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Abstract. The XAS study at Cr, Co, Ni and Mn K-edges was performed for the doped CMR manganites
Lng.5Cag.sMni1—>B;03 with Ln=La, Nd, Sm and B= Cr, Co, Ni (0 < z < 0.10), on the samples that were
studied previously for their ferromagnetic-metallic to antiferromagnetic-insulator transition. We observed
that the formal charges of the doping elements are Ni*T, Co®>T and Cr®'. It is also evidenced that the
average formal charge of the manganese is increased after doping, in agreement with the charge compen-
sation keeping “O3” stoichiometry. These results suggest that the doping elements participate directly to

the band structure.

PACS. 78.70.Dm X-ray absorption spectra — 75.70.Pa Giant magnetoresistances — 71.30.+h
Metal-insulator transitions and other electronic transitions

1 Introduction

Extensive studies of the manganese oxide perovskites
Ln;_,A,MnO3 (Ln = Re; A = Ca, Sr or Ba) have been
carried out especially in the past from years after the dis-
covery of giant or even colossal magneto-resistance (CMR)
in these compounds [1-8].

Such colossal negative magneto-resistance properties
originate from a double exchange (DE) mechanism be-
tween Mn(III) and Mn(IV) species [9-11] which has been
proposed to create the ferromagnetism in competition
with the superexchange mechanism inducing antiferro-
magnetic ordering. Like the HTC superconductors, the
manganese oxides are highly correlated systems in which
the metallic properties are created by hole doping: as a
consequence a metallic conductivity can be induced at
low temperature which could be due to doping holes in a
2p oxygen band. The antiferromagnetic coupling of these
holes to the Mn?t would be at the origin of the ferromag-
netic ordering that appears in theses oxides.

Besides the DE mechanism, a polaronic type model
based on the Jahn-Teller distortion of the MnQg octa-
hedra has recently been proposed [12]. Neutron diffrac-
tion studies of these manganites showing structural evo-
lution [13,14], and XAS studies at the Mn Ls-edge [15]
showing changes in the local distorsion of the MnOyg octa-
hedra support this model. Nevertheless, EXAFS studies at
manganese K-edge [16-18], which show an unusual change
of the Debye-Weller parameter o2 at the insulator to metal
transition, may be interpreted as either a dynamic Jahn-
Teller distortion or a breathing mode of the octahedra.
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Up to now, it is impossible to distinguish between this
two distorsion modes.

Among the different manganites, the oxides
Lng 5CagsMnQOg3, exhibit a particular behaviour due
to the existence of charge ordering (CO) phenomena. It is
for instance the case of the manganite Prg 5Cag.5MnQOs3,
for which a semi-conducting behaviour down to 4.2 K
is observed. For this phase, contrary to many other
manganites, no metal to insulator transition is observed.
Moreover the magnetic ordering in these oxides is limited
to a weak ferromagnetic coupling down to 150 K, followed
by an antiferromagnetic ordering at lower temperatures.

Recently, an insulator-metal transition could be in-
duced in Lng 5CagsMnO3 by doping the Mn sites with
transition metal elements such as cobalt, nickel or
chromium [19-21]. For these Mn site doped manganites,
the R(T) curves exhibit a peak at temperature T,,, char-
acteristic of the insulator-metal transition, whereas the
magnetization curves M (T'), show a transition from an an-
tiferromagnetic to a ferromagnetic state, with T, = T,,, as
illustrated for the manganites Ndg 5Cag.5(Mn;_,Co,)Os3
(Fig. 1) and Smg 5Cag 5(Mn;_,Cr,)03 (Fig. 2) with =
ranging for 0.02 to 0.10 [21].

From such experiments, we have to understand how
such a small doping is able to induce so spectacular
changes of the transport and magnetic properties of man-
ganites. This suggests either that the doping cations par-
ticipate strongly and directly to the changes in the elec-
tronic structure or that the doping cations induce indi-
rectly changes in magnetic and transport properties of
the manganese network. In both cases the knowledge of
the valence states of the doping elements which reflect
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Fig. 1. (a) Magnetization versus temperature for the se-
ries of manganites Ndos5Cag.5(Mni—>Co;)Os. (b) Resis-

tivity wversus temperature for the series of manganites

Ndo.5Cag.5(Mni_;Coz)Os.

their electronic structure is of importance for the under-
standing of the changes in the physical properties of the
Lng 5Cag sMnO3 manganites before and after doping.

