In addition the averaged orbital moment m?y, the difference
Agp=mt —m! . and the ratio m®,/ Mgy, are given. Errors are
shown in brackets (Ref. 48).

LCO LCCO LSCO
Mpin (141/Co) 0.77(1) 0.24(2) 0.92(2)

ml (ug/Co) -0.042(3) -0.007(3) -0.029(3)
mi (ug/Co) 0.084(3) 0.013(2) 0.058(1)
m! . (up/Co) 0.187(2) 0.117(5) 0.352(4)
mk, (! Co) 0.039(2) 0.064(3) 0.156(2)
m®, (! Co) 0.137(2) 0.101(4) 0.287(3)
Ay (ug/Co) ~0.148(3) -0.053(6) ~0.196(4)
M/ mpin 0.20(2) 0.46(2) 0.35(2)
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FIG. 5. (Color online) ¢=0° and ¢=65° Co L, 3 SXMCD spec-
tra of LCCO taken at 20 K. In contrast to LCO, a reduced aniso-
tropy between ¢=0° and ¢=65° spectra is found. The magnetic
moments are predominantly determined by Co”*.

In Fig. 5 the ¢=0° and ¢=65° Co L, 5 SXMCD spectra of
LCCO are depicted.’® (Note that the intensity scale is re-
duced by a factor of =3 compared to Fig. 4.) In contrast to
LCO, the anisotropy between the ¢=0° and ¢=65° spectra is
reduced for LCCO and the spectral shape is very similar for
both angles. Nevertheless, the anisotropy still remaining in-
dicates that the easy axis and the magnetic moments of
LCCO preferably reside in the film plane, too. The spectral
shape of the LCCO data clearly differs from that of LCO: a
conspicuous minimum is now observed at 776.9 eV (feature
F) followed by the upturn typical for Co** (feature E de-
scribed above). A dominant negative peak is found at
=~778.7 eV (feature G) with a sharp shoulder around 778.2
eV on the low-energy side of the peak and a broad shoulder
on the high-energy side. The features at the Co L, edge are
again quite small. When comparing the main peak at the L;
edge of LCO and LCCO, a clear shift to lower energies by
more than 1.3 eV, i.e., toward the spectral region of Co?*
occurs for the latter and the SW in the energy range of the
Co** states is strongly reduced. This, however, is possible
only if the Co*" ion is in an LS state (without any contribu-
tion to the spin and orbital moments) and if the magnetic
moments of LCCO are dominated by Co?* HS. This result is
consistent with the 30% Co?* HS/70% Co** LS configuration
concluded from the NEXAFS multiplet simulations. Table II
shows estimates for the spin and orbital moments deduced by
applying the sum rules. The spin moment of 0.24(2) wug/Co
determined from the SXMCD data is in agreement with the
0.21 ug/Co found at 20 K in our SQUID measurements for
the saturated moment on LCCO. With the Co** HS/Co>* LS
configuration found in the SXMCD data, the insulating be-
havior of the compound is also understandable, as the hop-
ping process of the electron from the Co?* HS to the Co** LS
site is strongly suppressed by a spin blockade similar to that
reported in Refs. 44 and 51. It might be speculated that the
Co?* HS state (with its large ionic radius) is stabilized by the
tensile strain imposed by the substrate and the reduced radius
of the Co** LS state (compared to the Co** HS ion). In other
words, the spin blockade found in the current investigation
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FIG. 6. (Color online) ¢=0° and ¢=65° Co L, 3 SXMCD spec-
tra of LSCO taken at 20 K. For comparison the ¢=0° and ¢=65°
Co L,; data of LCO are included. The magnetic moments are
caused by Co**/Co** high-spin states.

might be specific only for electron-doped epitaxial films. We
note that our LCCO films are so far the only La;_,Ce ,CoO;
samples with significant electron doping.

