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We report extended X-ray absorption fine structure (EXAFS) measurements at the Mn K-edge and dc
magnetic measurements performed on (La;_yCay)(Mn;_,Cu, )O3 samples (x=0.37 and 0.75 and y=0.03
or 0.08), thus comparing the effects determined by the partial Mn substitution with Jahn-Teller Cu?* ions
with those induced by the already studied analogous substitution of Mn with non-Jahn-Teller Cr3*.

Hence, in the present paper we complete our study on the influence of chemical Mn site substitutions
on the nanoscale phase inhomogeneity characteristic of these strongly correlated electron systems.

17’/2.(27:“ We observe that the Cu?* substitution determines two very different effects in the two compositions

74.25.Ha belonging from the opposite sides of the phase diagram. In the x=0.37 case it weakens the ferromagnetic

61.05.Gj ordering thus favouring the antiferromagnetic charge ordered phase component, while in the x=0.75 one

71.30.+h it does not significantly modify the charge ordering already present in the system, differently from what
previously observed in presence of non-Jahn-Teller Cr3* substitution.

Keywords: © 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Manganese perovskites (La;_yCay)MnOs present a strong inter-
play between charge, lattice and spin degrees of freedom. Their
phase diagram is characterized, in the range 0.20<x<0.50, by a
transition from a paramagnetic insulating phase to a ferromagnetic
metallic (FM) one upon cooling [1]. Such a coupling between a mag-
netic phase transition and a conductive one is the basis for the so
called negative colossal magnetoresistance effect (CMR) also higher
than 90% in presence of a magnetic field woH>1T [1,2]. The obser-
vation of this last effect is the main reason of the renewed interest
on these compounds.

For Ca content greater than 50% the presence of charge ordering
(CO) of Mn3* and Mn** ions in different sublattices is revealed at
low temperature (Tcg <260K, as a function of Ca-content). Many
models have been proposed to explain the mechanisms produc-
ing the CMR effect, starting from the classical double exchange and
more recently from a strong polaronic coupling of charge carriers
to phonons [2,3].
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Asignificant role seems also to be played by a strong spin-lattice
coupling displayed by the presence around the Curie temperature

Tc of magnetic polarons of about 12 A, namely local magnetically
ordered regions in an insulating matrix where the charge carrier is
trapped like in a polaronic state [4]. In this last framework, exper-
imental evidences of an inhomogeneous phase above and below
Tc where nanometric metallic and insulating domains coexist and
percolate are reported in literature [4-7]. These research develop-
ments on manganites nanoscopic phase texture also point out the
occurrence of further physical properties like non-volatile magne-
toresistive memory at low magnetic fields and at specific chemical
compositions which could allow to continue to miniaturize transis-
tors and electronic components useful for computer engineering
and spintronics applications [8]. Therefore the debate about the
homogeneity of the low temperature phase and its outcomes at all
Ca content is still open.

The present main research topic on these compounds is theiden-
tification of the real nature of the insulating phase component for
0.20<x<0.50 at low T in the phase separation framework; it could
be a CO phase with a very low coherence length and therefore not
detectable by lots of techniques, becoming more extended and then
noticeable for x>0.50. In this general scenario we can reasonably
assume that the partial substitution of the Mn magnetic ion could
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contribute to an enhancement of one phase component over the
other [9-11]. This result should be obtained due to the strong cou-
pling between CO and Jahn-Teller lattice distortion (induced by the
presence of the Mn3* ion or of its Jahn-Teller substitutes), as already
evidenced by our EXAFS measurements on (La;_yCax)MnO3 with
x>0.50 [12]. Another relevant effect on the conduction bandwidth
and then on the magnetic exchange interaction along the partially
substituted Mn3*-02--M paths can be determined by the different
ionic radius of the B site element in the perovskite ABO3 structure
and by the 3d electronic configuration of the substituting ions (note
the following ionic radii in octahedral coordination: Mn3* =0.645 A;
Mn#* =0.53A; Cr3* =0.615A; Ni2* =0.69 A; Cu2*=0.73 A).

In a previous paper [13] we pointed out how Mn-substituting
Cr3* or Ni2* favour strengthening of the metallic-ferromagnetic
phase component for x> 0.50 since they are not associated with a
Jahn-Teller distortion and act as random impurities. In this earlier
case the resulting disordered Jahn-Teller distortion plays the role of
asite-random or effective magnetic field weakening the Jahn-Teller
CO phase [9,10].

