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X-ray absorption spectroscopy was used to determine the valence state in La,Co;_,Mn;4,O¢ (x = 0.23) thin
films. We found that in spite of the nonstoichiometry, Co is in a divalent state while Mn ions show a mixed
valence state. The relation of this finding with the magnetic properties of the films is discussed. X-ray magnetic
circular dichroism measurements prove that magnetic anisotropy originates from Co spin-orbit coupling and it is
strain dependent: a strong increase of the angular contribution to the magnetic moment is found when in-plane
(out-of-plane) cell parameters get expanded (compressed). This behavior is reproduced by first order perturbation

theory calculations.
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I. INTRODUCTION

The energy splitting of the outermost electron bands in
3d transition metal oxides is usually described in terms of
crystal field and first Hund’s rule. Spin-orbit coupling (SOC)
is often overlooked because in most of these compounds it is
comparatively weaker than the above-mentioned interactions.
However, in some cases SOC can play an important role on the
macroscopic (magnetic) behavior of these oxides giving rise
to a large magnetocrystalline anisotropy. Among 3d transition
metal oxides, Co is a remarkable well-known example of a
strongly anisotropic system [1-3]. Magnetic anisotropy, and
especially perpendicular magnetic anisotropy (PMA) in thin
films, has become very relevant for technological applications
such as high-density magnetic memories [4]. Within the
field of applications, ferromagnetic insulators (FMI) are also
gaining attention because they can act as spin polarized sources
or spin conductors [5]. Among these types of materials,
ferromagnetic (FM) interactions must be of exchange type
(since they cannot be driven by charge carriers); in fact double
perovskites combining two different 3d metals with 75,°e,”
and f,"e,” configurations are, according to Goodenough-
Kanamori-Anderson rules [6-8], particularly suitable for
presenting both ferromagnetism and insulating character. Two
examples are La,CoMnQOg and La;NiMnOg insulators [9,10]
where magnetic exchange interactions between Co>* or Ni**
(tzgSeg2 and t2g6eg2, respectively) and Mn4+(t2g3) cations are
of the FM type.

In the case of La,CoMnOg FMI character extends be-
yond the 1:1 Mn:Co ratio. FM behavior has been found
in single crystals [11] and polycrystalline samples [12] of
LaMn;_,Co,03 with y ~ 0.35. In fact, Barilo et al. [11]
reported optimal FM properties in samples with Co content
y = 0.36. More importantly, Bull et al. have recently shown,
using neutron-diffraction experiments, that Co/Mn cationic
order for y = 0.35 composition is even better than for y = 0.50
(i.e., stoichometric La,CoMnOQg), in the sense that for the
former no Co ions are present in the Mn sublattice while
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in the stoichiometric case about 12% of Mn sublattice sites
are occupied by Co. Additionally, magnetic measurements
showed a Curie temperature (7¢ ~ 210 K) very similar to that
of y = 0.50 samples (7¢ = 225K), and an ordered magnetic
moment per cation above 3 ug [13]. Thus, one can consider
that the LaMn;_,Co,O3 system, in a range of y values from
0.50 down to at least 0.35, forms a double perovskite structure
La;Coy_Mn;,,Og (with x = 1 — 2y) which shows a FMI
behavior. A lot of discussion has been addressed on the nature
of the magnetic interactions leading to ferromagnetism in
LaCo,Mn,;_,Os(y = 0.50). However, most of the discrepan-
cies and interpretations in the literature come from differences
in the actual degree of cationic order in different samples.
When cationic ordering exists (in double perovskite structure),
then FM is explained in terms of superexchange interactions
between Co?>™ and Mn** as pointed above. However, for
y < 0.5(x > 0), at least a fraction of Mn ions must reduce
towards the trivalent state. The role of this fraction of ions and
its effect on magnetic interactions has been scarcely discussed
in the literature [11-13].