Figure 6 shows the ¢=0° and ¢=65° Co L,; SXMCD
data of LSCO.?? For comparison, the corresponding spectra
of LCO are included. The two LSCO spectra have a very
similar spectral shape: both exhibit a negative peak at 780.1
eV (feature B) with a shoulder around 778.0 eV (feature A)
on the low-energy side. Hence, the energetic positions of
these structures coincide for LSCO and LCO. Yet in contrast
to LCO, the L, edge of LSCO does not exhibit a double-peak
feature any more but rather a single peak at 794.1 eV with a
shoulder on the low- and high-energy side. This finding ap-
parently reflects the changes in the valence and in the spin
state of the Co ion already discussed in the NEXAFS data of
LSCO. For LSCO a strong anisotropy with the magnetic mo-
ments lying within the film plane is obvious from the spectra.
This is further supported by the estimates for the magnetic
moments obtained from the sum rules: again the orbital and
spin moment shown in Table II are found to be oriented
within the film plane. The spin moment of 0.92(2) ug/Co
derived from the SXMCD spectra is consistent with the
0.88 wp/Co determined for the saturated moment from the
SQUID data. Similarly to LCO, however, a much higher
magnetic moment would be expected for the 40% Co** HS,
30% Co** LS, and 30% Co*" HS configuration deduced from
the NEXAFS spectra. The variance might again be attributed
to percolative effects. Support comes from neutron diffrac-
tion and magnetic-susceptibility investigations on polycrys-
talline La;_,Sr,CoO; where a percolation threshold around
30% was suggested to explain the ferromagnetic metallic
behavior of the samples.?>3

C. O K NEXAFS and SXMCD

In Fig. 7 the ¢=65° O K absorption and SXMCD spectra
of LCO, LSCO, and LCCO are compared between 526 and
532 eV.32 In this energy range the spectra reflect the unoccu-
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pied O 2p density of states hybridized with Co 3d ¢, and 1,,
orbitals. For LCCO a strong peak centered around 530 eV is
found in the absorption data. This feature corresponds to a
large number of unoccupied states in the e, area.”? The states
in the I, area (below 529 eV), on the other hand, are almost
completely occupied. This result can be qualitatively under-
stood in terms of a very simplified model where charge trans-
fer between Co and O is neglected and just the number of
unoccupied states of the ionic Co e, and 1,, levels (see also
inset of Figs. 4-6, respectively) is counted: As an example,
for the 70% Co** LS states both e, levels are empty in
LCCO and the t,, levels are completely filled; for the 30%
Co** HS ions both e, and one 1,, level are half-filled while
two 1,, levels are occupied. Consequently, this configuration
leads to the observed strong SW (0.7 X4+0.3X2=3.4) of
the e, states and a quite small intensity (0+0.3 X 1=0.3) for
the 7,, area. The plot associated with the spectral weight of
the e, and the 7,, states is depicted in the inset of Fig. 7.
Back to the main panel it is obvious that when going to LCO,
SW is transferred from the e, to the #,, range, reflecting a
transfer of electrons from #,, to e, levels. This rearrange-
ment, however, is expected for the 36% Co’* HS (64% Co>*
LS) configuration determined for LCO (see inset of Fig. 4).
For LSCO, the transfer of SW from the e, to the t,, range
continues: The e, SW is significantly reduced when going
from LCO to LSCO while the t,, SW is considerably in-
creased. Using again our model, the observed transfer of SW
is consistent with the 40% Co’* HS, 30% Co>* LS, and 30%
Co** HS mixture determined from the multiplet calculations
and the Co L, 3 NEXAFS spectra. Thus, the O K absorption
data corroborate the spin configurations found for LCO,
LCCO, and LSCO at the Co L, 5 edge.

While this simple model does indeed capture qualitatively
the SW changes observed, it is clearly insufficient to exam-
ine possible Co®* and Co** IS states:>* to further discuss IS
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FIG. 7. (Color online) O K SXMCD and absorption of LCO,
LSCO, and LCCO taken at 20 K. The absorption intensity is
strongly doping dependent. A strong XMCD effect is found for
LCO and LSCO while it is small for LCCO. The shaded areas in the
absorption data exemplify that the SXMCD signal is limited to the
t,, range. Inset: spectral weight for e, and t,, levels in a simple
ionic model (for details, see text).
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configurations at the O K edge, Co-O hybridizations and
charge-transfer effects have to be taken into account. For
Co** and Co** IS states their respective a|d®)+8|d°L) and
a'|d%+B'|d’L) configurations are relevant only if the pref-
actors 8 and B’ are significant.’ More specifically, the
intermediate-spin states are possible only if the doped holes
have a relatively high probability to be found on the O sites.
To further study this aspect we compare for LCCO, LCO,
and LSCO the total O K SW in the energy range depicted in
Fig. 7 (526-532 eV): the integration yields
3.43 arb. units eV for LCCO, 3.21 arb. units eV for LCO,
and 3.08 arb. unitseV for LSCO. For -electron-doped
LCCO IS states can be ruled out (see discussion of Figs. 3
and 5). When going to LCO and LSCO, the hole count on the
Co-O bonds has to grow concurrently with the increase in
the formal valence from +2.7 (LCCO) to +3 (LCO) and to
+3.3 (LSCO). In contrast, the number of holes on the O sites,
reflected by the total O K SW, decreases continuously de-
spite an increasing Co valence. This finding clearly shows
that the holes mainly reside on the Co sites (not at the O
sites), rendering the B3 factors small, and thereby demonstrat-
ing once again that IS states are not relevant in LCO and
LSCO thin-film samples.

