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A systematic study of the effect of oxygen content on the structural, magnetotransport, and magnetic
properties has been undertaken on a series of LaMp®amples, withd=0, 0.025, 0.07, 0.1, and 0.15.
Measurements of the ac initial magnetic susceptibility, magnetization, magnetoresistance, and neutron diffrac-
tion, including small-angle neutron scatteri@®ANS), were performed in the temperature range 1-320 K
using high magnetic fields up to 12 T. The antiferromagnetic order found in LagMavOlves towards a
ferromagnetic order a8 increases. This behavior is accompanied by a drastic reduction of the static Jahn-
Teller distortion of the Mn@ octahedra. The ferromagnetic coupling weakens §8r0.1. The magnetic
behavior is interpreted by taking into account two effects caused by the increasec@tion vacancies and
Mn**/Mn®* ratio enhancement. The orthorhombic crystallographic structure becomes unstable at room tem-
perature for6=0.1. The sample5=0.1 shows a structural transition from rhombohedral to orthorhombic
below Tg~300 K with a huge change in the cell volume. All the studied compounds were found to be
insulating at low temperatures with no appreciable magnetoresistance, excépt Gat5, in which we ob-
served a large value for the magnetoresistance. The SANS results indicate that magnetic clustering effects are
important belowT. for §=0.07, which could explain the intriguing ferromagnetic insulator state. Indthe
=0.07 and5=0.10 samples we found at temperatures belgwmagnetic and structural anomalies that are
characteristic of charge orderin$0163-18207)04837-9

. INTRODUCTION this paper, the percentage of Kin being obtained as
% Mn*"=2Xx1008. Recent neutron-diffraction experiments

The renewed interest in the mixed-valence manganese 0%n La,_,MnO;, ;by Hauback, Helmer, and SaR#iave char-
ide perovskites, due to their unusual magnetoresistive propcterized the role of La vacancies in relation to the oxygen
erties, has stimulated us to carry out a detailed study of thexcess. They proposed the existence of three different crys-
possible causes that give rise to this behavior. The presenggllographic structures ORTZlorthorhombic with a large
of Mn** is recognized as necessary for the metallic charactesahn-Teller distortion of the Mnébctahedr ORT2(ortho-
found in these compounds when ferromagnetic. The exisrhombic with a very small Jahn-Teller distortiprand RH
tence of Mri* can be achieved by the substitution of La by a(rhombohedral structuyeConcerning the magnetic and mag-
divalent ion such a¢Ca", SP*, Ba").!~® Nevertheless, as netotransport properties of the nonstoichiometric com-
pointed out by Toffield and ScottL.aMnOs, s is the only  pounds, for high values of, Rao and Cheethdrand Ma-
system in the lanthanum-transition-metal perovskites whicthendiranet al® found low-temperature ferromagnetic order
exhibits a wide range of oxidative nonstoichiometry. Theseogether with a metal-insulator transition and large magne-
authors argued that the excess of oxygen cannot be acconpresistance. This was supported by subsequent neutron-
modated interstitially in the lattice. Thus, they postulated thediffraction experiments by Cheethast al® Recently, the
existence of La and Mn vacancies. Roosmalen andole of the La and Mn vacancies in LaMnO; and
Cordfunke® after a careful study of several nonstoichiomet- LaMn,_,0; was carefully studied by Arulragt al® From
ric compounds using neutron diffraction, concluded that thehese studies, it was established the existence of a pseudocu-
oxygen excess results inequivalentamounts of La and Mn  bic crystallographic phase when the number of vacancies at
vacancies. Therefore, LaMnQ;sis not necessarily correct as the Mn sites reaches a value of 10%. Moreover, this number
one should write L, 5Mng34 503 However, for the sake of vacancies is enough to destroy the ferromagnetfsitne
of simplicity, we will use the nomenclature LaMgQ; in  aim of the present work is to carry out a systematic study of
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TABLE |. Data of the magnetic behavior for all the studied compounds.

S 0 0.025 0.07 0.1 0.15

Mn** (%) 0 5 14 20 30

Formula unit LaMn@ Lag.g9MNg 9003 Lag.g7MNg 9703 Lag.96dMINg 96603 Lag.g5MNgp 95003

Magnetic AF F+AF F+AF F F

order Ty=140K Tc=110K Tc=160 K Tc=150 K Tc=160 K

F 1.48 F 3.25

m(ug) 3.49 2.92 3.26 2.86 0.78
AF 2.52 AF 0.25

Paramagnetic

region

C (emu K/mo) 3.48 5.38 4.34 4.45 4.66

0p (K) 46 126 171 170 129

Meff 5.3 6.6 5.9 6.0 6.1

Ferromagnetic

region

Mg (56 K, H=0)

(emu/mo) 624.4 39195 19181 17 046 5421.2

AM/AH (5 K) 2.7xX10°? 4.86x10°? 6.9x10°3 2.3x1072 0.97x10°?