In the present paper we report the EXAFS study of local order
and structure around the manganese ion on Cu?* substituted sam-
ples (Lag.g3Cap.37)(Mngg2Cug,08)03, (Lag25Cag.75)(MnggzCug0g)03
and (Lagzs5Cag.75)(Mngg7Cugo3)03. Substituting copper ions, in
contrast to Cr3* or Ni?*, should be able to strengthen the
CO phase component since they are associated to a lattice
Jahn-Teller distortion (Cu?* is characterized by a tggeg Jahn-Teller
electronic configuration), thus completing the Mn ion site sub-
stitution scenario. We expect to observe a bigger effect in the
(Lagg3Cag37)(MnggCugog)O3 sample, considering that the pris-
tine compound (LaggzCag37)MnOs3 is metallic and ferromagnetic
below 270K, while on the other side of the phase diagram
(Lag25Cag 75 )Mn0O3 exhibits CO below Tcg=225K.

All the samples were characterized by dc magnetization mea-
surements and X-ray powder diffraction revealing an orthorhombic
Pnma crystalline structure, and thereafter extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy measurements were
performed between 20 and 300K at the Mn K absorption edge.
Furthermore the same samples were also investigated by neu-
tron powder diffraction (NPD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and anelastic
spectroscopy in order to investigate both the additional lattice
disorder and the Mn average valence variation induced by Cu?*
doping.

2. Experimental method and data analysis

The studied samples were pellets of polycrystalline (LaggszCags7)
(Mngg9Cugos)03, (LagasCaozs)(Mngg2Cuoos)0s and (LagasCag.7s)(Mnog7Cuo oz )03
powders dispersed in a cellulose matrix optimising the jump at the absorption
edge. Polycrystalline (Laj_xCay)(Mn;_yCuy)O3 samples were prepared by means
of a solid state reaction: binary oxides (CaO 99.95% ALDRICH; La,03; 99.99%
ALFA AESAR; MnO; 99.999% ALFA AESAR, CuO 99.998% ALFA AESAR) were firstly
sieved (80mesh), than mixed in stoichiometric amounts and finally reacted at
high temperature in air. Four thermal treatments with intermediate grinding
were carried out, the first at 1523 K for 15h and the remaining at 1603 K for 18 h.
X-ray powder diffraction analysis (PHILIPS PW1830; Bragg-Brentano geometry;
CuK,; secondary monochromator; 260 range: 13-80°; step: 0.020° 26; sampling
time: 15s) did not evidence the presence of secondary phases. The Mn K-edge
EXAFS data have been recorded in transmission geometry at the beamline E4
at the HASYLAB synchrotron radiation source (Hamburg) using a double-crystal
Si(111) monochromator and a helium flux cryostat. The EXAFS oscillations x(k)
were extracted from the experimental data using standard procedures and were
normalized using the Lengeler-Eisenberger method (Fig. 1) [14].

The k3 weighted x(k) data were Fourier transformed (FFT) in the k range between
2.68 and 15.48 A-! (Fig. 2). The obtained Fourier transform shows many correla-
tion peaks up to R=8A. The analysis was restricted to the first Mn-O coordination
shell by inverse Fourier transforming the first FFT peak in the R range between
0.98 and 1.96 A. The so-obtained filtered data were fitted using the standard single
scattering EXAFS formula and FEFF8.2 theoretical amplitude and phase functions
[15]. Starting from the orthorhombic unit cell model typical of Jahn-Teller distorted
manganites the FEFF code computes overlapping muffin tin spherically symmetric
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Fig. 1. EXAFS ky(k) signal of (Lage3Cag37)(Mngo2Cuges )O3 as a function of temper-
ature between 20K (upper curve) and 300K (lower curve).

potentials and their corresponding phase-shifts thus generating the different Mn-O
path contributions in order to fit the data.

We have performed two alternative fitting procedures: at first using only
one Mn-O first shell with coordination number Nyy-o =6; afterwards using two
sub-shells, one corresponding to a Mn-0 coordination number Nyp_o =4 and the
other corresponding to Nyvn-o = 2. In particular, we considered four longer distances
Ruvn-o =2.10 A and two shorter Ryn-o = 1.93 A at 300K for the x=0.75 Cu-substituted
samples [12,13], vice versa four shorter and two longer bond lengths for the x=0.37
case. These starting models are the same already reported in previous papers for the
corresponding un-substituted compounds [12,13].