X-ray Absorption Spectroscopy has been proven to be
a valuable technique to investigate the valence states of
elements in a complex material [22-25]. Specially recent
studies of the CMR manganites at the manganese K-edge
have shown that the average oxidation state of manganese
is in good agreement with the stoichiometric one deduced
from the substitution rate [26-28].

In this paper we present an XAS study at Cr, Co and
Ni K-edges in doped Lng 5Cag.5(Mn;_,B;)O3 (Ln = La,
Pr, Nd, Sm; B = Cr, Co, Ni; 0.05 < z < 0.10) com-
pounds in order to determine the valence states of these
elements. A similar XAS study at Mn K-edge is also pre-
sented in correlation with magnetic and electron transport
properties.
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Fig. 2. (a) Magnetization wversus temperature for the

series of manganites Smo.5Cag.5(Mni—;Cr;)Os. (b) Resis-
tivity wersus temperature for the series of manganites
Smo_scao_s(Mnl_mcrm)Og.

2 Experimental

The doped manganites Lng 5Cag.5(Mn;_, B, )O3 were pre-
pared in the form of sintered pellets following a classical
method of solid state chemistry. Thorough mixtures of
oxides CaO, Mny03, Cry03 or Co304 or NiO, LasO3 or
NdsO3 or PrgOq1 or SmoO3 were first heated in air at
950 °C for 12 hours. The samples were then pressed into
pellets and sintered first at 1200 °C and then at 1500 °C
for 12 hours in air.

Magnetization curves M (T') were established with a vi-
brating sample magnetometer. Sample were first zero field
cooled and then the magnetic field was applied at 5 K.
Measurements were carried out under warming. Resis-
tance measurements were performed with the four probe
technique on sintered bars with 2x2x 10 mm? dimensions.
Magneto-resistance measurements were performed with a
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Quantum Design physicals properties measurements sys-
tems (PPMS). Resistance was measured with decreasing
temperature in magnetic fields of 0 and 7 T.

The X-ray absorption study of these phases was per-
formed systematically on the samples previously studied
for their transport and magnetic properties.

The X-ray absorption spectra at Cr, Mn, Co and Ni
K-edges were recorded at room temperature in a classi-
cal transmission mode at the EXAFS I station (channel
cut monochromator) using the synchrotron radiation of
the DCI storage ring of LURE (Orsay, France) working
at 1.85 GeV with a 250 mA current. The energy reso-
lution at Co K-edge is estimated to 1.3 eV whereas the
reproducibility of the monochromator position is as high
as 0.3 eV.

The normalization procedure used throughout this
work was a standard one: after substraction of the same
diffusion background on the XANES and EXAFS spectra,
recorded in the same experimental conditions, a point lo-
cated at an energy of 800 eV from the edge, where no
more EXAFS oscillations were still observable, was set to
unity. Then the intensity of a point with an energy be-
tween 50 and 100 eV from the edge was recorded on the
EXAFS spectrum and reported on the XANES to set the
normalized height.

3 Results and discussion

3.1 Cobalt K-edge

The cobalt K-edges of some reference compounds,
CoCO3 and LaCoO3 for Co?t and Co®*t respectively,
in a regular octahedral environment, and of two sub-
stituted manganites, Lag5Cag.5(Mng.92Co005)O3 and
Nd0.5ca().5(Mno.QQCOO.Qg)Og, are shown in Figure 3. The
energy gap between the CoCOjs and LaCoOs edges
(~ 1.5 eV ) is 5 times higher than the reproducibility
of the monochromator position. Both the energies of the
midheight of the main absorption jump and the calcu-
lated mean edge energies for the four compounds (Tab. 1)
[29-32] allow to conclude that cobalt is in the Co?* formal
state in the substituted manganites within the experimen-
tal error on such a determination estimated to + 10%.
Note that the long Co-O distances in CoCOs (Tab. 1)
can explain for the strong shift of the edge of this com-
pound towards low energy as compared to LaCoQOg in the
framework of the so-called Natoli’s rule [33] which can be
written as (E — Eg)R? = K where E and R are the peak
energy and M-O distance respectively, £y and K being
constants. This result is in agreement with a former XAS
observation [34] at cobalt Ls-edge of some other man-
ganites with composition Lag 7Srg 3(Mng.sCog.2)O3 and
La(Mng 85Cog.15)O03 which concluded also to the presence
of Co?* formal charge.