(emu/mol O¢

Mot 0.11 0.70 3.43 3.05 0.97

the effect of MA* in LaMnOs, 5 (8<0.15), i.e., with an 0xygen content that those prepared at the Bell Laboratories
equal number of La and Mn vacancies, in order to investigatavere also prepared at the Instituto de Ciencia de Materiales
the crossover from antiferromagnetism and orthorhombigle Aragm and they showed the same physical properties.
structure for =0 to ferromagnetism and rhombohedral The Mrf* content in the samples was determined by redox
structure. Special care was given to the sample preparatiditration analysis by using titrated potassium permanganate
and the subsequent chemical analysis. We have studied tvamlution(see Table)l X-ray-diffraction patterns from 18° up
batches of samples. One batch was prepared at the Bal 100° in steps of 0.02° were collected by using a Rigaku
Laboratories, Lucent Technologie8=0, 0.07, 0.15and an-  D/max-B instrument with a copper rotating anode. The re-
other one with additional intermediate concentratidid@s finement of the data confirmed the quality of our samples, in
=0.025, 0.1 at the Instituto de Ciencia de Materiales dewhich an equal number of La and Mn vacancies were ob-
Aragon. We report magnetotransport, magnetic, and neutrontained within the experimental error. The resistivity was
diffraction measurements, including small-angle neutromrmeasured using a standard four-point method and the mag-
scattering, which will allow us to investigate the evolution of netoresistance up to 12 T using a superconducting coil. Mag-
the crystallographic and magnetic properties along the seriefaetic measurements, ac initial susceptibility, and dc magne-
tization, were carried out by using a commercial Quantum
Design superconducting qguantum interference device magne-
Il. EXPERIMENTAL RESULTS tometer between 5 and 300 K and magnetic fields upto 5 T.
The samples were prepared following a solid-state reacNeutron-diffraction experiments.were performed at the high
tion method starting from stoichiometric amounts of,0g flux reactor of th_e ILL. The D1B instrument was useq for the
and Mn,O,. The samples$=0, 0.07, and 0.15 were prepared thermal scan using a wavelengthzz.sz A and covering an
and heat treated at the Bell Laboratories, Lucent Technolg@ngular range 2<20<80°. The high-resolution D2B in-
gies. The starting samples LaMgQ were obtained by heat- strument with an = 1.59 A was used to obtain more accurate
ing the starting materials in air at 1250 °C for 5 h, at 1380 ocvalues of the structural_ parameters at selected temperatures.
for 12 h, and at 1390 °C for 20 h with intermediate grind- 1"e small-angle scaterif@ANS) instrument D16 was used
ings. The sampléé=0 was obtained by annealing in Ar at- to study the SANS Tagnetlc con'Erllbutlon at low transfer mo-
mosphere at 1000 °C. The sample:0.07 was obtained as ment values 0.03Al<qg<0.65A"".
prepared. Finally th&=0.15 sample was annealed under an
oxygen pressure of 200 bars. The sampies).025 and 0.1
were prepared and heat treated at the Instituto de Ciencia de
Materiales de Aragu the starting stoichiometric amounts of ~ The electrical resistivity was measured for selected com-
La,O; and MnO; were mixed and calcined at 1000 °C in air pounds within the temperature range 4—-300 K. The results
overnight, then ground, pressed and sintered at 1250 °C fare shown in Fig. 1. An activated semiconducting-type be-
48 h with intermediate grindings. The sam@le 0.025 was havior is observed through the whole series in agreement
annealed at 1000 °C for 12 h in a current flow of nitrogenwith previous results! The magnetoresistance was found to
and the sample=0.1 in a flow of oxygen with the same be negligible for all the compounds except for the sample
conditions (1000 °C/12 h). Some samples with the same&=0.15, where a change in four orders of magnitude in the

A. Electrical resistivity
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FIG. 1. Thermal dependence of the resistivity of the compounds
LaMnO;, 5. Appreciable magnetoresistance ratios have been found
only in the §=0.15 compound.

M (emu/g)

resistivity at 12 T was found. Our samples do not show a
spontaneous or field-induced metal-insulator transition.

