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Abstract

Samples of La0.89Sr0.11Mn1�yCuyO3+d (y ¼ 0:00; 0.07) were prepared and characterized by magnetic and transport

measurements and zero-field nuclear magnetic resonance. All samples displayed ferromagnetic metallic behavior below

the ordering temperature, which decreased for the Cu-doped sample. 139La NMR spectra have been observed around

19MHz for both samples, with remarkable broadening and splitting introduced by the Cu doping. An estimate of the

magnetoresistivity and magnetocaloric properties was provided as well. r 2002 Elsevier Science B.V. All rights

reserved.
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The mixed valence manganites RE1–xAExMnO3

(RE=trivalent rare-earth or Y, AE=divalent alkaline

earth) have attracted a lot of scientific interest in the

recent years due to their intriguing electronic/magnetic

phase diagram and also due to their outstanding

magnetotransport properties (see for example Ref. [1]).

As the electronic and magnetic properties of the

manganites are mainly governed by the oxygen-

mediated Mn interaction, the substitution of transition

metals like Cr, Fe, Co, and Cu for Mn in such systems

has been extensively investigated, in order to obtain

information on the details of that interaction [2–4].

Particularly in the system La1–xSrxMn1�yCuyO3, the

introduction of Cu2+ was shown to lead to important

changes in the transport properties, with the report of an

anomalous conduction mechanism introduced in the

Cu–O–Cu chains and possible electronic phase separa-

tion [4–6]. In this work, we report preliminary electric

and magnetic as well as nuclear magnetic resonance

(NMR) measurements in La0.89Sr0.11Mn1�yCuyO3+d

samples, from which one can examine the effect of the

Cu substitution on local structure and also on transport

properties of the studied manganites.

Bulk samples of La0.89Sr0.11Mn1�yCuyO3+d (y ¼ 0:00;
0.07) were produced by standard solid-state reaction of

high-purity La2O3, SrCO3, MnO2 and CuO powders

mixed in stoichiometric proportions. The mixed powder

was pressed into pellets and first heat-treated at 9301C in

atmospheric air for 4 days with three intermediate

crushing/pressing procedures. Later, the pellets were

heat-treated at 13501C under oxygen flow for 48 h, with

one intermediate crushing and pressing. X-ray diffrac-

tion (XRD) indicated the formation of single-phase

samples (rhombohedral cell). Scanning electron micro-

scopy (SEM) showed the formation of crystals with

dimensions around 2mm and energy dispersive X-ray

(EDS) analysis indicated a nearly homogeneous compo-

sition similar to the stoichiometric one.

The real part of the AC magnetic susceptibility (wAC)

vs. T curves (recorded with Hrms ¼ 0:08Oe, f ¼ 423Hz)

for the as-prepared samples is shown in Fig. 1. The

La0.89Sr0.11MnO3+d sample presents a strong ferromag-

netic transition just above room temperature

(TC ¼ 311 K, from the peak of the dwAC=dT vs. T

curve). From this value we can estimate the Mn4+

concentration in this sample to be around 0.20 [7,8],
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which is due both to the Sr substitution for La and also

to the cation vacancies associated with the oxygen excess

(dB0:05) in the chemical structure, introduced by the

rich-oxygen atmosphere employed during the sample

preparation [9].

The decrease of the magnetic ordering temperature

caused by the Cu substitution [5] is observed in the wAC

vs. T curve shown in Fig. 1b. The 7% Cu-doped sample

displays two consecutive transitions, which can be

clearly identified as the peaks at 245 and 211K in the

dwAC=dT vs. T curve. As the possibility of impurity

phases can be disregarded from the absence of spurious

XRD peaks, it must be inferred that one is dealing with

genuine magnetic and/or structural transitions. In fact,

the existence of such a double transition is also detected,

with less evidence, in the undoped sample, as can be

observed in the dwAC=dT vs. T curve shown in Fig. 1a. It

is worth noting that the observation of such anomalies

in wAC vs. T curves is only possible in our case due to the

low applied magnetic field employed in the AC magnetic

susceptibility measurements. We have verified that,

when a DC magnetization measurement is performed

for the undoped sample, even the use of a magnetic field

around 10Oe is sufficient to mask the double peak in the

derivative curve. On the other hand, the existence of the

double transition can be also observed for similar

compounds reported in the literature, when an appro-

priate low field magnetic susceptibility curve is available

[9]. We can conclude therefore that the behavior

displayed in Fig. 1b is not exclusively due to the Cu

substitution, but there is no doubt that the presence of

Cu makes the double transition much more obvious

than in undoped samples.