3.2 Nickel K-edge

The results are also very conclusive for the nickel substi-
tution as shown in Table 1 and Figure 4 for manganites
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Fig. 3. Normalized Co K-edges at room temperature for

some cobalt oxide references and Lng.5Cag.5 Mng.92C00.0sO3
(Ln=La; Nd).
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Fig. 4. Normalized Ni K-edges at room temperature for some
nickel oxide references and Lng.5Cag.5 Mng.92Nig.0sO3 (Ln=La;
Nd; Pr).Normalized Ni K-edges at room temperature for some
nickel oxide references and Lng.5Cag.5 Mng.92Nig.0sO3 (Ln=La;
Nd; Pr).
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Table 1. Formal charge, dv—o (M=Co and Ni), energy of main jump midheight and equivalent energies from edge integration
at Co and Ni K-edge for references and doped manganites compounds.

compounds formal dco—0 In energy of equivalent | references
charge angstrom main jump energies
Co midheight | from edge
integration
(eV) (eV)
+ 0.3 eV + 0.3 eV
CoCOs3 +2 Co(1):6 x 2.11 11.5 8.0 [29]
LaCoOg +3 Co(1):6 x 1.92 14.2 11.2 [30]
Lag.5Cag.5Co0.08 M1g.9203 +2 12.6 8.3
Ndo.5Cag.5Coo.08 Mng.9203 +2 12.0 7.6
compounds formal dNi—O in energy of equivalent
charge angstrom main jump energies
Ni midheight from edge
integration
(eV) (eV)
+ 0.3 eV + 0.3 eV
LasNiOy +2 Ni(1):4 x 1.94 12.7 9.1 [31]
2 X 2.28
NdNiOg +3 Ni(1):2 x 1.935 14.2 10.7 [32]
2 x 1.945,
2 x 1.950
Lag.5Cao.5Nio.0s Mno.92 03 +2 13.5 9.3
Ndo.5Cag.5Nig.osMng.92 O3 +2 13.0 8.5
Pro.5Cap.5Nio.os Mng.9203 +2 13.3 8.9

with COIIlpOSitiOH Ln0_5CaQ_5(Mno_ggNio.Qg)Ozg (Ln = La,
Pr, Nd). The nickel K-edges of the three nickel substi-
tuted compounds exhibit edge energies close to the one of
LayNiOy, reference oxide for Ni?* formal state. Here again
the energy gap (=~ 1.5 V) between LagNiO4 and NdNiO3
synthesized by Lacorre at the Université du Maine (Le
Mans, France), reference for Ni** formal state, is much
higher than the reproducibility of the monochromator po-
sition. Note also that the spread of Ni-O distances in two
sets for LasNiOy4 can account for the shape and width of
the edge. Like for the cobalt substitution, nickel appears
to be in the Ni?T formal state in the nickel doped man-
ganites.

3.3 Chromium K-edge

The chromium K-edges of four reference oxides,
Cr203 [35] and NdCrOs [36] for Cr3*, CrOz [37] for Cr**
and K2CryO7 [38] for Cr%T, are shown in Figure 5a. The
difference between CrOs and NdCrOs arises from the
distortion of the oxygen octahedron around chromium
cation. The regular octahedron in NdCrO3 with 6 com-
parable Mn-O distances (dym—o ~ 1.98 A) generates a
strong white line at 17.6 eV due to the combined elec-
tronic transitions 1s — 4pg, .. Conversely the octahe-
dral distortion in CryO3 with two sets of Mn-O distances
(3dyn—o0 =~ 1.95 A; 3dyn—o0 ~ 2.04 A) induces a wide