B. Magnetic measurements

The initial ac susceptibilityy,. was measured to obtain (b)
the temperature of the magnetic order transition. The com-
pound 6=0 shows a very weak but well-defined peak at 7 T T T
Tn=140 K. At this temperature a para-antiferromagnetic or- 6 LFC X LaMnO, ;s |
dering transition takes pladesee inset of Fig. @]. As & x (H=500 (')e)
increases, we can observe in Figa)2a dramatic change in *
the thermal dependence gf., which is associated with the
enhancement of the ferromagnetic interaction. The transition
temperatures obtained from these measurements are given il
Table I. For all the compounds the increaseyip starts at
temperatures of about 160 K, the largest anomaly being ob- 2r "a -]
served for§=0.07. In the$=0.07 andé=0.1 samples an L L s, |
abrupt decrease iy, takes place at around 110 K. This fag,
remarkable effect resembles that found(im-CgMnO; at 0 ! ! | “Y@aeana
the charge-ordering temperatdfelo better characterize the 0 50 100 150 200
magnetic behavior, we measured magnetization versus field. © T (K)

In Fig. 2(b) we present, for 4 K, the data for all the studied

samples. The magr]etization isotherms _for the compo_mds LaMnOs, , The inset shows thg, of LaMnOs.  (b) Magnetiza-
20'07. andé=0.1 display a charactgrlstlc ferromagnetlcllkg tion isotherms of the LaMng) s compounds at 5 K. (c) Thermal
behavior. From these data we obtain values for the effectlvgepenc|ence of the magnetization of LaMpQunder an applied
magnetic moment of the Mn ion of 3.43 and 3.0t for  magnetic field of 500 Oe for increasing temperatures after cooling

6=0.07 andé=0.1 samples, respectivelgee Tablg)l The  the sample in zero-fiel@ZFC) or under a field of 500 O&-C).
6=0.025 sample has a very small ferromagnetic moment,

0.7ug. This small value can be an indication of the exis-or to the presence of very small amount of Mr(6<<<),
tence of a canted antiferromagnetic structure or the coexisthot detectable by our analysis probes. Under this assumption,
ence of ferro and antiferromagnetic regions at low temperathe high-field susceptibility in the compound=0.025
tures. The high-field susceptibility observed for thisshould also have this origin. However, in this case there ex-
compound is close to that found in LaMgpOThe origin for  ists a spontaneous canting between the antiferromagnetic
this weak ferromagnetic contribution in the compouid coupled sublattices (Oug). This assumption is in agree-

=0 is still not understood. As we will see in the next section,ment with the neutron-diffraction results as we will see in the
neutron-diffraction results do not show any spontaneous femext section. We have observed an enhancement of the fer-
romagnetic contribution. Consequently, the weak ferromagromagnetic interaction asincreases. Nevertheless, the com-
netic component (04g) may be ascribed either to a small pounds=0.15, with the largesé value, has a very low value
intersublattice canting induced by the applied magnetic fieldf the ferromagnetic moment (0.2§). This peculiar behav-

M (emu/g)
.
)
|

FIG. 2. () Thermal dependence of the,. of the compounds
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FIG. 3. Neutron thermodiffractograms ¢ LaMnQ;, (b) LaMnO; .5 (c) LaMnO; g7, (d) LaMnOs 4, () LaMnO; 45

ior may be associated with the presence of Mn vacanciegqeratures at the high-resolution D2B diffractometer. In all
which reach the value of 4.8% in this compound. It seemsases the data refinements were performed using the Rietveld
that this value approaches the percolation threshold for longnethod by means of theuLLPROF program. The large mag-
range magnetic order in these compounds. In fact, strongetic contribution to the SANS was measured using the
irreversibilities in the field-cooled and zero-field-cooled wereSANS instrument D16.
observed below 50 K in the thermal dependence of the mag-
netization as can be observed in Fi¢c)2As a consequence,
the cusplike anomaly at 50 K observed in thg. of this ] )
compoundsee Fig. 23)] may be ascribed to the freezing of A!I three compounds show orthorhomblc structure in the
the spin system. This is in agreement with the results obsStudied range of temperatures. In Figsa)33(c) the ther-
tained by Hauback, Helmer, and SaRaihich also proposed mo@ffractograms of these compounds are shown. The mag-
the existence of a spin-glass state at low temperatures for thf#etic structure of thé=0 compound was identified by Wol-
compound. We will show in the next section that this is onlylan and Koehlér as an antiferromagnetic lattice with
a simplified picture of a more complex magnetic groundferromagnetic coupling of the Mn ions within the plai®® 1)
state. and antiferromagnetic interactions between planes. That
The paramagnetic susceptibility was measured and fitteflives a configuration of alternating ferromagnetic planes
using a Curie law in the temperature range 200—300 K. Th&aving opposite spin directions. In FigaB one can notice
values obtained for the Curie consta®t the paramagnetic the presence of extra magnetic peaks belgy=140 K in
Curie temperature,, and paramagnetic moment are giventms_ compound._That indicates the existence of Iong-ra_mge
in Table I. As can be seen from this table, the obtained val@ntiferromagnetic order. For thé=0.025 compound, anti-
ues are a little high in comparison with the corresponding€fromagnetic peaks appear®{=110 K at the same posi-
ionic values(Mn®"=4.9u5 and Mrf*=3.8ug). tions that in the6=0 compoundsee Fig. &)]. However,
the §=0.025 compound also shows a ferromagnetic contri-
bution. This result can be explained as due to the coexistence
of ferro and antiferromagnetic regions at low temperatures or
In order to study the structure and the nature of the magthe existence of a magnetic canted structure. The appearance
netic interactions we performed neutron-diffraction experi-of the ferromagnetic and antiferromagnetic contributions at
ments between 1.5 and 320 K using three instruments. Thine same temperature makes more plausible the existence of
temperature dependence of the structural parameters was ab-low-temperature antiferromagnetic canted structure. The
tained at the D1B multidetector diffractometer. The samplesefinement of the neutron-diffraction data at the lowest tem-
6=0.025 and5=0.07 were measured as well at low tem- perature gives a value of 1.48 for the ferromagnetic com-