In a previous work, we reported the existence of a
strong PMA in La,CoMnOg_, (LCMO) thin films grown
by magnetron sputtering on top of SrTiO; (STO) as well
as a strong dependence of the magnetic anisotropy of these
films on their strain state [14]. Our results demonstrated that
tensile strain induces a strong PMA while compressive strain
drives the easy axis to be in-plane. A dependence of the
anisotropy direction on film strain has also been found for
different films and specially for Co oxides like CoFe,;O4
and CoCr;04 spinel systems [15-19]. More recently, we
have determined the exact composition of our thin films
by electron probe microanalysis measurements, showing a
stoichiometry of the type La;Co;_,Mn;;,0Og (LCMOx) with
x =~ (0.23. Nonetheless, the magnetic properties of our films
agree well with those in the literature for Co deficient LCMO
bulk presenting Mn/Co cationic order: they present Curie
temperatures around 220 K and a saturation magnetization of
6 g /f.u. (based on the double perovskite La;Co;_,Mn;;,Og
f.u.) [11,12]. Under this stoichiometry, the substitution of
Co by Mn opens the question of which is the valence of
the substituting Mn and how cationic order is achieved. To
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shed light onto these questions, in the first part of this paper,
we present x-ray absorption (XAS) spectra at the Mn and
Co L, 3 edges, known to be very sensitive to the 3d electronic
configurations. XAS spectra are very sensitive to valence
states: different valences produce clearly differentiated final
states in the 2p®3d"™ to 2p>3d™+! absorption process which
translate into shifts in the energy position of the absorption
peaks of the spectra. In our experiment L; 3 absorption edges
of Mn and Co atoms are simultaneously recorded by total
electron (TEY) and fluorescence yield (TFY). It is well known
that TEY is mainly sensitive to the outermost layers while TFY
gives information about the bulk of the film.

Meanwhile, the second part of the work focuses on
understanding the origin of magnetic anisotropy and its strain
dependence. For this purpose, we studied samples grown on
STO with different oxygen contents (i.e., inducing a change in
strain [20]) and on top of (LaAlO3)g3(Sr;AlTaOg)o7 (LSAT)
and LaAlO3; (LAO) substrates using x-ray magnetic circular
dichroism (XMCD). This is a unique tool allowing studying
separately, in an element-specific way, the orbital and spin
contributions to the atomic magnetic moment [19,21]. We
show that LCMOx behavior has a magnetocrystalline origin
that must be attributed to the combination of the large SOC in
Co** ions with the modification of the crystal field due to the
strain.

II. EXPERIMENTAL DETAILS

LCMOx thin films used for XMCD measurements have
been prepared using rf sputtering from a La,CoMnOg (sto-
ichiometric) target, further details can be found elsewhere
[14]. We have used the very same films as in Ref. [14], in
particular samples labeled as B, C, D, E, and F in that work
(labeled likewise here for the sake of simplicity). In addition,
we have studied a thicker LCMO film (70 nm) grown on top
STO (labeled here as sample A). Samples B, C, and D were
also grown on top of STO substrates, at different conditions
and with different post-annealing treatments. Samples A and D
have optimized deposition conditions, with the highest oxygen
content and highest 7¢c. CaMnO; (CMO), LaMnO3; (LMO),
and Lag 75153 MnO3; (LSMO) films were also grown and used
as references for the Mn valence evaluation.

X-ray diffraction measurements performed at KMC-2
beamline (BESSY II synchrotron, Helmholtz Zentrum Berlin,
Germany) demonstrated that B, C, and D films present a
growing tensile strain due to progressive oxygen content [20].
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Samples E and F were grown on LSAT and LAO substrates,
respectively, and x-ray diffraction data showed that sample
E was fully strained while sample F was partially relaxed
[14]. Table I summarizes the measured cell parameters and the
preparation details of these samples.

XAS and XMCD were measured at the Co and Mn L, 3
edges in BL29-BOREAS beamline at ALBA Synchrotron
Light Source (Barcelona, Spain) in TEY and TFY modes
[22]. The maximum applied magnetic field (parallel to the
x-ray beam) was 4 T. Measurements were performed under
ultrahigh vacuum conditions (2 x 10~'° mbar) at different in-
cidence angles. Self-absorption was corrected in data acquired
in fluorescence detection mode by applying the procedure
described in Ref. [23].