spread of the 1s — 4p transitions along the x, y and
z-axis respectively. In both cases a small prepeak is ob-
served with a fine structure of two peaks (1.8 and 5 eV) for
Cr303 and three peaks for NdCrOj3 (2, 5.5 and 7.6 V).
This prepeak is often observed in transition metal com-
pounds and is due to an hybridization of Cr(3d)-O(2p)-
Cr(4p) orbitals. This hybridization is stronger in non-
centrosymmetric environment and allows partly the for-
bidden 1s — 3d transition to be visible. For both studied
Cr3* oxides, the small intensity of the prepeak is in agree-
ment with an octahedral, although distorted, environment
of chromium. The fine structure observed in both oxides
(A1, Ag for Cra03; Af, A} and A% for NdCrO3) is due
to the crystal field effect on the Cr 3d orbitals (t24 and
eg) plus the splitting between spin up and spin down elec-
tronic levels due to the Coulombian repulsion U. Taking
into account the Cr3*t electronic state (3d) which fills

up only the tgg lowest levels leaving three empty molecu-

lar orbitals tﬁg, eg et eé. The observation of these empty

levels depends on the relative interplay of the experimen-
tal energy resolution and on the splitting induced by the
crystal field strength 10 Dq, on 3d and 4p orbitals, and
the Hubbard’s repulsion parameter U.

The K-edge of CrOs was obtained from a thin film
synthesized by Barry at the Trinity College (Dublin). It
is ferromagnetic and exhibits a metallic conductivity. The
CrOs2 spectrum of Figure 5a, with a small prepeak and
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Fig. 5. (a) Normalized Cr K-edges at room temperature for
chromium references. (b) Normalized Cr K-edges at room tem-
perature for chromium references and Ndo.5sCag.s Mni_,Cr, O3
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a single main line at 22 eV, is clearly characteristic of a
regular octahedral environment around Cr** ions. It is
worth noting that, for the same overall composition, only
the Cra03 spectrum was previously observed [39] from soft
X-ray absorption due to the fact that the latter technique
is more surface sensitive. In contrast our experiment is
bulk sensitive due to the depth probed by the high energy
photon at the K-edge.

In the case of KoCryOy, reference oxide for the Cro+
formal charge, a very intense prepeak is observed (Fig. 5a)
in agreement with the tetrahedral oxygen environment
and the high density of holes in the 3d shell. The width
of the edge itself and the smooth XANES features above
20 eV are consistent with the spread of Cr-O distances
(1.51 A < dcy—o < 1.86 A) distributed over four different
chromium sites. The energies of the main aborption jump
and the equivalent ones are reported in Table 2 and are
different from the octahedral chromium compounds.

The Cr K-edges of four chromium doped manganites
Lng 5Cag.5(Mnj_,Cr; )O3 (Ln=Nd; Sm; z = 0.05 and 0.1)
are shown in Figures 5b and 5c¢ together with two of the
reference oxides NdCrOgs and CrOs. The edge energies of
the doped compounds (Tab. 2) [35-38] correspond to a
Cr®t formal charge different from the formal charges of
cobalt and nickel in manganites with the same composi-
tion. Such a result is interesting when considering the ex-
ternal electronic structure of purely ionic Cr3* which is a
3d? cation like Mn**. This suggest a substitution of either
Mn3t+ or Mn*t subnetworks by Cr3* cations. This will be
discussed later on after the Mn K-edge study. The Cr K-
edges of chromium doped lanthanum manganites could
not be recorded in good conditions owing to the presence
of the EXAFS oscillations of the La Ly-edge close to the
Mn K-edge.

