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The effect of the substitution for Mn with Al in the magnetoresistive perovskitg;Ca,;;sMnO4 has been
studied by preparing the series J4Ca;;sMn, Al O3 (x<0.2). A careful study of the magnetic, structural,
and transport properties has been carried out by means of electrical resistance, magnetoresistance, ac magnetic
susceptibility, x-ray-diffraction, and neutron-diffraction techniques. Up=d.05 the Curie temperatufand
the associated metal-insulator transiliolecreases drastically with Al doping and the magnetoresistive prop-
erties do not change very much. Foe0.1 the lattice spontaneously begins to lose oxygen atoms and for
x=0.2, 3% of oxygen vacancies are present. This fact along with the random distribution of the Al atoms
makes these compounds rather disordered from a structural and magnetic point of view. However, the mag-
netoresistance is enhanced, reaching colossal values’® 20H=12 T at low temperatures far=0.2.
[S0163-18207)04414-1

. INTRODUCTION thermal expansiofi’and the existence of short-range mag-
netic order far abova .’

The physical properties of the doped LaMgp&amples is A better understanding of the underlying physical mecha-
one of the most studied topics in the last years due to th@isms can be achieved by destabilizing the Mn sublattice.
observation of giant(and “colossal) magnetoresistance We have chosen Al to make the substitution because it has
(GMR)_1_4 The basic magnetic and Structura| properties Ofno magnetic moment and its aFomiC radius i.S Smalller than the
R, ,AMnO; (R: rare earthA: Ca, Ba, Sy were widely ~Mn one. Consequently, a rapid decrease in the intensity of
studied in the pat® Both end members are antiferromag- the ferromagnetic interaction is expected and the Iocal|z_at|on
netic insulator, but doped compounds (G=x<0.4) are process cou_ld also cha_mge. All this shoulq be reflected in the
ferromagnetic and metalfiat low temperatures. This prop- magnetoresistance ratios. Moreaver Laglid a well-known

erty was explained within the framework of the double- perovskite and consequently, 4gCaysMn;_,AlO5 solid
exchange interaction by Zeflebut recently, it has been solutions are expected in a wide range of concentration.

claimed that an additional mechanism such as a Jahn-Teller
distortion may be required to explain the large magnetoresis-

tance effects. LaysCaysMng Al O3 (x=0, 0.01, 0.03, 0.05, 0.1,
Despite the exhaustive StUdy of the effects of the rareq.15, 0.2 Samp|es were prepared by standard ceramic proce-
earth replacement in these manganifese, for instance, dures. Stoichiometric proportions of L@, CaCO;,
Refs. 10—12, very little is known about the influence of the Al,O;, and MnCQ; with nominal purities not less than
substitution at Mn sites with other elements. The influence 0069.99% were mixed and heated in air at 950 °C for 12 h.
Fe substitutiof? on Sm-based compounds and the effects ofafter grinding they were pressed into bars and sintered in air
Al substitution on Pr-based compountibave recently been at 1250 °C for 48 h and 1400 °C for 12 h with intermediate
reported. We report here a thorough study on the effects afrindings. One selected sampbe<{0.2) was also sintered in
the replacement of Mn by Al in the archetypal giant magne-an oxygen current flow at 1000 °C and, at several tempera-
toresistive Lg,sCa,;3MnO;. The structural, magnetic, and tures(800—1000 °¢ under an oxygen pressure of 200 bars.
electrical properties of this compound are well known. It The oxygen content was analyzed using standard redox
undergoes a paraferromagnetic transitioriTgt=260 K. At titration with KMnO, and Mohr’s salt. Step-scanned powder
this temperature an insulator-metal transition is observediffraction patterns were collected at room temperature using
The highest magnetoresistance ratios are obtained aroumdD-Max Rigaku system with a rotating anode. The diffrac-
this temperaturé® In this compound two phenomena seemtometer was operated at 100 mA and 40 kV with anode of
to be important: a charge-carrier localization process abov€u and a graphite monochromator was used to select the Cu
T. (and suppressed at),'®!"whose nature is still a matter Ka; , radiation.
of discussiort?® and the double-exchange interaction that Magnetic measurements were carried out between 5 and
causes the ferromagnetic ordering. The charge localizatioB00 K by using a commercial Quantum Design supercon-
process abové . is characterized by an anomalous volumeducting quantum interference device magnetometer. The re-

Il. EXPERIMENT
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TABLE I. Mn** concentration and data obtained from x-ray-diffraction refinement at room temperature of lattice pargfieters
unit-cell volume(A %), interatomic distances for Mn{octahedror(A), and angles between neighbors MnactahedrgDeg). O(1): apical
oxygen; G2): basal oxygen.