The composition of the samples and the target was
measured by electron probe microanalysis (EPMA) using a
CAMECA SX-50 electron microprobe equipped with four
wavelength-dispersive x-ray spectrometers (Scientific and
Technological Center of the University of Barcelona). Within
the error bar of the technique, all samples were found to
present a 1:1 La:(Co + Mn) atomic ratio. However, Mn:Co
one is clearly above 1:1 in all cases which led us to conclude
that these films must be described as La;Mn;, ,Co;_,O¢ with
x = 0.23(2). EPMA results also showed that the target used
had the nominal stoichiometry.

III. RESULTS AND DISCUSSION

A. Room temperature XAS

The Co deficiency found by EPMA implies a charge redis-
tribution in order to fulfill charge neutrality. The most reliable
mechanism is the reduction of a part of Mn** cations towards
Mn3*, formally expressed as La3+C0%fon?fong;’O§_.
Under this hypothesis Mn** ions would be placed in both
Co sublattices and randomly distributed in the Mn sublattice
to compensate for the substitution of Co?*t. In this scenario,
the FMI state displayed by this system cannot be directly
understood as driven by superexchange interactions between
Co** and Mn**.

To deepen insight into the actual valence states of Co and
Mn in our films, we first analyze XAS spectra recorded in
TFY mode due to its sensitivity to a far deeper region of
the samples [23]. This makes it particularly suitable to study
sample A (the thickest one, with # &~ 70 nm). Figure 1 shows
the TFY and TEY spectra together with the LCMO bulk sample
spectra (with 7¢ ~ 225 K) reported in Ref. [24]. TEY and TFY

TABLE I. Description of the different samples used for the study: substrate, annealing conditions (oxygen pressure and time), together
with the out-of-plane lattice parameter obtained by x-ray diffraction [14,20]. All samples were grown at a partial oxygen pressure of 0.4 Torr
and annealed at 900°C except sample B (grown at 0.3 Torr and not annealed). The two last columns on the right contain m /mg. obtained by

XMCD at T = 20K at normal incidence and 20° incidence.

Name Subs. Thickness (nm) Ann. po, (Torr) Ann. time (h) Cooling rate (°C/min) Lat. Par. (A) mp /msege (90°)  my [mgeg (20°)
A STO 70 400 2 10 - - -

B STO 15 - 0 10 3.902(3) 0.567 0.581

C STO 15 400 1 10 3.881(3) 0.608 -

D STO 15 400 1 1 3.868(3) 0.637 0.560

E LSAT 15 400 2 10 3.906(5) 0.456 0.558

F LAO 15 400 2 10 3.910(5) 0.485 0.432

224434-2



MAGNETIC ANISOTROPY AND VALENCE STATESIN La ...

1.08

LCMO-Bulk

780 790 800
Energy (eV)

1.00

absorption, . (arb. units)
5
NS

~
~
(e

FIG. 1. Co L, 5 XAS of sample A (red lines, comparing TFY and
TEY signals) and LCMO bulk (as extracted from Ref. [24], black
line) at 300 K. Spectra have been vertically shifted for clarity.

spectra of sample A are very similar between them but also
to that of stoichiometric LCMO, for which Co?* in high spin
state was settled [24]. From this comparison we can conclude
that the nonstoichiometry introduced in our films does not alter
significantly Co valence state: Co ions are in 2+ oxidation state
and in high spin (HS) configuration. Moreover, we state that
regarding the Co electronic structure, there are no significant
differences between surface and bulk of the sample.

Figure 2 shows XAS spectra around Mn L, 3 edges in both
TFY and TEY detection modes of LaMnQO3,Lag 7Srp3MnO3,
sample A and CaMnOs; films. A progressive shift of the
Mn L3 main peak within the series of samples can be clearly
appreciated in both sets of spectra. One can observe that for
sample A this spectral feature lies at an energy value between
those in LaMnO3 (642.5 eV) and CaMnOs3 (644.1 eV). Thus,
following a linear relation between the oxidation state and
the position of this absolute maximum, the sample A Mn L3
main peak center found at 643.6 eV would point towards
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FIG. 2. Absorption-corrected TFY (left) and TEY (right) Mn L, 3
XAS spectra of CaMnO3, LCMO, LSMO, and LMO at 300 K. Spectra
have been vertically shifted for clarity.
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a ~3.74 valence. For the case of Lag¢7Srg33MnO3, whose
mixed Mn valence state corresponds to 3.34+,Mn L3 maximum
lies between those of sample A and LaMnOj reflecting that
the energy shift of this spectral feature is directly proportional
to the Mn oxidation state shift from 3+ towards 4+.