Additional information on the magnetic properties of

such materials can be attained from the analysis of the

magnetization data. Fig. 2 shows the temperature

dependence of the product ðqM=qTÞ � H for undoped

and 7% Cu-doped samples under magnetic fields H up

to 50 kOe (measurements performed in an SQUID).

From the integral of (qM=qT) with respect to the

applied magnetic field one can compute the values of the

magnetic entropy change accompanying the magnetic

transition [10]. The maximum values (around TC) found

for 50 kOe of magnetic field change are �3.5 and �3.3 J/

kg K for the samples with 0% and 7% of Cu,

respectively. These results are in good accordance with

previous reports on other manganites [10,11], and it is

clearly seen that the Cu substitution (at least in the light

doping regime) has little influence on the magnetocaloric

properties of the studied manganites. The effect of the

applied magnetic field on the double transition is also

observed in Fig. 2. The dotted lines indicated in the

figure correspond to the transition temperatures derived

from wAC data (Fig. 1). It can be seen that the

application of increasing magnetic fields shifts

the transitions to higher temperatures, particularly for

Fig. 1. Real part of the AC magnetic susceptibility (wAC) vs.

T and its first derivative (dwAC=dT) vs. T curves for

(a) La0.89Sr0.11MnO3+d and (b) La0.89Sr0.11Mn0.93Cu0.07O3+d.
Fig. 2. Magnetic measurements, plotted as ðqM=qTÞ � H vs.

T curves under various applied magnetic fields for

(a) La0.89Sr0.11MnO3+d and (b) La0.89Sr0.11Mn0.93Cu0.07O3+d.
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the Cu-doped sample. At the same time, the existence of

two peaks in the ðqM=qTÞ � H vs. T curves, which is

evident for low fields in the Cu-doped sample case,

ceases to be clear for the high magnetic fields, as can be

observed in the curves recorded under 50 kOe field.

The electrical resistivity (r), measured with a standard

four-probe AC technique under magnetic fields up to

50 kOe, is shown in Fig. 3 for the 7% Cu-doped sample.

The metal-insulator transition is observed immediately

below the ferromagnetic ordering detected from wAC

data (Fig. 1), giving rise to the maximum observed for r
around 245K. With the application of magnetic fields

the electrical resistivity decreases, as expected, resulting

in a magnetoresistance ratio of 75% at 245 K and

50 kOe. At the same time, the maxima of the r vs. T

curves are shifted to higher temperatures, in accordance

with the magnetization results previously discussed. The

inset of Fig. 3 shows the behavior observed at low

temperatures. A minimum in the electrical resistivity is

observed around 30 K for the measurement made at zero

external field, indicating a semiconducting behavior

below this temperature; with the application of moder-

ate fields this minimum is easily suppressed. The

existence of this magnetic field dependent minimum in

the r vs. T curve at low temperatures has been reported

in a number of other similar samples [3,9] and it is

considered as a characteristic of polycrystalline manga-

nites, being usually attributed to variable-range hopping

of electrons in the region of disordered grain boundaries

[12].

The local atomic arrangement in the structure of

undoped and Cu-doped samples were investigated by

means of 139La NMR and the results are exhibited in

Fig. 4. These spectra were recorded point by point in an

automated pulse NMR spectrometer from the spin-echo

intensities measured at varying frequencies, with no

external applied magnetic field and at a fixed tempera-

ture (4.2 K). Both spectra present broad resonance lines

in the same frequency range, but the spectrum corre-

sponding to the 7% Cu-doped samples is broader,

extending from 12 to 27MHz, when compared to that of

the undoped sample (15–23 MHz). Besides, one can

observe a splitting in the case of the doped sample, with

two distinct peaks appearing at 18.5 and 20.6 MHz. The

occurrence of two distinct magnetic environments for La

nuclei in the structure of the La0.89Sr0.11Mn0.93-

Cu0.07O3+d sample constitutes an indication of an

inhomogeneous spin arrangement in this material,

which could be due to an electronic phase separation,

as observed in La1–xCaxMnO3 [13,14] and in

La0.825Sr0.175Mn1�yCuyO3 [5].

In summary, we have studied the effects of Cu doping

on the electric and magnetic properties of

La0.89Sr0.11Mn1�yCuyO3+d samples. The replacement

of Mn by Cu ions leads to drastic changes in magnetic

ordering temperatures and in transport properties, with

the possible occurrence of an electronic phase separation

suggested by NMR results. This subject needs further

clarification, and temperature-dependent 139La and
55Mn NMR measurements are being carried out in

order to give an additional information on the details of

the effect of Cu substitution on the main magnetic

interactions that control the physical properties of the

studied manganites.
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