The two sub-shells fit has been possible thanks to the extension of the data
in the k range, the window chosen in the FFT space, the good signal to noise ratio,
which enabled a sufficient number of independent fitting parameters to be used. The
fitting parameters were the Mn-O mean square relative displacements ¢ and the
interatomic bond lengths Run-o both in the one shell and in the two shells analysis.
The coordination numbers were fixed to the previously cited values.

In order to correctly compare the parameters behaviour as a function of tem-
perature for the substituted and for the corresponding pristine samples, all the

R(A)

Fig.2. Fourier transforms FT(R) of the k3-weighted x(k) as a function of temperature
for the ([.&0‘(;3 Cag‘37 )(Ml’lo(gz Cllo‘og )03 sample.
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Fig. 3. Temperature dependence of ZFC (empty symbols) and FC (full symbols) dc
magnetization for (Lage3Cag37)(Mngo2Cuges)O3 (squares) and (Lagg3zCag37)MnO3
(circles) samples.

fitting criteria in the data analysis performed on the samples were identical to those
reported in previous papers [12,13].

The dc magnetic measurements were performed by using a commercial mag-
netometer (MPMS by Quantum Design) on the same sample powders.

3. Results and discussion

We present a comparison of the local structure parameters
around the Mn ions and magnetic properties, obtained by the EXAFS
and dc magnetization studies respectively, in the Cu-substituted
and pristine compounds for the cited Ca concentrations thus char-
acterizing also on a local scale the Mn substitution effects on
polarons and CO formation.

Zero field cooled (ZFC) and FC susceptibility measurements per-
formed on both pristine and substituted samples, with x=0.37 and
x=0.75 are shown in Figs. 3 and 4, respectively.

In the (Lag g3Cag.37)(Mngg2Cugg)03 sample the Mn/Cu substi-
tution effect is extremely marked: copper ions induce a strong
distortion of the surrounding lattice both due to their Jahn-Teller
nature and to their greater dimensions respect to the Mn ones.
These distortions frustrate the double exchange magnetic inter-
actions between the neighbouring Mn ions thus reducing the eg
electron conduction bandwidth and favouring the Mn ions superex-
change interactions associated to the antiferromagnetic CO phase
component (see the m(T) behaviour in Fig. 3) [16]. In addition to
local distortions, Cu%* substitution induces a re-equilibration of the
[Mn3*]/[Mn**] ratio determining a charge transfer effect. For exam-
ple the 8% Cu?* content increases the average Mn valence from
3.37in (La0_63 Cag37 )Ml‘l03 to3.49in (La0_63 Cag37 )(Ml’lo_gz Cug s )03
approaching the boundary between the FM and CO long-range
phases [1].

The described magnetic outcome is much more evident in
(Lag.63Cag.37)(MnggCuqgpg)O03, where we start from a FM macro-
scopic phase before substitution, while it is less marked in the

Table 1
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Fig.4. Temperature dependence of susceptibility measured in ZFC and FC conditions
for (Lag.25Cap 75 )(Mno.92Cro.08 )03 (squares), (LagasCao7s)(Mng.o7Cro03 )03 (triangles)
and (Lag25Cap75 )MnOs (circles).

(Lag.25Cap.75)(Mng 92 Cug08)03 and (Lag2s5Cag75)(Mng.g7Cup 03)03
compounds where the magnetic behaviour is completely different.
For these last samples, whose pristine compound has a main CO and
antiferromagnetic phase, the characteristic CO susceptibility drop
determined by the appearance of antiferromagnetic superexchange
interactions correlated with the localization of charge carriers is
only weakened after Mn substitution. In this last case the Cu?* ions
act mainly as random impurities, determining an effective or site-
random magnetic field but always preserving the insulating CO long
range phase, due to their Jahn-Teller nature (Fig. 4).

Therefore from a macroscopic point of view our starting
hypotheses are verified: the CO non-ferromagnetic state coupled
to the Jahn-Teller lattice distortion is favoured in presence of
Jahn-Teller substituting ions like Cu2*.

We describe now the behaviour of the structural EXAFS parame-
ters, firstly focusing our attention on the Mn-0 single shell results.
The best-fit parameters values are reported in Table 1 for the
(Lag3Cap.37)(Mngg2Cug08)03 and (Lags5Cag.75)(Mng.92Cup 08)03
samples at T=300K.

In Fig. 5 the local order parameter o2 of the MnOg coordination
shell is reported as a function of temperature for the substi-
tuted sample (Lagg3Cag37)(MnggoCugog)03 (empty squares) and
for the pristine (Lag g3Cag 37 )MnO3 and (Lag 25Cag 75 )MnO3 samples
(empty triangles and full circles) which respectively belong to the
long-range FM and CO representative compositions.