Regarding the line shape of Mn L, 3 absorption peak of
sample A, we found that it is very similar to that published by
Burnus et al. [24] for the high-T¢c LCMO bulk sample where
they establish that their material was formed essentially by
Mn*t. Nevertheless, there are some features that lead us to
conclude that our films present a small quantity of Mn** such
as the small bump at the Mn L3 pre-edge and the shallower
“valley” at ~641.5 eV. More conclusively, we could reproduce
spectrum of sample A by a linear superposition of LCMO
(Tc ~ 225) and LMO spectra from Ref. [24] with weights
of 80% and 20%, respectively. This must not be taken as an
absolute quantification of the balance between Mn** /Mn**,
as different correcting (unknown) factors would have to be
considered.

It is also interesting to compare TFY and TEY measure-
ments in Fig. 2. In general, the only significant difference
between both sets of spectra (especially for sample A and
LSMO ones) is a feature appearing at about 640.5 eV. This
typically reflects the appearance of a small amount of Mn?*
on the film surface [25].

We focus now on the series of samples with different
degrees of oxygenation (samples B to F) [20]. Figure 3 shows
TEY signal obtained for samples B to F at RT around Co L, 3
edges. Except for sample B, the shape of the absorption edge is
identical to that found for LCMO-bulk samples [24] and to that
found for sample A. Thus, we can conclude that it corresponds
to Co*>" ion in HS configuration. To examine spectrum of
sample B, we followed the same procedure used in Ref. [24]
to analyze the spectrum of a bulk sample with poor Co/Mn
ordering (low T¢ ~ 150 K). Figure 4(a) presents the difference
spectra resulting from the subtraction of sample D from
sample B. A scale factor has been introduced for sample D,
enough to make the difference non-negative within the errors.
This curve resembles that of LaCoOj3 at low temperature and
indicates that about 25% of Co ions (in sample B) show a
3d t2g6eg0 configuration (Co®" in low spin state) [24]. For
comparison, the spectra of samples C and D plotted in the inset
of Fig. 4(a) appear to be very alike. Therefore, the difference
in Co valence state between samples C and D, if any, is clearly
much smaller than between samples B and D.

The fraction of trivalent Co ions found in sample B
is expected to be compensated by a further reduction of
dominating Mn** ions. Therefore, Mn spectra were examined
accordingly. Figure 4(b) shows the comparison of Mn L5 3 of
samples B, C and D. The difference spectrum has its maximum
displaced to a lower energy value [indicated by the vertical
line in Fig. 4(b)]. In accordance with Ref. [24], this proves
that Mn** in sample B is reduced with respect to sample D.

The origin of these valence changes has been attributed
to the presence of antisite disorder in the double perovskite
structure [9,26]. This would place a certain amount of Co ions
in Mn** sites. As the size of Mn** (0.530 A) is considerably
smaller than that of Co?* in both HS (0.745 A) or LS (0.65 A),
it is forced to move to Co>* in LS (0.545 A). Besides, Mn ions
moving to Co sites would have enough space to accommodate

224434-3



LAURA LOPEZ-MIR et al.

LCMO//STO (B)

LCMO//STO (C)

LCMO//STO (D)

u (arb. units)

LCMO//LSAT (E)

LCMO//LAO (F)

775 780 785 790 795 800 805
E (eV)

FIG. 3. CoL,3; XAS spectra of samples B to F as measured by
TEY at 300 K. Spectra have been vertically shifted for clarity.

one extra electron becoming Mn>* (0.645 A) [27]. This would
imply that cationic order in sample B is deficient while in
the other samples it is optimal. Here we recall that the main
difference in the preparation conditions between sample B and
the other samples is the annealing process. This would mean
that cationic order improves during the annealing at 900°C in
oxygen atmosphere in contradiction with studies in bulk which
proved that cationic ordering process freezes below 1000°C
[28].

