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Lattice effects, stability under a high magnetic field, and magnetotransport properties
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The highly Mn**-doped compound lg:Ca, ;gMnO; has been studied up to high temperat(#@0 K) by
using thermal-expansion, magnetostriction, magnetoresistance, and neutron-diffraction techniques. From 700
K down to room temperature the electrical conduction takes place through thermally activated hopping of
polarons withE;,,,=45 meV. At the charge-orderingCO) transition temperatur@ =275 K, pronounced
anomalies in the resistivity and the lattice are observed. The neutron thermodiffractogram clearly establishes
that the CO state occurs in the paramagné8c phase and is accompanied by a large anisotropic lattice
distortion with a simultaneous large distortion of the Mn@rtahedra. The antiferromagnetidF) phase
appears aTy=160=3 K. At this temperature no lattice effect is observed. The CO-P and the CO-AF ground
states are stable under an applied magnetic field up to 1301.63-182@07)05437-4

INTRODUCTION We report on the lattice effects and magnetotransport
properties in the compound }&Ca ¢gMNO;. For such a

The renewed interest in the research of mixed-valenc@urpose, thermal expansion, magnetostriction, magnetoresis-
perovskite manganese oxides due to the outstanding magnence, and neutron diffraction were performed up to 700 K in
totransport propertiéshas allowed a deeper study of some order to observe the influence of the lattice effects associated
properties of these compounds not discovered in the earlwith the different ground states found in this compound and
investigationg:® The series La_,CaMnOj; has been widely their stability under applied magnetic fields.
studied mainly within the ferromagnetic concentration range
0<x<0.5, where large magnetoresistance effects are ob-
served. The different magnetic structures were first proposed EXPERIMENTS

in the pioneering neutron-scattering work of Wollan and
Koehler® [The magnetic phase diagram has recently been 1€ L&.3s8C%MNO; sample was prepared from sto-

established:® The low-temperature phase at the rich Mn  ichiometric amounts of L#;, CaCQ, and MnCQ by stan-
hole doping( x>0.5) is antiferromagneti¢AF) and insulat- dard solid-state reaction techniques. The mixture was heated
ing (1).] Wollan and Koehlér observed a crystallographic at 1000 °C overnight in air, ground, pressed bar-shaped, and

distortion above the magnetic ordering temperature Withim_eated again at %200 °C for 24 h, reground, repressed, and
the concentration range G:6x<0.75. This was interpreted Sintered at 1400 °C for 12 h. The sample was then slowly
by Goodenough as an ordering of covalent bdh@iis or- cooled down to room temperature. Finally, it was calcined in

dering remains belowy and consequently can be confirmed oxygen flow at 1000 °C for 12 h and again, slowly cooled

by analyzing the AF magnetic peaks due to the sensitivity O]down to room temperature in order to achieve the adequate

the diffraction spectra to the assumed distribution of the?XY9en stoichiometry. X-ray powder diffractigRD) pat-

Mn*3and Mn** ions at the lattice sittsRecently, the exis- terns were collected using @-max Rigaku system with a
tence of a real-space charge orderi@®) in the concentra- "0tating anode operating at 40 kV and 100 mA. The G

tion range 0.63x<0.67 has been inferred from electron- radiation was selected using a graphite monochromator. The
diffraction experiments.A charge-localizedCL) state was XRD pattern of the Lgs:Ca ¢gMNO3 sample shows a single
proposed to exist in LaCa;;MnO; (Refs. 7-9 aboveT.. phase structure and confirms its orthorhombic symmetry that
This state was characterized by an extra anharmonic contris well described by thébnm spatial group. The final re-
bution over the lattice phonon one to the thermal expansiofined unit-cell parameters at room temperature obtained by
as a consequence of the lattice distortion produced by smalising the FULLPROF progrant' are a=5.40444) A,
polaron effects. A crossover from a CL to a CO state wa$=5.37864) A, andc=7.57975) A, in agreement with pre-
proposed to occur in RgCa;,Mn0,.1% This was evidenced vious datal? The oxygen content was determined by redox
by the large magnetostriction observed as a consequence fitiation using titrated potassium permanganate solution. The
the instability of the CO state under an applied magnetidMn**content obtained for this sample was 62% that
field. Spontaneous and field-induced lattice effects wereagrees quite well with the theoretically expected value
found to be tightly connected to the electronic state. (65%).
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FIG. 1. Linear thermal expansiofb.TE) of Lag 3:C2 egMNOs. FIG. 2. Linear thermal expansion without and under an applied