Sample x=0 x=0.01 x=0.03 x=0.05 x=0.1 x=0.15 x=0.2
No.

Mn“4* (%) 30 34 34 35 22 18 16
a 5.48313) 5.46992) 5.47692) 5.46433) 5.46113) 5.45243) 5.45242)
b 5.47062) 5.45922) 5.45263) 5.45332) 5.45083) 5.44382) 5.43722)
c 7.72836) 7.70688) 7.68976) 7.69997) 7.69229) 7.67496) 7.66517)
\% 231.82 230.13 229.64 229.44 228.96 227.80 227.17
Mn-O(1) 2 1.9581) 1.9651) 1.9591) 1.9562) 1.9522) 1.9412) 1.9302)
Mn-O(2) 2 1.9636) 1.9737) 2.0017) 1.9746) 1.9597) 1.9674) 1.9536)

2 1.9596) 1.9456) 1.9195) 1.9345) 1.9565) 1.95Q3) 1.9606)
(Mn-O) 1.959 1.961 1.960 1.955 1.956 1.953 1.948
Mn-O(1)-Mn:

2 160.93) 157.33) 157.62) 159.43) 157.84) 154.44) 157.14)
Mn-O(2)-Mn:

4 160.48) 160.73) 160.46) 161.47) 161.46) 163.75) 163.27)
{Mn-O-Mn) 160.6 159.6 159.5 161.0 160.2 160.7 161.4

sistance(magnetoresistangeneasurements were performed stance, the actual formula far=0.2 as measured by redox
by standard four-probe method. A superconducting coil wasitration is Lay;sCa;sMn g gAl ¢ 205 g+0.02 Which is in agree-
used to produce steady magnetic fields up to 12 T and thement with the formula LgsCa;;sMn g gAl 502 g3:002, Ob-
magnetic field was applied parallel to the current. tained from Rietveld refinement of the neutron-diffraction
Neutron-diffraction measurements were performed at thelata as can be seen below. One could think that this effect is
high-flux reactor placed at the Institut Laue-Langevin. Twonot intrinsic but depending on the sample preparation. Sev-
different instruments were used. For accurate refinement dadral different methods of preparation have been used for the
the lattice parameters and the magnetic structure at low tenx=0.2 sample as has been described in the experimental sec-
perature, measurements were carried out on D2B, using #on but in all of them, the value of Mi" obtained by titra-
wavelength of 1.594 A. For tracing the temperature depention redox was the same within the experimental error even
dence of the structural and magnetic properties, the instrufor samples annealed at different temperatures under high
ment D1B was used. Using a wavelength of 2.52 A, weoxygen pressuré200 bars.
studied the angular range 2.5°—-82.5° at temperatures rang- Figure 1 shows the thermal dependence of the ac mag-
ing from 1.5 to 320 K. netic susceptibility for all samples. For low Al contenip to
x=0.05 a rapid decrease if. is observed but the curves are
rather similar to the undoped compound one. It is noteworthy
that theT, is not as well defined as for the undoped com-
X-ray powder diffraction showed clean single-phase patound due to a certain degree of disorder in the Mn sublat-
terns for all samples. The diffractograms can be indexed ifice, responsible for the ferromagnetic interaction, caused by
the Pbnmspatial group, very common in perovskites ortho- the Al presence. The same effectTaf broadening occurs in
rhombically distorted and in agreement with relatedthe Al-substituted Pr manganittSHowever, this effect does

compoundg:® Table | summarizes the relevant structural pa-

Ill. RESULTS AND DISCUSSION

Mn“* keeping the oxygen stoichiometry, or the formation of
oxygen vacancies in the lattice. The first mechanism is pre-
ponderant at low Al concentrations as can be seen from the
Mn4* percentage in Table |. Therefore, samples with
x=<0.05 are nominally stoichiometric. Nevertheless, the
Mn** percentage decreases for higher Al content and conse- FIG. 1. ac magnetic susceptibility as a function of temperature
guently, oxygen vacancies are producedxer0.1. For in-  for all studied compounds.

rameters obtained by Rietveld analysis of the diffractograms 0.06

by using therFuLLPROF program®® The unit-cell volume and x=003  y_001  x=0
the average Mn-O distance decrease with increasing the Al %% 9
content. Both results are consistent with the lower size of = .,

AlI®* . However, this substitution produces minor changes in E

the angles of the Mn@ octahedra, the average Mn-O-Mn 2 0.03 1
angle remaining rather constant. Two effects can be expected = 2

by the partial replacement of Mn by Al in order to preserve 0.02 )
the charge equilibrium: either an oxidation from R to 001 L 2N Fre w o

<
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FIG. 3. Temperature dependence of the intensity of the Bragg
peak(1 1 0 for x=0, 0.05, 0.15, and 0.2. The rise corresponds to
the onset of the magnetic contribution. Lines are visual guides.

the x=0.05 compound. A clear SANS contribution appears
aboveT, that is suppressed at,, when the paraferromag-
netic and insulator-metal transitions occur.