B. XMCD results

Once having established the valences of Co and Mn ions,
we now present our analysis of the magnetic properties.
Figure 5 shows the x-ray absorption and x-ray magnetic
circular dichroism spectra at Co L, 3 edges of samples B, D, E
and F as measured by TEY at 20 K. All spectra correspond to
normal incidence geometry (i.e., with the photons’ propagation
vector parallel to the vector defining the sample surface). The
integral curves of the XMCD spectra are also plotted. In spite
of the difference in Co valence between samples B and D,
their XMCD signals are spectrally very similar. This fact can
be easily understood as the extra Co’* detected in sample B is
in tngegO nonmagnetic low spin state.
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FIG. 4. (a) Co-L,3 XAS of samples B and D (the last scaled
by a factor 0.75) and the difference between them. The inset
compares Co-L, 3 spectra of samples C and D and plots its difference.
(b) Mn-L, 3 XAS of samples B and D (the last scaled by a factor
0.75) and the difference between these two lines. The inset compares
Mn-L, 5 spectra of samples C and D (this last scaled by a factor
0.85) and the difference between these two. All plotted spectra were
collected at 300 K.

From the sum rules [21,29] we derive the ratio

mp, (L;)

_ -2 fL3+Lz (/’L+ - M—)
(28:+7T.) ~ 3[ [, (hs — u)=2 [, s—n)]’
e

where L, and S, denote the projections of angular and
spin magnetic moment over the magnetic field direction.
T, is the magnetic dipole moment and has been estimated
to be negligible in front of S, for Co?* in octahedral
environment [30]. The values of the ratio m /mgseg hardly
depend on the point where the end of L3 and the start of
L, edges are taken. The uncertainty that this introduces to
this value has been checked to be below 1%. This value
is much smaller than the error introduced by other sources
[30].

The m | /mg.s ratios derived from the analysis of the XMCD
curves of Co edge obtained on the different samples at two
incidence angles (namely normal and at 20°, hereafter referred
to as grazing incidence) are listed in Table I. The values
obtained at normal incidence present a monotonous behavior
with the strain. With the exception of sample F (on top of
LAO), the enlargement (shrink) of in-plane (out-of-plane)

M seff
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FIG. 5. Co L, 3 XMCD spectra of samples B and D (over STO) and samples E and F (over LSAT and LAO respectively) at 7 = 20 K.

lattice parameter is accompanied by an increase of miy /msegr
ratio. On the contrary, at grazing incidence this ratio does
not show any clear tendency and its dependence on the strain
is much smaller. As a consequence, for compressive strain,
the m /mseg ratio found in grazing incidence is larger than
that found at normal incidence, while for tensile strain this is
reversed.

The my /msess ratios derived from analysis of Mn-Lj,
edge are two orders of magnitude smaller than those of Co.
Although, according to Piamonteze et al. [30], sum rules are
not fully valid for Mn, we understand this very small value as
an indication that Mn does not significantly contribute to the
magnetic anisotropy of our films.

IV. SPIN-ORBIT COUPLING AND CRYSTAL FIELD AS
FIRST ORDER PERTURBATION THEORY

In order to explain the changes in my /mges ratio of Co
for the different samples we reproduce the model introduced
in Ref. [14]. This model starts from the case where CoOg
octahedra have a perfect cubic symmetry and introduces
the tetragonal distortion and spin-orbit coupling (SOC) as a
perturbation in a procedure similar to that used for CoCl,
[31,32]. In the CoCl, case, octahedra lose cubic symmetry due
to a trigonal distortion induced by a compression/expansion
along one of the main diagonals of the cube.

A cubic crystal field produced by a perfect octahedral
environment splits the ground state of a free Co’* (*F term
with L = 3,5 = 3/2) in three levels, two triplets and one
singlet. The lowest level corresponds to the triplet 47 ¢ Whose

eigenstates are [33]

®o = |30},
0r = V37813 —1) +/5/813 3),
o =/3/813 1) +/5/8/3 —3).