The line is a fit of the high-temperature LTE using a @isen law  fie|d of 12 T in L, 3&Ca c2MnOs. Arrows indicate the CO tempera-
and a Debye temperatuf®, =500 K. The inset shows the volume tyres obtained cooling down and heating up.

anomaly obtained a®=3[ (AL/L)exp— (AL/L)cal(seE text
anomalousw found in the polaronic regime is related to the
Linear thermal expansion and magnetostriction were meadistortion mode of the Mf® octahedrgdynamic Jahn-Teller
sured using the strain-gauge technique and the resistivity b§ffecd. The oxygen isotopic effect found in haCa MnO;
the standard four-point technique. The magnetic field wasRef. 13 supports the Jahn-Teller nature of these small po-
produced by a Superconducting magnet Wh|Ch produce@rons. A clearer anomaly is observed in the thermal eXpan-
steady magnetic fields up to 12 T. The magnetoresistanc@0n atTco. As can be seen in the inset of Fig. 1, a pro-
was measured along the field direction and the magnetostriiounced increase ab is observed at that temperature. We
tion parallel (\,)and (\,) perpendicular to the field. The consider this lattice effect as originated by the establishment
volume magnetostrictioriew) is obtained asw=\,+2x, .  Of a_nother kind (_)f localization process which gives rise to a
The high_temperature thermal expansion was measured u§tat|C state. In this state th% electrons of the Mﬁg ons are
ing a push rod and differential transformer method. Neutron@nchored at specific lattice sites making up a defined Mn
diffraction experiments were performed on powderedMn®?) pattern, i.e., charge ordering, bringing about superlat-
samples in the temperature range 1.5-320 K at the D1B ariéce spots in electron-diffraction experiments. A comparison
D2B instruments in the Institute Laue-Langevin_ D1B cov- of this result with the thermal dependence of the intenSity of
ered the angular range 226<82° with a wavelength of 2.5 the superlattice Bragg spots observed in electron-diffraction
A and the high-resolution D2B up to 140° and a 1.25 A experiment3clearly indicates that the anomalous volume ef-
wavelength. fect observed belowW ¢ is related to the degree of charge
ordering. As a consequence, both effects, i.e., lattice effect
RESULTS AND DISCUSSION and charge ordering, should be ascribed to the same under-
lying mechanism. The charge ordering occurs in the para-
Thermal expansion measurements performed in the tenmagnetic(P) phase above the long-range antiferromagnetic
perature range 4-500 K are displayed in Fig. 1. The high{AF) ordering temperaturd=160+3 K, determined by
temperature region has been fitted to am&igsen law con- neutron-diffraction data to be shown later. B we did not
sidering a Debye temperature ®;, =500 K. Below T~400  observe any significant anomaly in the thermal expansion,
K an extra contribution over the phonon contribution ap-which indicates the absence of coupling between the lattice
pears. In the inset of Fig. 1 we show the thermal dependencand magnetic behavior. In Fig. 2 we show the thermal ex-
of the differential volume magnetostriction (w pansion results on cooling down and warming up. A hyster-
=3[(AL/L)expr— (AL/L)cal; expt=experimental and cal etical behavior across a broad temperature inter+dl5 K)
=calculatedl. This behavior was also observed in severalis observed, which constitutes an indication of a first-order
mixed-valence manganite$'° within the paramagnetic character of the charge ordering transition.
phase. As in those cases, such behavior has been associatedlhe results of the temperature dependence of the resistiv-
with the polaron traps which bring about a charge localizadity are shown in Fig. 3. In Fig. &) one can notice that the
tion. At a certain temperature, calldc (polaronic tempera- resistivity (p) above room temperature is around @ cm.
ture), the existence of localized carriers that distort the surHowever, afT oo an abrupt increase ip occurs. These mea-
rounding lattice produce an extra anharmonic contribution tesurements clearly indicate that®gg the mechanism of con-
the linear thermal expansion. As we will show later, the lat-duction changes. Analyzing the high-temperature results in
tice polarons exist at much higher temperatures but they givdetail[see inset of Fig. @&)], one can notice that 8t~475 K
anharmonic contribution to the linear thermal expansion onlyan insulator-metal transition seems to take place. Insulator-
below Tp~0. The polaronic regimein this case above metal transitons had been reported by Taguchi
Tco Up to high temperaturgss dynamic in the sense that the and Shimad4 in the La_,CaMnO; compounds for
localized electron can hop to a neighboring site, carrying th®.6<x<0.95 at approximately the same temperature. They
local distortion. It is still a matter of speculation if this proposed that a change in the electronic configuration of the
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2 1000/T (1/K) results forEyqy, in the charge-ordered regime could be an
= . L Epop=45 meV i artefact. This can be in part because the charge-ordered state
- is not abruptly established within the whole samfsee the
| ! | ! ! neutron resulis Even in single crystals the temperature de-