In Fig. 2(b) the thermodiffractogram fox=0.2 indicates
that the characteristics of a unique transition temperature are
not present. The intensity of the first Bragg nuclear peak,
(110, as a function of temperature is plotted in Fig. 3. A
magnetic contribution appears at 200 K and rises steadily
down to low temperatures. Instead of having a typical ferro-
magnetic dependence on temperature as it occurs in
x=0.05, forx=0.2 (andx=0.15 the magnetic intensity be-
haves in a rather unusual way. The Rietveld refinement at 4
) _ ) K indicates that the magnetic moment per Mn {see Table

FIG. 2. Neutron-diffraction thermodiffractograms of the) 1) is 2.5up for x=0.15 and 1.85 for x=0.2, far from the
x=0.05 and(b) x=0.2 compounds. saturation magnetic moment. These results are in agreement

with the ac susceptibility measurements and can be ex-
not prevent the Mn ions from being all ferromagnetically plained under the assumption that the compounds are mag-
ordered at low temperature. The refinement of the lownetically inhomogeneous. This magnetic disorder has two
temperature neutron-diffraction spectra shows thdtlithe  sources: the presence of Al in the Mn sublattice and the
magnetic moment per Mn ion is .4 for x=0.05, which is  spontaneous appearance of oxygen vacancies. The distribu-
close to the theoretical saturation magnetic moment of 3.6ion of both of them in the lattice is plausible to be random in
g . This is important because it indicates that at low tem-a first approximation. Statically some regions of the sample
peratures the samples wik0.05 are magnetically homo- will be more populated with them than the rest. If one thinks
geneous. The magnetic behavior of the compounds witln thex=0.2 compound, with a 20% of Al impurities and 3%
x=0.1is completely different. From the ac magnetic suscepef oxygen vacancies, the sample will be possibly very disor-
tibility, T, cannot be straightforwardly obtained as the curvesiered from a structural point of view. This structural disorder
are rather smooth and a cusp is developed at around 60 Kust lead to high magnetic inhomogeneity. The ferromag-
that is more pronounced for greater Al content. From thenetic double-exchange mechanism is a process consisting of
susceptibility measurements alone, it is not possible to draw Mn-Mn indirect interaction through the oxygen orbitals.
trusty conclusions and consequently, a microscopic study haSonsequently, it will be very sensitive to the presence of Al
been carried out by measuring neutron diffraction. impurities and oxygen vacancies. In regions of high concen-

The thermodiffractograms at scattering angles betweefration of them, the double-exchange will be thwarted. The
3° and 83° and at temperatures ranging from 1.5 to 320 Kscenario that comes up from the neutron measurements for
are shown in Fig. 2 for the compounds witk-0.05 and 0.2. x=0.1 is one where there is a continuous distribution of
For x=0.05 the ferromagnetic ordering is clearly seenCurie temperatures from 200 K down and probably at the
through the increase in intensity of the first Bragg nuclealowest temperature some regions are clusterlike spin-glass
peak atT.~200 K, in agreement with the ac susceptibility rather than ferromagnetic. Otherwise, the refined magnetic
measurements. Another feature reminiscent okth® com-  moment per Mn ion would not be so far from the expected
pound is the observation of small-angle neutron scatteringalue for saturation. It should be mentioned that regions with
(SANS). In LaysCaygMnO5 it was shown that a3, is ap-  magnetic coherent length of the order of 2 will contrib-
proached from above, ferromagnetic clusters develop bringdte in intensity to the magnetic scattering on Bragg peaks.
ing about a strong contribution to the small-angle Consequently, regions of much smaller magnetic coherent
scatteringt” One can see that the same effect takes place fdength will not give such contribution and should be consid-
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TABLE II. Data at 1.5 K obtained from neutron refinement of 6000
lattice parameter€l), unit-cell volume(A 3), interatomic distances
for MnOg octahedron(A), angles between neighbors Mg®cta- 5000
hedra(Deg,), and ferromagnetic momenjg/Mn). 4000
2