We now introduce the tetragonal distortion of the octahe-
dron (Hcr) and the SOC interaction (Hjg) as perturbations
H' = Hps + Hcr of the Hamiltonian. In order to apply first
order perturbation theory we calculate the matrix elements
of H™ in the ground state of unperturbed Hamiltonian. SOC
term Hps is expressed as kAL - §, where A is the spin-orbit
constant, that is expected to be negative (for more than
half-filled d shells), and k is the “orbital reduction factor”
(k < 1) [31,32]. Hck is the deviation crystal field from cubic
symmetry (H& — Hé;b). According to Ref. [31] a general
tetragonal crystal field is expressed as HS: = ASr2Y) +
Agr“Yf + r*A3Y) + (Ai)* Y4_4], while for a cubic symmetry
itreduces to HE® = A%4[¥? + ()2 (¥} + ¥;*)]. Thus, the
tetragonal field differs from the cubic one in a term on Y20
and on the fact that of Ag and Ai are no longer related.
We have ignored, in a first approximation, this second fact
and considered only the first one. Using this approximation,
in order to calculate HS" = (¢;|Hcrlg;) matrix elements
one must calculate (¢;|ASr*Y|p;). The radial part is the
same for all the matrix elements as it does not depend
on m but only on n and / quantum numbers. Moreover,
it is different from zero, as the integral will only contain
positive terms. Concerning the angular part, by conservation
of the third component of the angular moment, the unique

@
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TABLE II. Matrix elements of the perturbation Hamiltonian H' = Hys + Hcr (divided by a common factor %).

lo- —3/2) lo- —1/2) l9-1/2) 19-3/2) @0 —3/2) lpo —1/2) leo1/2) 19o3/2) e+ —3/2) o+ —1/2) l9+1/2) 1913/2)
(p- —3/2| —a—3/2 0 0 0 0 —J/(3/2) 0 0 0 0 0 0
(p— —1/2] 0 —a—1/2 0 0 0 0 -2 0 0 0 0 0
(o 12| 0 0 —a+1/2 0 0 0 0 —J3/2 0 0 0 0
(9_3/2] 0 0 0 —a+3/2 0 0 0 0 0 0 0 0
(w0 —3/2| 0 0 0 0 2a 0 0 0 0 -J3/2 0 0
(0o — 1/2] —/(3/2) 0 0 0 0 a 0 0 0 0 -2 0
(g0 1/2 0 0 0 0 0 0 2a 0 0 0 0 —J3/2)
(o 3/2| 0 0 —/(3/2) 0 0 0 0 2a 0 0 0 0
(s —3/21 0 0 0 0 0 0 0 0 —a+3/2 0 0 0
(s —1/2] 0 0 0 0 =3P 0 0 0 0 —a+1/2 0 0
(s 172 0 0 0 0 0 -2 0 0 0 0 -a—1/2 0
(s 3/2] 0 0 0 0 0 0 —J3/2 0 0 0 0 —a—3/2
terms that can be different from zero are those coming from being «, B, and y coefficients that only depend on a = 2ecr .

(301Y7130), (31]¥7|31), (3—1[|¥9|3—1), (33]¥;|33), and
(3—3|Y20|3—3). Their angular parts are given by the integrals
S Y5 "YYdQ2 that can be calculated through the 3-j
symbols:

_JCh+DEj+ D2j3+ 1)
B 4

(7 2 B 2T
0 0 0 ni noy ms ’

3

1 2ym3
/Q YRYIRYde

Taking all this into account, the unique matrix elements of
Hcr different from zero are H" = 2ecp and HE = HEF =
—ecr. This means that (before considering SOC), ¢, state, or
equivalently |30), which is mainly oriented along z axis, is
more affected by the tetragonal distortion of the crystal field
than ¢1. In the case of tensile strain, where basal distances
of the octahedra are larger than apical ones, €cp is positive
and |30) is the state with higher energy while the other two
states of the *Tj, triplet have a lower energy level. This is in
agreement with the expected degeneration of the ground state
under tensile stress [15]. In the case of compressive strain ecp
is negative and |30) becomes the ground state (crystal field
only).