6=0, 0.025, 0.07: orthorhombic structure

C. Neutron diffraction
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FIG. 4. Thermal dependence of the antiferromagnetic peak 2 -1500 + N 520.02 by 7
(001) in the compounds LaMnand LaMnQ y,5 and the ferro- 2000 L =0.0257, i
magnetic peak110) in the compounds LaMng),sand LaMnQ 7. “’m
' t : : : + c‘:
ponent and of 2.52g for the antiferromagnetic component 4000 - a’e'“ﬁ" 1
(see Table)l For the5=0.07 compound, only a very small ~ 3000 | T Lt .
antiferromagnetic component of 0,25 was found from the S 000l i N .;a;éwm |
refinement of the low-temperature spectrum. A large ferro- b =0 ’,ﬁ)‘;ﬁ %mzo 025
magnetic contribution is observed beloW=160 K [see 5 1000 ps5o° ' HW y
Fig. 3(c)], which reaches a value of 3.25/Mn at the lowest <'_ 0 Mgk mm* ¢ +++ HW 1
temperature. It can be seen in Table | that this value is in 1000 | “H HH{ H 5=0.07 |
good agreement with the value obtained from magnetization
. -2000 -
measurements (3.4%/Mn). In Fig. 4 the thermal depen- 0 50 100 150 200 250 300 350
dence of the intensity of the main magnetic peaks of these T(K)

compounds is shown.

From the refinements of the spectra, the thermal depen- FIG. 5. Thermal expansion of the lattice parameters of
dence of the lattice parameters has been obtained. The linee@MnO;, ; (6<0.07) obtained from the Rietveld refinement of the

thermal expansion along the main symmetry directions foneutron-diffraction spectra.

the three compounds is shown in Fig. 5. Two different kinds
of anomalies can be distinguished. At the magnetic ordering

temperatures[ ¢ or Ty, small kinks exist in the curves. The 22 11—
magnitude of these changes is small and is not related to the . LaMnO. 3
large static Jahn-Teller distortion, but to magnetoelastic ef- ot 215 E 0 3
fects associated with the magnetic phase transitions. How- = 21k T=300K
ever, for the6=0.07 compound large anomalies can be ob- §0 :
served at the same temperature that the abrupt decrease in the S 2.05
susceptibility takes place~{(110 K). In L& 3:C& MnO; a 5 3
large anisotropic lattice effect associated with the charge or- = 2t
dering establishment was fouhtllt seems that the same S 195
effect occurs in the§=0.07 compound. Competition be-
tween ferromagnetism and charge ordering is not new in
manganese perovskites. For instance, in thg L@aMnO,
system, strong evidence of charge ordering instabilities have o PR
been found even below the ferromagnetic ordering % 21F
temperaturé?4 £, :
In Fig. 6 we show the obtained values for the Mn-O dis- S 2.05¢
tances as a function of at 1.5 and 300 K. Fob=0 we 5 5 :
observe the largest static Jahn-Teller distortion of the octa- = :
hedra. This distortion remains nearly constant with tempera- = 195
ture. For the6=0.025 compound a small reduction in the
Jahn-Teller distortion is observed. The static Jahn-Teller dis- 1.9

tortion is significantly reduced for thé=0.07 compound,
being almost negligible at 300 K. This constitutes an indica-

tion of the instability of the orthorhombic structure for in-  FIG. 6. Mn-O distances obtained from the refinement of the
creasing values of. Thus, for temperatures above 300 K one neutron-diffraction results in the LaMnQ; series(lines are visual
may expect the three Mn-O distances to become equaduides at T=1.5 and 300 K.
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FIG. 7. Thermal dependence of the intensity of the small-angle <th 150K
neutron scattering(SANS) in the series LaMn@ s at q Y == v TN FUINY P U T o
=0.13A1. -0.2-0.15-0.1-0.05 0 0.05 0.1 0.15 0.2
-1
dyno=1.96 A i q @A™
vn-o= 1. , and alsoa~b~c/v2~5.5A. This would
correspond to a rhombohedral structure, which is indeed the 35 ¢
structure found in compounds with high&walues. The Mn- : (©
O-Mn angle as a function of has also been obtained at 1.5 30 3
and 300 K(not shown here The smallest Mn-Q1)-Mn and ~ o5k 5=0.07
Mn-O(2)-Mn angles correspond to th&=0 compound. The < 3 T
increase in the Mn-O-Mn bond angle @sincreases is in i 20 b
accordance with the enhancement of the ferromagnetic inter- ; Te 1
action. In the6=0.07 compound the value obtained for the 15 F I f I
Mn-O-Mn bond angle £170°) seems to be close to the o
1+ 1 1 i SN Y U S S ST S SN (T T SR SR DV SR S T |
critical value for the existence of ferromagnetism in these 10 Y10 %0 ™ 500 520

compounds in good agreement with previous regults.
We have found a large magnetic contribution to the