3.4 Manganese K-edges

The manganese K-edges of four reference compounds,
MnyO3 and LaMnOs for Mn3t formal charge and MnO,
and CaMnO3 for Mn** formal charge in octahedral sym-
metry, are shown in Figure 6a. The consideration of the
edge positions at midheight of the main absorption jump
or of the calculated equivalent energies (Tab. 3) [40-43],
shows that the reference spectra consist of two subsets
separated by 3.2 eV with a small dispersion, correspond-
ing to Mn?+ and Mn** respectively. The changes in shape
arise from the distortion of the oxygen octahedra around
manganese. In agreement with the slight distortion of the
MnOg octahedra in LaMnOsz and CaMnQOs, the edges
of these manganites exhibit a small prepeak and a sin-
gle main peak at 16 eV and 20 eV respectively due to
the 1s — 4p, 4. transition. Conversely, for Mn,Os and
MnOs, a wide spread of Mn-O distances induces a split-
ting of the three components of the 1s — 4p, , . transition
as can be seen on the edges of these two oxides (Fig. 6a).

In Figures 6b and 6¢c are presented the Mn K-edges
of the starting Lng 5CagsMnO3 (Ln=La,Nd) and of the
substituted compounds, Lag 5Cag 5(Mn;_,B, )03 (B=Cr,
Co, Ni; = 0.08) and Lng 5Cag.5(Mn;_,Cr;)O3 (Ln=Nd;
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Table 2. Formal charge, dcr—o, energy of main jump midheight and equivalent energies from edge integration at Cr K-edge

for references and doped manganites compounds.

compounds formal dcr—o In energy of equivalent references
charge Cr angstrom main jump energies
from edge
midheight (eV) | integration (eV)
+ 0.3 eV + 0.3 eV
Cr203 +3 Cr(1):3 x 1.95; 13.8 10.9 [35]
3 x2.04
NdCrOs3 +3 Cr(1):4 x 1.975; 14.1 114 [36]
2 x 1.985
CrOs +4 Cr(1):4 x 1.78; 16.7 13.7 [37]
2 x 2.08
K>Cra0% +6 Cr(1):1.54; 17.8 11.0 [38]
1.59; 1.69; 1.71
Cr(2):1.55;
1.57; 1.57; 1.86
Cr(3):1.59;
1.63; 1.68; 1.84
Cr(4):1.51;
1.61; 1.64; 1.75
Smo.5Cag.5 Cro.05 Mno.95 03 +3 14.5 11.7
Smg.5Cag.5 Cro.10Mng.90O3 +3 14.4 11.7
Ndo.5Cag.5Cro.05 Mng.9503 +3 14.2 11.1
Ndo.5Cag.5Cro.10Mng.90O3 +3 14.4 11.6

). four tetrahedral sites

Sm; x = 0.05) together with two manganese references. In
agreement with previous observations on the K-edges of
manganites [26], the energy of the midheight of the main
absorption jump can be correlated to the manganese for-
mal charge even using a linear relationship. For instance,
in this work, the midheight energies of the Mn K-edges of
the Lng 5Cap.sMnO3 (Ln=La, Nd) are the same, around
12.0 €V within 0.1 eV, whatever the rare earth (Tab. 3).
From this result, a mean formal charge of 3.5 can be de-
duced for manganese as expected from the cation but also
from the oxygen stoichiometries.

Now, considering the edges of the doped manganites,
one can see a shift of the edges towards high energy by 0.3
to 0.5 eV whatever the nature of the dopant (Cr, Co, Ni).
This energy shift is equivalent or higher than the repro-
ducibility of the “Channel cut” monochromator position
at the EXAFS1 station. It corresponds to an increase of
the manganese formal charge in the substituted mangan-
ites with respect to the undoped manganites. Such an ob-
servation corroborates the results obtained for the formal
charge of the dopant. In all cases, the substitution of man-
ganese with an average oxidation state larger than three
by species of lower formal charge (Ni?t, Co?t or Cr®t)
requires change compensation in order to keep the oxygen
stoichiometry “O3”. Consequently an increase of the for-
mal charge of manganese is induced by doping with those
species.