Sample x=0.05 x=0.15 x=0.2 51 3000

No. “:D 2000
a 5.45725) 5.45384) 5.44889) — 1000
b 5.44284)  5.43684) 5.43088)
c 7.68766) 7.67416) 7.658(12) 0§
\% 228.34 227.55 226.61 -1000
Mn-O(1): 2 1.9561) 1.9511) 1.9481) 0 50 100 150 200 250 300 350
Mn-0(2): 2 1.9493) 1.9184) 1.9076) T(K)

2 1.9523) 1.9744) 1.9806)
(Mn-0) 1.952 1.948 1.945 FIG. 5. Volume thermal expansion calculated from the thermal
Mn-O(1)-Mn: 2 169.31) 169.41) 169.42) dependence of the lattice parameters as obtained from the fits of the
Mn-O(2)-Mn: 4 171.12) 171.51) 171.61) spectra to theP_bnmspace group. Closed dots qnd triangles corre-
(Mn-O-Mn) 170.5 1708 170.85 spond, respe_ctlvely, uof 0.15 ar_ldx:O.Z. Open circles correspond
u 3.41 o5 185 to x=0.05. Lines are visual guides.

is no longer visible forx=0.1 because there is not a mag-

ered cluster-glass-type instead of ferromagnetic. In Fig. 4 theetic transition at a specific temperature. Correspondingly,
Rietveld refinement of thex=0.15 compound at 1.5 K is the characteristic SANS intensity abo¥e has also disap-
shown. Some parameters obtained from the fit for this compearedsee Fig. 20)]. Although D1B is not a high-resolution
pound and for the other compounds are listed in Table Il. spectrometer for lattice parameters and the absolute values

The other feature of carrier localization aboVig in should be taken with care, qualitatively one can see the
La,sCa;sMn0O; is the existence of an anomalous volumeanomalous volume thermal expansion fo+0.05.
thermal expansion with a jump a,.*%!’In Fig. 5 the vol- The resistivity as a function of temperature is plotted in
ume thermal expansion calculated with the lattice parameterSig. 6. The results nicely reflect the microscopic behavior but
obtained from the neutron-diffraction spectra fits is shown. Aunder no circumstances should one draw microscopic con-
volume anomaly is detected at arouRdfor x=0.05 while it  clusions from the resistivity measurements alone. Apparently
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100

26 (DEG)

FIG. 4. Rietveld refinement of the spectraTat 1.5 K of thex=0.15 compound. The main parameters obtained from this fit are listed
in Table Il. The difference between measured and calculated data is plotted below.
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FIG. 6. Resistivity as a function of temperature for tke0, FIG. 7. Magnetoresistance Ht=12 T (see textas a function of
0.05, 0.1, 0.15, and 0.2 compounds. temperature for th&=0, 0.05, 0.1, 0.15, and 0.2 compounds.

the curves are quite similar for compounds witk<0.15, tance comes from the misalignment of spins. The effect of
with a maximum that shifts to lower temperatures as the Athe magnetic field is to align them and the expected magne-
content increases. However, as we have shown with the neteresistance is much smaller. In FigaBthe resistivity for
tron measurements, the microscopic behavior is different<=0.2 at 0 and 12 T is shown. As can be seen, the residual
Forx=0, it is well known that at the paraferromagnetic tran- resistivity at 12 T remains very high for=0.2 sample. This
sition temperatureT,, a metal-insulator transition occurs Was also observed ifLa,;sThy/3) 2Ca;,Mn0 3, due to
simultaneously. The maximum of the curve fa=0.05 the nature of the cluster-glass state. We have also measured
should be interpreted in the same way because all the hal®c magnetic susceptibility at different frequencies to check if
marks of this transition are present: volume anomalffat the spin-glass regions present in the0.2 compound bring
and SANS abovel,. In this compound the maximum is about a shift in the maximum. The results shown in Figp) 8
rather smooth because of tiig broadening aforementioned. confirm this hypothesis.