SANS in this series for6=0.07. In Fig. 7 we show the FIG. 8. () Thermal dependence of the intensity of the SANS at
SANS intensity as a function of temperature @ ifferent momentum transfer values in LaMpg  (b) Fits of the
=0.13 A™*, which is the lowest available value in the D1B magnetic SANS intensity tg dependence of Lorentzian type,
instrument. In addition to the critical scattering, characteris— |, /(q2+ (1/£)2), where¢ is the magnetic correlation length, for
tic of the order-disorder magnetic phase transitiom@f we  selected temperatures aboVe. (c) Thermal dependence af
have found an extra magnetic contribution in the orderedbtained from such fits.

phase. The critical magnetic scattering appears in the neigh-

borhood ofT as a consequence of the critical fluctuation oflow T.. This effect is more difficult to see fog values

the magnetization which gives rise to a diffuse scattering atarger than~0.1 A, This indicates that below we are
very low g values. In La;Ca,sMn0O;, a large SANS mag- dealing with quite large magnetic coherence length. D16 is
netic contribution in the paramagnetic phase was fodnd. appropriate for the study of magnetic clusters of size of some
This effect was associated with the existence of magnetitens of A. This fact prevented us from obtaining the exact
polarons(ferromagnetic clusters in the paramagnetic regiorsize of the magnetic coherence length bel@y, even
associated with a lattice polarprinlike this behavior, the though qualitative information can be drawn. In Figb)8the
6=0.07 and6=0.1 compounds show a large magnetic con-fits of the magnetic SANS intensity to Lorentzian-tyge
tribution to the SANS well below the phase transition tem-dependence abovi. are shown. The magnetic SANS inten-
perature, which cannot be related to critical scattering. Wesity was obtained after subtracting from the total SANS in-
have studied the SANS of thé=0.07 compound with a tensity the estimated temperature-independent incoherent
more appropriate SANS instrument, D16. In Fig. 8 the ob-nuclear scattering. The magnetic correlation lengthas a
tained results are displayed. In FigaBthe SANS intensity function of temperature obtained from such fits is shown in
at differentq values is shown. At the lowest available  Fig. 8(c). At Tc~150 K, ¢tends to diverge as expected from
0.036 A1, it is clearly observed that together with an in- the divergence of the magnetic susceptibility at the
crease in the intensity, characteristic of critical scattering aparamagnetic-ferromagnetic transition temperature. The fits
aroundT, an anomalous magnetic contribution appears bebelow T are not reliable enough to be shown but we can say

T(K)
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TABLE II. Structural data for all the studied compounds.
S 0 0.025 0.07 0.1 0.15
Mn** (%) 0 5 14 20 30
Formula unit LaMnQ@ Lag.99MNg.9903 Lag.97MNg.97/03 Lag.96dVINo.06603 Lag.952MNp.9503
Space group L
1K Pbnm Pbnm Pbnm Pbnm R3c
300 K Pbnm Pbnm Pbnm R3c R3c
aA) 5.5330 5.5351 5.5069 5.5109 5.4759
1K b (A) 5.7273 5.6188 5.4948 5.4714 5.4759
c (A) 7.6681 7.7157 7.7638 7.7642 13.222
Vol/z (A3) 60.75 60.00 58.73 58.53 5722
a A 5.5350 5.5394 5.5278 5.5322 5.4814
300 K b (A) 5.7230 5.6072 5.4922 5.5322 5.4814
cA) 7.6970 7.7507 7.7681 13.3422 13.261
Vol/z (A3) 60.96 60.18 58.96 58.94 57.51
Mn-O, 1.9579 1.9697 1.9715 1.9737 1.9449
1K Mn-O;, 2.1597 2.0857 2.0070 1.9684 1.9449
Mn-O,, 1.9181 1.9256 1.9523 1.9756 1.9449
Mn-O, 1.9662 1.9708 1.9683 1.9737 1.9480
300 K Mn-Q, 2.1658 2.1100 1.9870 1.9737 1.9480
Mn-Oy, 19134 1.9182 1.9718 1.9737 1.9480
Mn-O,;-Mn
(1 K) 168.27 168.32 169.89 171.52 172.20
Mn-O,-Mn
(300 K) 168.16 169.40 170.63 170.76 172.27
Mn-Oy;-Mn
(1 K) 168.22 169.87 169.39 169.89 172.20
Mn-Oy;-Mn
(300 K) 168.16 168.64 169.84 170.66 172.27
-6 for R3c.