L5 2 25 3 35 4 pendence of the resistivity in the charge-ordered regime
1000/T (1/K) seems to change from sample to sampf&.The resistivity
below room temperature has also been measured under an
FIG. 3. (a) Thermal dependence of the electrical resistivity with- applied magnetic field of 12 Tsee Fig. 83)]. The only ob-
out and under a magnetic field of 12 T. The inset shows in detail thgerved effectd a 5 K shift in Tco towards lower tempera-
high-temperature resultgb) Plot of In(p/T) vs 1/T across the tem-  tyres. Unlike Pj3Ca;sMn0,,'° the charge-ordered state in
perature range 250-700 K. Above room temperature the curve ig, ,.Ca ,MnO; is stable under a 12 T magnetic field. The
linear and corresponds to polaronic conduction witkg, of 45 large magnetovolume effect found in the Pr compound asso-
meV (see text ciated with the suppression of the charge-ordered state is also

. . . absent in the La compound.
Mn lons should occur at .th|s temperatu'r.e. Accordl.ng'to US, In Fig. 4 we show the neutron thermodiffractogram mea-
this is not a true metal-insulator transition but this is theg ,.aq in the temperature range 1.5-320 K. Below

expected behavio_r for the resistivity in_ a polaronic regime.-l-N:160J_r3 K a set of magnetic peaks appears which coin-
The conduction in a narrow p(_)laromc bgnd t:_ikes plac_%ide with the antiferromagnetic CE-type structure proposed
through thermally activated hopping of carriers with an acti-p, \ojan and Koehler. We will not go into details of the
vated mobility-™ magnetic structure, which will be reported elsewhere, but on
_ the structural aspects. A large distortion of the lattice is vis-
p=AT eXplEnop/KT), @ ible from the splitting of some of the nuclear peaks, which
whereA is a constant and,, has contributions from the nevertheless preserves the orthorhombic symmetry. The
polaron formation energy, the transfer integral and the ennuclear peaks of the spectra were refined using the space
ergy difference between identical lattice distortions with andgroup Pbnm starting from the same structural parameters
without the holé'” In Fig. 3(b) we have represented(si T)  determined from room-temperature x-ray diffraction. In Fig.
vs 1/T. A linear behavior is obtained between 700 and 3005 we show the thermal dependence of the lattice parameters.
K. This seems to confirm that the mechanism of conductiorit is clearly seen the large distortion occurringTalg. The
above room temperature is through adiabatic hopping of pathermal dependence of the unit-cell volume is also shown.
larons. From the fit to Eq(1) a value forEy,q, of 45 meV is  The relative volume chang&V/V calculated from this re-
obtained. In Lg3Ca,MnO; a value forE,,;~0.1 eV was finement is in good agreement with that obtained from the
found!”!® This indicates that, as expected, the polaronicthermal expansion resultsee Fig. 1 if we consider that the
band is strongly influenced by the M#Mn™# ratio. macroscopically measured strain is an average among a ran-
We have tried to extract information about the tempera-dom distribution of grains. Under such an assumption,
ture dependence of the resistivity in the charge-ordering reAV/V=3(AL/L) and the close agreement between both
gime. However, no definite conclusion has been obtainedneasurements denote the lack of texture or preferential grain
We show in the inset of Fig.(B) In(p/T) vs 1IT down to the  orientation in the measured polycrystalline sample.
lowest temperatures. There seems to exist three regimes of The refinement of the neutron-diffraction results allows a
activation with hopping energies of 45 meV abdvg,, 220  determination of the average Mn-O1 and Mn-O2 bond
meV atTco<T<Ty, and 100 meV af <Ty. However, the lengths to be done. Here O1 and O2 stand for the apical and
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FIG. 5. Thermal dependence of the lattice parameters and unit-