To consider the spin
matrix  elements must be
L-S=L.S +3LyS-+L_S})
JILEM+ D)L FM)L+E1) (and
S operators).

The three levels of * T} term must be combined with the four
possible spin states (S = 3/2) thus giving rise to 12 states. The
obtained matrix is given in Table I1. The diagonalization of this
matrix renders that the lowest energy level is a Kramers doublet
that corresponds to (assuming A < 0)

orbit  interaction, Hiﬁs
calculated by using
and Li|LM) =
the equivalent for

Vo = alp- = 3)+ Bleo — 3) + v]es3),

Vi =aler 3)+ Bleo i)+ v|e- — 1) )

=3k "

1 2 1
o =— ——+—(1+2a+28)(2a—E):|,

N[ V323

11
=————(1+4+2a+28), 5
P N2y2 ®
1
Y=y

With N being the appropriate normalization factor and =
the smaller real solution of the equation:

—15 —20a — 164> — 84> + E(—11 — 8a + 124%)
+88% 448 =0. (6)

XMCD measurements are done under the application of
a magnetic field which splits the doublet. This is usually
considered as a second perturbation and first order perturbation
theory is applied within the Kramers doublet subspace [32].
For simplicity, we consider that the field is applied in an
arbitrary direction of the x-z plane [ﬁ = H(cos 8,0, sinf)].
It_can be shown that the inclusion of a y component
[H = H(cos 6 cos ¢, cosf sin g, sinf)] does not alter the re-
sult. The Zeeman Hamiltonian is expressed as

Hy = pp(kL +25)- H = ugH{(kL, +25,)sin6

+ [k3(Ly + L)+ (S + S)] cosb}. 7
Matrix elements within Karmers doublet subspace are
w= (0 8) ®
where
o = [+ 2)e + £ — (1+ )] sino.
& = [2ayV/3 + kBy3v2 + 28] cosb . ©)

This renders that the ground state is a combination of the
two states of the Kramers doublet:

&

o+ /ot + ¢

s=%wu+AwummA=

and N =+ 1+ A2,

224434-6



MAGNETIC ANISOTROPY AND VALENCE STATESIN La ...

In order to obtain the predicted value of m;/mg we need
to calculate the expected value of the projections of Land §

J

my, (Lycos® + L,sinf)

A3y B2 cos O+(A2 — D3(a® — y?)sind
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over the direction of light propagation (parallel to the applied
field):

ms  (Sycosf + S.sin6)

All coefficients in this expression only depend on a single
free parameter a = ‘353 This parameter contains the energy
of the tetragonal crystal field (the departure of the crystal
field from the cubic symmetry) and the spin-orbit coupling
coefficient.

In order to compare it with experimental data we need to
make an estimation of e€cg or, at least, how it varies with
structural parameters. We recall that ecrp parametrizes the
deviation of Co octahedra from a perfect cubic environment.
As far as the film cell is tetragonal when films are fully strained
to cubic substrates (STO and LSAT cases [14,20]), we can,
at least for low values of the distortion, consider it to be
proportional to (ap-cr)/ar (Where ap and cf are the in-plane
and out-of-plane cell parameters of the film, respectively).
The idea behind this approximation is that the main effect
of the distortion is to contract/expand Co-O bond distances
rather than inducing a bond bending. As the film cell becomes
tetragonal when films are fully strained to cubic substrates,
this parameter is described by a term rendering the tetragonal
distortion of the cell. In other words, we assume that octahedra

(aflm ﬁlm)/a (%)

-1 0 1
07 T v T T I

o4L—1 v
-0.1 0.0 0.1 0.2

-2¢ CF/3kk

FIG. 6. Comparison between measured m /mger ratios (sym-
bols) as a function of (ar — cr)/ar (top x axis) and predicted m, /mg
(solid lines with color according to symbols’ one) as a function of

2 . ..
a(= _53‘7;*1) parameter (bottom x axis). Both x axes are in linear scale.