that the magnetic coherent length can be around 100 A imagnetization measuremerisee Table) and rather low in
this ferromagnetic phase. This value is lower than in normatomparison with the expected value for fully polarized Mn
ferromagnets. These effects point to an inhomogeneous magiagnetic moments. The thermal dependence of the lattice
netic ground state in the ferromagnetic phase, which coulgharameters is displayed in the inset of Fig. 10. The large
explain the absence of an insulator-metal transition at the
para-ferromagnetic transition.

22000 . 1600 =

6=0.1: rhombohedral-orthorhombic transition ‘é +%++ 6 0.1 1 1400 E

X-ray and neutron-diffraction spectra at room temperature g 20000 + + 1200 §

of the §=0.1 compound were refined in tR8c rhombohe- ii 18000 | ++ H ++ | 5
dral space group which results in the structural parameters -z ++ 11000 §
given in Table Il. However, the low-temperature neutron- £ 16000 | <___'. + S =
diffraction results were refined in thebnm orthorhombic £ % + i 800 %
space group. The thermal diffractogram in Figd)3shows § 14000 | . Te ++ 1600 2
that a structural transition takes place beldw~300 K, s i ., i‘ ++ Z.
which is manifested as the disappearance of the characteristic = 12000 0et%0000 +‘ 400 =
orthorhombic Bragg peak210&(120) at this temperature. = 10000 . ) . \ \ 200 3
The thermal dependence of the intensity of this peak is 0 50 100 150 200 250 300 g
shown in Fig. 9. A small ferromagnetic contribution is ob- T(K) Z

served belowT-=150 K. The thermal dependence of the

intensity of the(110 peak is plotted in Fig. 9. From the FIG. 9. Thermal dependence of the orthorhomt2d0 and
Rietveld refinement an effective ferromagnetic moment of(120 structural peaksituated at ®=62°) and the ferromagnetic
2.86up was obtained, which is in good agreement with thepeak(110 of LaMnO; ;.
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FIG. 10. Volume thermal expansion of LaMg@ calculated 0 50 100 150 200 250 300 350
from the value of the lattice parameters obtained by Rietveld refine- T(K)
ment of the neutron-diffraction spectra. The inset shows the thermal
dependence of the lattice parameters of LaMpO FIG. 11. Thermal dependence of the lattice parameters obtained

from the Rietveld refinement of the neutron-diffraction spectra and

uncertainty in the determination of the lattice parameters aff the intensity of the ferromagnetid10) peak in LaMnQ;5
high temperatureésee the large value of the error beis a o )
consequence of the structural transition beldw=300 K.  Which is much lower than the expected for fully polarized
Both phases, orthorhombic and rhombohedral, coexist acroddn ions. The lack of antiferromagnetic peaks indicates that
a certain range of temperature-40 K), which makes the the weakness of the ferromagnetic c_ontrlbutlon wh_|ch ap-
error bars of the fits larger. A huge change in the volume oféars belowlc~150 K cannot be ascribed to the existence
the sample is observed through the structural transition a8f @ canted antiferromagnetic structure. The cusplike
can be seen in Fig. 10. In the inset of Fig. 10 one can notic@homaly found inx,c at T;=50 K [see Fig. 2a)] and the

that atT.=150 K there are not relevant changes in the lat-magnetic irreversibilities observed in the field-cooled and
tice parameters. However, @it~110 K large anomalies are Zero-field-cooled magnetization measuremefisee Fig.

detected in the lattice parameters at the same temperature #§)] suggest the existence of a disordered cluster-glass state.

=0.07 compound, this fact is consistent with a charge orderill be very inhomogeneous as a consequence of the large
ing transition. In Fig. 6 one can see that the:0.1 com- amount of Mn and La vacancies which will bring about
pound still presents a very small but perceptible distortion ofStrong randomness in the magnetic interactions. Neverthe-

the MnQ, octahedra at 1.5 K reminiscent of the static Jahnless, there exists a volume fraction of the sample where the
Teller distortion of LaMnQ. This effect is no longer seen at 10Ng-range magnetic interaction is possible. The thermal de-

. . _1 .