cell volume of L@ 3C& 6sMNO; obtained from the Rietveld refine- FIG. 6. Thermal dependence of the Mn-O bond lengths. O1
ment of the neutron-diffraction spectra. (circles and O2(squares and trianglestand, respectively, for the

apical and basal plane oxygen ions in the Mrdgtahedra. Open
basal plane oxygen ions, respectively. The obtained resultg/mbols are data from D1B instrument and closed symbols from
are displayed in Fig. 6. At temperatures abdyg the MnQ; D2B. Lines are visual guides. A basal plane distorti@3 mode
octahedra are slightly distorted. At an abrupt change in appears below .
the Mn-O2 distances takes place, which gives rise to basa
plane highly distorted octahedra. This large distortion within
the basal plane observed beld is consistent with Good-
enough’s model,where an orbital ordering is also predicted.
It is noteworthy that data in Fig. 6 correspond to average CONCLUSION
Mn-O distances. Consequently, as the Mroctahedra are
supposed to be nondistorted, the octahedra corresponding to From 700 K down to room temperature the
the Mn*3 sites will be much more distorted than the average'ggfr’l-éfci?ggwbr;ogm‘;?mgt%lézdpOSIZ?(\)":]SS t?ﬁisciga:‘:‘f?éﬂ':é'?ﬁ tﬁ]:e
\|\//|ar|]li§(s)'6Igg:sggrgoj\,emtgzt é{;griér;fog@g’ewdﬁisgﬁr}:%;g/e resistivity behavior, where there is a linear relationship be-

. - : tween Inp/T) and 1T and in the linear thermal expansion,
close to the Jahn-Teller distortion of the MgOctahedra in where an extra anharmonic contribution is detected. At

LaMnO;.2! According to .the electron-diffraction ‘measure- Teo~275 K, a phase transition takes place with long-range
ments and the attenuation of the sound velocityTab,  spatial ordering of carriers. In the paramagnetic CO state the
Ramirez et al” suggested the existence of a cooperativecharge ordering is accompanied by large anisotropic lattice
Jahn-Teller effect. Cooperative Jahn-Teller transitions argjistortions. It is worth noting, and seems to be a general rule,
found in some crystalline compounds in highly concentratedhat the anomalous anharmonicity associated with the po-
systems of Jahn-Teller iori$?® This ordering takes place laronic regime produces an isotropic volume effect. How-
through the lattice by a strong electron-phonon interactionever, the establishment of the CO brings about large aniso-
One of the hallmarks of the existence of a cooperative Jahrtropic lattice distortionstypical of a static Jahn-Teller effect
Teller transition is the softening of a phonon mdf&rom  preserving the orthorhombic site symmetry. The antiferro-
our experiment we cannot definitively conclude the Jahnimagnetic CO state occurs beloW~160 K without any
Teller nature of this CO transition. Nevertheless, the stronghange in the structural parameters. The lack of a large mag-
electron-phonon coupling and the simultaneous large latticeetoelastic coupling makes the ground state stable under
distortion and large changes in the Mn-O distances observelteld at any temperature and consequently the magnetoresis-
at Tco would support such a model. tive and magnetostrictive effects are negligible.

In this compound the magnetic behavior seems to be com-
pletely independent of the structural parameters, otherwise
the magnetic ordering would occur &to. This is a clear The Spanish authors are grateful to the Spanish DGICYT
indication of the weak magnetoelastic coupling in this com-for financial support under Grant Nos. APC95-123, MAT96-
pound between the spin system and the lattice. This weaB26, and MAT96-0491.

|fnk made the effect of the field negligible. Even at the low-
est temperature and the maximum applied field, the CO state
is stable.
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