The EXAFS results before and after the Cu substitution show
a clear enhancement of the local disorder as a function of T in
(Lag.e3Cag.37)(Mng g Cug g )O3 with respect to the sudden decrease
evidenced in the (Lag g3Cag 37 )MnO3 sample [17,18] and to a Debye-
like trend (continuous line). This striking effect is strictly connected
to an enhanced CO phase, going towards the o2 behaviour of
the charge ordered (Lag5Cag75)MnO3 sample [12]. We point out
how the effect induced by the Jahn-Teller Cu2* substituting ion is
extremely different from that induced on the same sample com-

Best-fit parameters obtained both from the two Mn-0 sub-shells and from the single shell analysis of the (Lag3Cao.37)(Mngg2Cuggs)03 and (Lag25Cag.75)(Mngg2Cupes )03
samples at 300 K.N is the coordination number, Sg is the total amplitude reduction factor, R is the average interatomic distance and o? is the Debye-Waller factor. Numbers

in parentheses are statistical errors in the best significant digit.

Fit sub-shell (Lag,s3Cag37)(Mng.92Cug 08)03 (LagasCag75)(Mng g2 Cug 08 )03

Path N S R(A) 02 x 1073 (A?) 5 R(A) 02 x 1073 (A?)
Mn-0 4 0.85(1) 1.93(1) 45(2) 0.85(1) 2.10(1) 43(2)

Mn-0 2 0.85(1) 2.03(1) 3.6(2) 0.85(1) 1.93(1) 33(2)

Mn-0 single-shell 6 0.85(1) 1.98(1) 5.9(2) 0.85(1) 2.03(1) 5.8(2)
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Fig. 5. Mn-O mean square relative displacement o2(A2?) of (Lags3Caos7)
(Mngo2Cugps)03 (empty squares) and of the pristine (LaggzCags7)MnOs; and
(Lagp25Cap.75)MnO3 samples (empty triangles and full circles; adapted from Ref. [11]),
determined from the single shell analysis as a function of temperature (the contin-
uous line represents the Debye-like contribution to the total disorder factor).

position by non-Jahn-Teller Cr3* and Ni2*, where we revealed (see
Ref.[13]) only a progressive broadening and lowering of the PM-FM
transition determined by the fact that these cationic species do not
participate in double exchange. Moreover, we have also to consider
that the cited charge transfer effect induced by the Mn substitution
with a divalent ion is not sufficient to determine the huge effect
observed both in magnetic and structural properties only in the
Jahn-Teller Cu2* case and not in the Ni?* one [13]. Therefore the
local Jahn-Teller distortion coupled to the CO phase component and
the greater internal chemical pressure, both influenced by the Cu2*
substitution, appears to be determinant to interpret the obtained
results.

In (Lagg3Cag37)(MnggpCugpg)03 the o2 parameter follows a
temperature dependent Debye-like behaviour 012) at high tempera-
tures (T>225K) with a Debye temperature 6p around 500K, plus

a temperature independent static contribution 052 =0.00183A

due to the presence of a Jahn-Teller distorted environment. The
high temperature Debye-Waller factor shown in Fig. 5 has been fit-
ted considering ¢%(T) = U% + 052, as already explained in previous
papers [12,13], where the temperature dependent dynamic contri-
bution a% is expressed as an infinite series whose first and most

important terms are [19]:

0p/T
,_ 30 [1 (1)2 X
GD_MICBQD 4+ 9]) 0 dxe"—l (1)

where M is the mass of the diffuser atom. The fitting parameters
were the static contribution o§ and the Debye temperature 6p,
found to be about 510K, in accordance with previous experiments
[12,13]. Otherwise below Tcg the o2(T) behaviour is characteristic of
a CO-like phase characterized by a breaking of the high temperature
crystal symmetries [12,13].

For what concerns the (Lagz5Cag75)(MnggyCugpg)O3 and
(Lag25Cag.75)(Mng g7Cug g3 )O3 samples we evidence in Fig. 6, after
comparison with the charge ordered (Lag;5Cag.75)MnO3, how the
local order parameter o2 substantially remains charge ordering-like
on a long-range scale, in agreement with the magnetization results.
Clearly, in the Jahn-Teller Cu?* substitution case the induced ran-
dom impurity effect is not sufficient to reduce CO at a local level
as occurs with non-Jahn-Teller Ni2* or Cr3* jons in the x>0.50
Ca-content range [13].