300 K, aboveTs, as a consequence of the transition to thePendence of the SANS intensity qt=0.1 A~%, as inferred
rhombohedral structure in which all Mn-O distances becomdom D1B data, shows a pronounced shoulder at low tem-
equal. This compound also shows a significant magnetic corReérature (see Fig. 7. A similar behavior was found in
tribution to the SANS as can be seen in Fig. 7, which is verylL82sTP1)25Ca,MnOs, ™ which is cluster glass at low tem-
important at low temperatures, far beldi. As occurs in peratures. In order to get an |n5|ght_ into the nature of the
the compounds=0.07, this contribution can be ascribed to lOW-témperature ground state of this compound we per-
the existence of magnetic inhomogeneity belGw. This formed SANS measurements in D16. The results are shown
effect seems to be inherently connected in these compoundf Fi9- 12. In Fig. 12a) the SANS intensity is plotted at

to the existence of an insulating state coexisting with thelifferentq values as a function of temperature. There is not
ferromagnetic ordering. a sign of critical scattering in agreement with the absence of

long-range magnetic order. The thermal dependence of the
SANS intensity points to the existence of a cluster-glass
0=0.15: rhombohedral structure magnetic state at low temperatures. The magnetic SANS in-

In this compound the maximum oxygen content, i.e., thetensity has been fitted to a Lorentzian functimee some

largest number of La and Mn vacancies, was obtained. Theelected fits in Fig. 1®)]. The magnetic correlation length

determined MA" concentration by chemical analysis was obtained from such fits is shown in Fig. (t2 These values

30%, which represents 4.8% of La and Mn vacancies, refepresent average sizes for the magnetic clusters, even

spectively. In Fig. 8) the neutron thermodiffractogram ob- though a very small magnetic contribution to the Bragg

tained for this compound is shown. From room temperaturg€aks would come from the existence of a few larger clus-

down to 1.5 K the rhombohedral structure was found to bgers.

stable. The refinement of the neutron-diffraction spectra at

s_everal temperatures gave the thermal dependence of the lat- Il DISCUSSION AND CONCLUSIONS

tice parameters shown in Fig. 11, where no anomaly was

observed. The analysis of the thermal dependence of the in- The wide characterization performed in a series of

tensity of the(110 peak reveals a weak ferromagnetic con-samples with different values has allowed us to draw con-

tribution as shown in Fig. 11. This contribution correspondsclusions that may help to clarify some aspects related to the

to an effective magnetic moment per Mn of Q& at 1.5 K,  structural, magnetic, and magnetotransport properties of
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also followed by the distortion of the MnCoctahedra as
shown in Fig. 6. These results constitute an indication of the
breakdown of the coherence associated with the cooperative
Jahn-Teller effect in LaMn@as §increases. This behavior is
also observed in substituted mixed-valence manganites like
La;_,CaMnOs,? where asx increases the static distortion is
disfavored. In both series this distortion is drastically re-
duced under the effect of the increase in¥ions concen-

100 mﬁ@aﬁ?\e‘ﬂ\'e“ tration. From these results we can conclude that the strict

SANS Intensity (arb. units)

050 100 150 200 250 300 division into two different crystallographic phases, ORT1
T(K) and ORT2, is not justified as there is a continuous change
from highly distorted orthorhombic towards quasicukiic
. 640 ¢ LaMnO;y; a~b~c/v2) and then rhombohedral structure
2 560 E through the series agincreases.
S 480 F The analysis of the neutron diffraction provides detailed
'c% 400 E information about the structure and magnetic behavior. A
}; 300 F correlation between a given crystallographic structure and
‘Z £ the magnetic state must be ruled out after our study. How-
§ 20t ever, we observed a progressive weakening of the antiferro-
S 160 F magnetic interaction and an enhancement of the ferromag-
(£ 80 L netic one. This trend is clearly shown in Table | up do
;E 0 E =0.07. For highei concentration the ferromagnetic interac-
-0.2-0.15-0.1-005 0 0.05 0.1 0.15 0.2 tion starts to decrease for increasifigalues. The increase in
q (A-l) the ferromagnetic interaction up &=0.07 can be explained
by the increase in both the Mhions concentration and the
25 Mn-O-Mn bond angle, which favor the Mh-O? -Mn®*
L © double exchange interaction. Another fact that can account
20 for this behavior is the enhancement of the WHO?-Mn3*
— F $=0.15 ferromagnetic contribution as a consequence of the induced
< 15 3 vibronic Jahn-Teller effect as proposed by Goodenough
ok et all’ and recently discussed by DionH&This would agree
A with the loss of coherencénamely, decrease in the static
5L octahedra distortionin regard to the static cas&=0, in
- which both interactions, the Mi-O?"-Mn®* ferromagnetic
0 (')' —t '5‘0' — '10'0‘ L '15'0' — 500 within the (001) planes and the antiferromagnetic