Moreover, taking into account the charge balance in
the chemical formula of the manganite, chromium ow-
ing to its higher formal charge (Cr®") compared to nickel
and cobalt (Ni?*, Co?T), should induce a smaller average
charge of manganese according to the XAS results if we
admit that the “O3” stoichiometry is maintained (Tab. 4).
The manganese charge shifts allow edge energy shifts to be
calculated with respect to the undoped manganites. The
latter are compatible with the experimental ones (Tab. 4)
although our experiments at Mn K-edge do not allow to
discriminate Mn?%4+ from Mn3-63+,

4 Concluding remarks

The doping of the Mn sites in the charge-ordered mangan-
ites Lng 5Cag s MnOg3 with Ni, Co or Cr, keep the dopants
in their lower oxidation state (Ni?*, Co?* or Cr3T). As a
consequence, it induces an increase of the formal charge
of manganese, so that the “O3” stoichiometry of the per-
ovskite is unchanged.

Such an increase of the formal charge of manganese
is susceptible to destroy the charge ordering which exists
in the undoped manganites Lng 5Cag.sMnQO3. Neverthe-
less, it can not alone explain the appearance of the metal-
insulator transition which is unexpected in the Mn** rich
perovskites, since Lng 5_,Cag 5+, MnOs manganites with
z < 0.10 do not exhibit such properties.
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Table 3. Formal charge, dyvin—o0, energy of main jump midheight and equivalent energies from edge integration at Mn-K-edge

for references and doped manganites compounds.

compounds formal dMn—o In energy of equivalent reference
charge angstrom main jump energies
Mn midheight from edge
(eV) integration (eV)
+ 0.3 eV + 0.3 eV
Mn 03 +3 Mn(1):2 x 1.96; 12.9 10.4 [40]
2 x2.00; 2 x 2.04
Mn(2):1.53;
1.90; 1.99; 2.24
2.45; 2.56
LaMnOs +3 Mn(1):2 x 1.92; 12.8 10.5 [41]
2x1.97; 2 x 2.16
MnO» +4 Mn(1):2 x 1.90; 16.5 13.6 [42]
4 x 2.38
CaMnOs +4 Mn(1):2 x 1.89; 16.4 13.2 [43]
4 x1.90
Lao 5Cao sMnOs +35 Mn(1):2 x 1.925; 14.6 12.1
2x1.94; 2 x1.96
Lag.5Cag.5Cro.0sMng 9203 | +3.5+ 6 14.8 12.3
Laop.5Cag.5Nip.0sMng 9203 | +3.5+ 9 15.1 124
Lao.5Cag.5C00.08Mno.9203 | +3.5 46 15.1 12.4
Ndg.5Cag.5 MnO3s +3.5 Mn(1):2 x 1.94; 14.7 12.2
2 x 1.945; 2 x 1.95
Ndo.5Ca0.5Cro.05s Mno.9503 | +3.5+6 15.0 12.4
Smo.5Ca0.5Cro.0s Mno.os03 | +3.5 + 4§ 15.0 12.3

Table 4. Substitution on Mn®* site and on Mn*" site after charge compensation.

compounds formal observed expected
charge of equivalent energy
the Mn site energies from formal
from edge | charge of the
integration Mn site
(eV) (eV)
LaMn®* Os +3 10.4
CaMn** O3 +4 13.6
Lag.5CaosMnitMn5t O3 +3.5 12.1 12.0
Lao,scao,5{(002+, N12+)0_08Mngf‘§4Mngf‘58}03 +3.63 12.4 12.4
Lag.5sCao.5{Crj bsMnj . Mngt 103 +3.54 12.3 12.1
Smo.5Cag.5{Cra b Mn3 . Mnit 103 +3.525 12.3 12.1
Ndo.5Cag.5{Cry HsMnd - Mngt 103 +3.525 124 12.1

Thus, it is more likely that the doping elements par-
ticipate directly themselves to the double exchange phe-
nomena and/or to the Jahn-Teller distortion and modify
deeply the crystal field of these manganites.

But, the understanding of such drastic changes in mag-
netic and transport properties of the manganites by tran-

sition metal doping will need a deeper investigation of the
induced changes in the electronic structure and specially
in the band structure. For instance, as shown recently [44],
high resolution photoemission studies of the Fermi level
should allow a direct investigation of the changes in the
electronic levels involved in the upper valence band in-
duced by transition metal doping.
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