For thex=0.1 andx=0.15 compounds the maximum does The  macroscopic  results obtained for the
not correspond to a true insulator-metal transition. The maxilazzCaysMn; Al O3_ s series are very similar to those
mum occurs at a lower temperature than the onset of longPbtained for the(La; ,Tby)2:CasMnO;, (Ref. 12 and
range magnetic order. In these compounds where the electri-

cal and magnetic behavior is so tight, the magnetic

inhomogeneity should alter the transport properties. As the 10° ¢ T T T T T !
ferromagnetic state should give metallic behavior and the 10 | (@) .
paramagnetid¢or spin-glass state should give insulator be- 106 § ]
havior, the presence of magnetically inhomogeneous regions 7 10°
must bring about the coexistence of conductive and insulat- N
ing regions within the sample. The important parameters are ¢
the local magnetic coherence length and the free mean path o 10°
for the electron scattering in a spin-aligned region. If the 10°
electron moves in a region of magnetic coherence length 10§
smaller than this electronic free mean path, it will be addi- 10 b
tionally scattered. The macroscopic behavior will be a bal- 0 50 100 150 200 250 300
ance that depends on the extent of the conductive and insu- T &
lating regions. Due to this, fok=0.2 a maximum is no 12.0 T T T ,
longer seen and the sample remains insulator up to 50 K, s L —e—12H (b)
where the resistivity is so high that it saturates our experi- ~ 110 L 12Hz ]
mental setup. S | T 120Hz

The magnetoresistance curves for some selected samples \E 105 - ]
are shown in Fig. 7. The magnetoresistance is defined here as E 100 - .
MR(%)=100xX |R(H=12 ) —R(H=0)|/R(H=12 T). It is = 95 | -
observed that as the Al content increases, the MR ratio in- 90 L i
creases, but at lower temperatures, which is not suitable for o5 L i
technological applications at room temperature. ke10.2 6o . . . .

the MR ratios are very high and the effect should be ascribed 0 20 0 0
to the effect of the magnetic field on the insulating regions. It T (K)
was shown ir(La,3Th3) 23Ca,sMn0O3, 22 which is cluster

glass at low temperatures, that the magnetic field can change FIG. 8. (a) Resistivity without and under magnetic fie(d2 T)
the resistivity in 11 orders of magnitude. In fact, it is like an for the x=0.2 compound(b) Frequency dependence of the cusp
insulator-metal transition. In the metallic regions the resis-seen in ac susceptibility for the=0.2 compound.

80 100
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other related serié$ that exhibit giant magnetoresistance: IV. CONCLUSIONS
when the double-exchange interaction is weakened,Tthe

diminishes and the magnetoresistance ratios are enhanced BY replacing Mn by Al in the giant magnetqre5|st|ve per-
ovskite LaysCa3 MNO;3, colossal magnetoresistance ratios

but at lower temperatures, which is a drawback for techno- ear at low temperture for high Al contents<0.2). For
logical applications. However, the microscopic mechanism&PP W pertu '9 =
=<0.05, the properties of the undoped compound are re-

in both kinds of systems are different. When the substitutior . . .
takes place in the rare-earth site with a smaller ion, the Mn-a'ned except for a broadening of the Curle.tempefrature. For
' =0.1, the compounds become magnetically inhomoge-

-Mn angl r isfavoring the transfer integral be- . .
o angle decreases, disfavoring the transfer integra bei(weous as a result of the structural disorder caused in the Mn

tween Mn ions and consequently weakening the double- blatti d th ted £ intrinsi
exchange ferromagnetic mechanism. In those compounds gy P1atlice an € unexpected presence of Intrinsic oxygen

disorder that occurs in the rare-earth sites is a second—ord(\é?calmcfr'esd' Neutr(t)n-qlfzr%cttlon rneasufremen(tjs_ffshov;/ that a
correction on the magnetic homogeneity because the magng'—nge ¢ 00€s not exist but regions ot very difierent mag-

tism is governed by the Mn and O ions positions. On thenetic coherence length. This brings about the coexistence of

other hand, when the Mn sublattice is destabilized by substir-netaIIiC and insulating regions at low temperaiure, the mag-

tuting Mn by nonmagnetic ions like Al, the compounds re- netoresistance being caused mainly by the effect of the mag-

sult in inhomogeneous magnetic systems. In the studieHetiC field on the insulating regions. Once more the electrical
La,CayMn; Al O5 , compounds, this disorder is en- properties of the manganese perovskites have been found to

hanced by the presence of oxygen vacancies and at low terg-e a consequence of the microscopic structural and magnetic

peratures there is coexistence of regions in the samples wi ehavior.
very different magnetic coherence lengths. In this series we

have found that for high Al contents the magnetoresistance
appears not around, (which is not well defined any moye

but at low temperatures due to the effect of the magnetic The Spanish authors are grateful to the Spanish DGICYT
field on the insulating regiongthose with short magnetic for financial support under Project Nos. MAT 96-0491,
coherence lengih MAT96-826, and APC95-123.
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