Mn®t-0?"-Mn®" along thec axis coexist. Ford values
larger than 0.07 the ferromagnetic moment decreases again
FIG. 12. (8) Thermal dependence of the intensity of the SANS evolving from 3.2%p for 6=0.07 down to 0.78g at &
at different momentum transfer values in LaMp@  (b) Fits of =0.15. We associate this effect with the increasing number
the magnetic SANS intensity t9 dependence of Lorentzian type, of Mn vacancies which block the ferromagnetic interaction.
I=1o/[g?+ (1/£)?], where¢ is the magnetic correlation length, for The crucial role of the Mn vacancies in the destruction of the
selected temperatures(c) Thermal dependence gfobtained from  long-range ferromagnetic order can be seen in dke0.15
such fits. compound, where in fact cluster-glass behavior is found be-
low ~40 K. The existence of a residual spontaneous ferro-
LaMnO;, 5 (for 6<0.15. Similar results were obtained on magnetic moment below -~ 160 K in the §=0.15 com-
samples of the same concentration prepared at different lab@ound suggests the coexistence of both states: a small part of
ratories using different methods of preparation. A carefuthe sample with long-range magnetic ordirge clusters
chemical analysis was performed, giving concentrationsand the major part with a cluster-glass magnetic state. This
equal to the nominal one within the experimental error. Thehypothesis is strongly supported by the small-angle neutron-
structural and magnetic behavior was found to change syscattering results. The SANS results indicate the absence of a
tematically through the series. Hauback, Helmer, and $akatrue para-ferromagnetic transition but the existence of mag-
reported the existence of two orthorhombic phases ORThetic clusters at low temperature of size around 20 A. The
and ORT2. The ORT1, found for LaMnOwhere thea and  large magnetoresistance effect in this compound can be as-
c lattice parameteréusing thePnmanomenclatureare dif-  cribed to the effect of the magnetic field on the cluster-glass
ferent, reflecting the large Jahn-Teller distortion of theregions of the sample. A similar behavior in magnetoresis-
Mn3*Og octahedra and the ORT2, observed #®+0.07, tance was found in the cluster-glass compound
wherea~c. Our x-ray and neutron-diffraction spectra were (Lay3Thy/3),3CasMN05.1® The insulator state observed in
refined in thePbnmspace group, with tha andc axis of  the ferromagnetic sample§=0.07 andé=0.1, is unusual.
Pnmabecoming theéb anda axis. In Table Il we show the One important intrinsic property of these compounds ob-
variation ofa andb through the series. A§increases and  served with the SANS experiments is the existence of the
b become closer. This evolution reflects a trend, which isnagnetic contribution to the SANS in the ferromagnetic

T(K)
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phase. This points to smaller magnetic coherence length tharaMnO, towards quasicubic and then rhombohedralSat
in a typical ferromagnet. Magnetic inhomogeneity seems ta=0.15 takes place. In the compound=0.1 an

exist in the ferromagnetic region. However, we do not rulegthorhombic-rhombohedral transition with a huge change in
to be very important in related compoundszan mask the (i) The magnetic order is not related to a special crystal-
true intrinsic resistivity behavior. . lographic structure. Antiferromagnetic and ferromagnetic or-

Another remarkable result found in th&=0.07 andé  dering are found in the orthorhombic structure and ferromag-

=0.1 compounds is the existence of magnetic and structurgletism and spin-glass behavior in the rhombohedral
features that point to the existence of charge-ordered regiongrycture.

at temperatures below 110 K, well below the ferromag' (|||) The existence of an equa' amount of La and Mn

netic ordering temperature. The ground state in these comyacancies fo<0.07, results in an enhancement of the fer-
pounds is proposed to be a coexistence of ferromagnetic an@magnetic interaction. Fo6=0.07 the breakdown of the
charge-ordered regions. The insulator behavior in these conjong-range magnetic interactions gives rise to the formation
pounds would be explained by the coexistence of not togf magnetic clusters that can explain the ferromagnetic insu-
large (~100 A) ferromagnetic clusterseen by SANS ex- |ator state found in these compounds. In the intermediate

periment$ and insulating charge-ordered regions. compoundss=0.07 and=0.1, features characteristic of
In the §=0.1 Compound an Orthorhomb|C'rh0mb0hedralCharge_ordered regions have been detected.

transition has been detected at around room temperature that (lV) These Compounds do not present a |arge magnetore-

brings about a huge change in volume. The rhombohedrajistance effect except for the compou#ig 0.15, for which
structure is stable in thé=0.15 compound across the whole there is not a spontaneous insulator-metal transition, but

range of temperatures studied. magnetoresistance ratios of*ere induced by applying 12
Summarizing, in this work we have performed a system-1

atic study of LaMnQ, s (for §<0.15 with the aim at ad-
vancing the knowledge of the underlying mechanisms which
drive the structural, magnetic, and magnetotransport proper-
ties in the LaMnQ, s compounds. From the analysis of the
experimental results we can conclude: The Spanish authors are grateful to the Spanish DGICYT

(i) Through the series, asincreases, a continuous evolu- for financial support under Grant Nos. APC95-123, MAT96-
tion of the highly distorted orthorhombic structure in 826, and MAT96-0491.
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