" AQayN3+28%)cosf + (A2 — 1)(3a2 4+ 12 — 12

. 10
) sin® (19

(

are cubic (ecg = 0) when ¢ = ar, while a tensile stress makes
cr < ar and €cp > 0 and a compressive strain makes cy > ag
and ecp < 0. Figure 6 plots the my /mse values found by
XMCD as a function of (ar-cr)/ar as calculated from the
cell parameters obtained by x-ray diffraction (top x axis) and
compares them to the values of m /m s calculated from the
previous expression as a function of <& (bottom x axis). For

—3kA
these calculations we chose k = 0.94.

V. SUMMARY AND CONCLUSIONS

To summarize, we have presented a study of the local
valence and magnetic anisotropy properties of epitaxial films
of LCMO by using x-ray spectroscopy techniques. We
confirmed from XAS measurements that in LCMO films
with a high Curie temperature (7¢ ~ 225K) the valence
state of Co is essentially 24-, independently of their strain
state. Despite electron probe microanalysis shows a deficiency
of Co and a nominal compound La;Co;_,Mn;;,Og (with
x ~ (.23), this does not seem to affect the valence of Co ions.
Actually, it induces a reduction of Mn oxidation state from
4+ to 3+ to fulfill charge neutrality, thus becoming formally
La**Coft Mn]" Mn3OZ . In this scenario, divalent Co, high
Tc, and high saturation magnetization (in optimized films) rule
out a disordered arrangement of Co and Mn ions in the double
perovskite structure, which reinforce that FM is induced by
superexchange interactions.

Some more light on the valence state of Co and Mn can
be shed by considering bond distances found by Bull et al.
[13] for LaC00‘35Mno.65O3 (La2C00_7Mn1_3O6). The WkaOff
position (WP) of P2;/n space group 2c¢ (occupied by Co
and Mn in a 0.7:0.3 ratio) presents (ds..0) = 2.027 A; and
2d one (occupied by Mn only) presents (dzqz.0) = 1. 923 A,
Assuming that 2¢ and 2d WP are occupied by CoZtMn%
and MngtMn; %, respectively, and taking into account bond
distances reported for Co>* [34], Mn’* [35], and Mn** [36],
one would expect (dr..0) = 2.096 A and (dra-0) = 1.935 A.
The fact that both experimental bond lengths are slightly
smaller than expected could signal that a small fraction of
Co?* oxidizes to Co** in low spin. Such fraction would be
below the detection limit of XAS (samples C and D with high
Tc).

We show that the only film presenting a small 7¢ (= 150 K),
due to low oxygen content, has a significant amount (~25%)
of trivalent Co ions in low spin state. The origin of this valence
change has been attributed to the presence of antisite disorder
in the double perovskite structure [26].

On the other hand, the XMCD signal for the different
samples in either normal or grazing incidence conditions,
evidence a large contribution from the orbital angular moment
of Co ions, as expected for Co?*, but no contribution from
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Mn ions. Moreover, our data show a strong dependence of
the m /mges ratio on the film strain, notably for the normal
incidence case. This is less marked when probing Co 3d empty
states with a large out-of-plane component symmetry. The
comparison of the m /mg ratio theoretically calculated with
XMCD-derived m /mses values is remarkably good for the
normal incidence case. Nevertheless, several features are also
qualitatively well reproduced by the predicted curve for the
grazing incidence case. First, theory predicts a much smaller
dependence on strain for the latter case than when probing
in-plane orbitals. Second, theory predicts the intersection of
the normal and grazing m /mg curves when inverting the sign
of the crystal field term: it predicts that m,/mg at normal
incidence is smaller (larger) than m /mg at grazing incidence
for compressive (tensile) strain. In conclusion, anisotropy
phenomena in LCMO films are mainly driven by spin orbit
coupling of Co?* in HS state. Most of the features presented
here can be well explained by starting from Co?* in a perfect
octahedral local environment and adding the effect of SOC

PHYSICAL REVIEW B 95, 224434 (2017)

and a small tetragonal distortion from the cubic crystal field as
perturbations.
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