Moreover in all the samples we suggest the two Mn-0O inter-
atomic distances as an alternative model, which anyway does not
exclude the single distance one [12]. Therefore, as published in pre-
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Fig. 6. Mn-O mean square relative displacement o2(A2) of (LagsCagzs)
(Mngg2Cuqos)03 (empty triangles), (Lag25Cap.7s)(Mnog7Cuge3)03 (empty circles)
and of the pristine (Lag25Cag75)MnO3 sample (full circles; adapted from Ref. [11]),
determined from the single shell analysis as a function of temperature.

vious papers [12,13], we distinguish a bimodal distribution of Mn-0O
interatomic bond lengths, with a fit residual about 35% lower at all
temperatures than that obtained by the one shell analysis, obtain-
ing an improvement of the fit at each temperature respect to the
single shell model (see Ref. [13]). In this framework, the quality of
the fit with one or two Mn-0O distances Was checked by means ofthe

residual p = 3 k3 [ xexp(ki) — Xtneo(Ki ] /> k3 [ xexp(ki ] where
Xexp(ki)and Xtheo( k;) are the experimental and the calculated EXAFS
signals at the wave vector k;

The Mn-O interatomic distances thus obtained for the sample
(Lap.25Cag.75)(Mng g2 Cug og )O3 arereported in Fig. 7 and can be com-
pared with the chromium doped (Lag 35Cag 75 )(Mng g, Crg gg )O3 and
un-doped (Lag 25Cag.75)MnO3 cases presented in Ref. [ 13]. While the
partial substitution of Mn with Cr reduced the difference between
longer and shorter Mn-0O distances respect to the pristine com-
pound [13], denoting a weakening of the Jahn-Teller distortion and
of the CO phase coherence, the Jahn-Teller Cu substitution deter-
mines an increasing of the longer Mn-0O distance and therefore
accentuates the divergence between the two different sub-shell
bond lengths (see also Table 1). This result confirms the presence of
a local Jahn-Teller distorted and insulating phase component also
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Fig. 7. Bimodal distribution of the Mn-0O bond lengths (Nmn-o =4 and Nmp-o =2
for the longer (full triangles) and shorter (full circles) interatomic distances) of
(Lag.2s5Cag.75)(Mngg2Cup s )O3 as a function of temperature.
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Fig. 8. Best-fit curves obtained considering one or two Mn-O distances (upper
curves) for (Lag2s5Cag7s)(Mngg2Cugpes )O3 at 300K; the two fit curves have been
shifted for a better comprehension.

at low temperatures in the Mn substituted compounds and the sig-
nificant influence on local disorder determined by the substituting
ion [20].

In Fig. 8 typical fits with one or two Mn--0O distances are pre-
sented for the (Lag;5Cag75)(MnggCugog)O3 sample, evidencing
that the curve obtained introducing two bond lengths better repro-
duces the experimental data, especially at high k values.

In summary, we reveal a strong correlation between the local
order and structure studied by EXAFS and the magnetization
behaviour and therefore we confirm a relation between charge
localization (connected to local disorder), and magnetic degrees
of freedom. We emphasize that a local probe like EXAFS provides
information on systems that are only apparently homogeneous
revealing, as in the present case, the influence of the Mn partial sub-
stitution on peculiar local scale features. Moreover in the present
case, further EXAFS measurements at the Cu K-edge would be inter-
esting. This should be one way to probe the Cu valence and to
determine quantitatively the extent of distortions about the copper
site.

4. Conclusions

We measured the EXAFS spectra and dc magnetic susceptibil-
ity of (Lag,s3Cap.37 )(Mng.92Cug 08)03, (Lag.25Cag.75 )(Mng.92Cug 03 )O3

and (Lag5Cag75)(Mngg;Cugg)O3 manganites, between 20 and
300 K. We found that the Cu substitution weakens in a relevant and
outstanding way the FM long-range phase in the compound with
x<0.50 while the CO phase in the second class of samples (x >0.50)
results to be only slightly conditioned. Moreover, the local structure
parameters still confirm in all the studied Cu-substituted samples
the presence of the same anomalies characteristic of the CO pris-
tine compounds, like the Debye-Waller factor plateau below Tcg
and the Jahn-Teller splitting of the Mn-0 distances in the MnOg
octahedra.

The results we have obtained verify the natural tendency to
phase separation in manganites and the possibility in the Cu substi-
tution case, as already happened after Cr and Ni substitutions [13],
to tune the relative weight of one phase component (CO) respect to
the other (FM) in this characteristic nanometric phase percolation
scenario [9,13].
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