The O K SXMCD spectra in the lower part of Fig. 7 show
a strong negative peak (=7% of the absorption signal) in the
1, area for LSCO and LCO and a very small one (within the
error of the experiment) in the e, area for LCCO. Due to the
absence of spin-orbit splitting for an O Ls core hole, the O K
edge SXMCD spectra display merely the orbital moment but
are insensitive to the spin moment. Accordingly, for LSCO
the 1,, feature reflects the transfer of a f,, electron’s orbital
moment from the Co to the O site concomitant with the
double exchange between Co** HS and Co** HS states [see
also the sketch of the spin states in Fig. 8(a)]. The double-
exchange mechanism is strongly supported by the metallic
characteristics of LSCO.% Corresponding to the K-edge sum

rule,?¢ the orbital moment at the oxygen site, m,,,(O 2p),
is given by
2AAx o
L(02p)=—=28K,0 7
Mop(O 2p) 3 A ny, (7)

where 71,,4,(O 2p) is in units of up/atom, n}, is the number of
O 2p holes, and AAg and Ak are the XMCD and XAS inten-
sities integrated over the K edge. Usually it is difficult to
extract orbital moments from this sum rule since the number
of contributing O 2p holes is not known. Using the value of
nhOzO.15 obtained from our multiplet simulations,
Mo, (O 2p) can be estimated to be around 1.5X 1073 uz/0
and, thus, one order of magnitude smaller than the orbital
moment on the Co site. Independently of the size of the
orbital moment induced on the O site, the negative
integrated O K SXMCD signal, AAg, already shows that
mop(O 2p)>0. Since according to Egs. (1) and (2) both
My (Co 3d) and mgy,(Co 3d) have positive sign as well, the
O 2p orbital moment is parallel to the Co 3d spin and orbital
moment. Similar results are found for polycrystalline
La;_,Sr,CoO; samples where this finding was interpreted as
evidence for holes in the Iy states.’” The situation is, how-

PHYSICAL REVIEW B 82, 174416 (2010)

%9 ETTS_ 'T(:_O‘H;i g

W S
) *Ls co?* Hs

N N FERTE.

bttt HH
c)

3+

co®* HS —— Co%TLs co>* Hs
w — = 4w
RS AL
FIG. 8. (Color online) Scheme showing the relevant hopping
process for (a) LSCO, (b) LCCO, and (c) LCO. (a) For the t,,
double exchange in LSCO an electron moves from a Co** HS site
to a Co** HS neighbor. (b) For LCCO the spin blockade inhibits the
transfer of an electron from the Co** HS to the Co®* LS site. (c) For
strained LCO correlated 1,, and e, hopping processes between Co*
LS and Co>* HS neighbors lead to a ferromagnetic superexchange.
Due to the correlated hopping of #,, and e, electrons, spin states are
interchanged without a net transfer of charge. In the sketch, only the

local 1,, and e, hopping processes for the transformation of a Co*
LS into a Co** HS ion are considered (Refs. 59 and 60).

ever, quite different for La;_ Sr,MnO; where the orbital mo-
ments on O and Mn sites are antiparallel and where (driven
by the e, double exchange) the moment is directly trans-
ferred from the O 2p to the Mn e, states.”® It might be specu-
lated that, in addition to the tng03+ HS/Co** HS double
exchange, electron transport or even band formation might
also be possible in LSCO films by e, electron hopping be-
tween Co>* HS/Co** HS sites and the Co’* LS ions. If such
e, electron-hopping processes were present the question may
arise why they do not contribute to the SXMCD signal of the
sample in Fig. 7. The suppression of the e, SXMCD SW,
however, can be understood in terms of an orbital-moment
quenching of the e, states as a consequence of the crystal-
field symmetry and/or of the strongly itinerant character of
the charge carriers.

In the case of LCCO the vanishing O K SXMCD SW
demonstrates that both the #,, and the e, electrons are local-
ized due to the spin blockade and do not induce a magnetic
moment at the O site by hopping [see also the sketch of the
spin states in Fig. 8(b)]. This finding is consistent with the
insulating behavior of the samples. Further investigations
with different Co**/Co** ratios will have to determine how
the ferromagnetic ordering of the Co?* HS states evolves.
Similarly to epitaxial LCO and LSCO, percolationlike effects
might play an important role for the ferromagnetism in this
system.

For strained LCO, finally, the SXMCD spectrum shows a
negative peak similar to LSCO but with slightly smaller in-
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tensity. The peak is shifted by =0.8 eV to higher energies
but still resides in the 7,, range. The apparent resemblance of
the two features suggests a common origin. Furthermore,
also for LCO my,,(O2p)>0, my,(Co3d)>0, and
Mgin(Co 3d) >0, i.e., the O 2p orbital moment is parallel to
the Co 3d spin and orbital moment. Yet the double exchange
found in the case of LSCO can be ruled out for LCO since all
Co ions have the same valence of +3 and merely differ in
their spin state. Ferromagnetism in epitaxial LCO films is,
thus, established via superexchange where the spin and or-
bital moments of 1#,, electrons “fluctuate” on Co**
HS-0-Co** LS bonds [see also the sketch of the spin states
in Fig. 8(c)]. In such a configuration fluctuation, Co** HS
and Co’* LS states are interchanged without a net transfer of
charge.’>> Then the close similarity of the spectral shape of
the 1,, peak in LSCO and LCO arises from the fact that in
both systems an electron hops between #,, levels on neigh-
boring Co sites (via O 2p states). Interestingly, for a configu-
ration fluctuation the charge transfer of the ¢,, electrons is
counterbalanced by the hopping of the e, electrons between
the corresponding Co neighbors [see sketch in Fig. 8(c)].
Similarly to the situation for LSCO, however, the spectral
weight of the e, levels does not contribute to the SXMCD
signal (see Fig. 7). This finding suggests that for LCO the
orbital moment of the e, states is again quenched either by
the crystal field or as a consequence of the itinerancy of the
charge carriers.®

IV. SUMMARY AND CONCLUSIONS

To shed more light on the ferromagnetic mechanism of
the cobaltates, NEXAFS and SXMCD measurements were
performed on epitaxial LaCoO;, on electron-doped
Lay;,Ce3C005;, and on hole-doped Lay,Sry3Co0O5 thin
films. The spin and orbital moments were determined for the
samples using the established sum rules and were corrobo-
rated by magnetometry investigations.

Our NEXAFS and SXMCD measurements result in the
following picture for the spin degree of freedom in
La,_,A,CoO; thin films: for LaCoOs, 64% of the Co** ions
are found to be in a low-spin state and 36% in a high-spin
configuration. Superexchange between Co** high-spin and
Co** low-spin ions where the spin and orbital moments of lye
electrons fluctuate on Co** HS-O-Co** LS bonds is respon-
sible for the ferromagnetism in epitaxial LaCoOs. The spec-
troscopic data of the epitaxial films are consistent with a
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configuration fluctuation model. Percolationlike effects of
high-spin/low-spin pairs in a low-spin matrix seem to cause a
reduced spin moment of =~0.8 ug/Co. Furthermore, the data
reveal a strong magnetic anisotropy with the spin and orbital
moments predominantly lying within the film plane.

For electron-doped La, ;Ce, 3C00; the anisotropy is mod-
erate. Nevertheless, the direction of the spin and orbital mo-
ments still resides preferably within the film plane. From the
multiplet calculations and the Co L,; NEXAFS spectra a
30% Co** HS/70% Co** LS configuration is found. The
present work establishes that an insulating spin blockade be-
tween Co®* low-spin and Co** high-spin configurations oc-
curs not only in layered systems like La; 5SrysCoO, and
HoBaCo,05 5 but also in electron-doped perovskite cobal-
tates. Further investigations with different Co**/Co’* ratios
will have to determine how the ferromagnetic ordering of the
Co”* high-spin states evolves.

Finally, in the case of Laj;Srg3Co0O5 a mixture of about
40% Co** HS, 30% Co’* LS, and 30% Co** HS is inferred
from the multiplet simulations. A strong magnetic anisotropy
with the spin and orbital moments essentially oriented within
the film plane is observed for Laj;Sr;3C0o0O5. The magnetic
moments result from #,, double exchange between high-spin
Co** and high-spin Co** states. Similar to strained LaCoOs,
the reduced spin moment of =0.9 up/Co found for
La, 7Sr53Co05 in the spectroscopic and in the magnetometry
experiments can again be ascribed to percolationlike effects.

Taken together, the current study gives a natural explana-
tion for the strong discrepancy found for the Curie tempera-
ture between the 30% electron-doped (T-=~23 K) and the
30% hole-doped (T-=194 K) perovskite cobaltate. More-
over, the NEXAFS and SXMCD investigations at both Co L
and O K edges did not give any indication for Co** and Co**
intermediate-spin states throughout the complete doping se-
ries.
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