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The evolution of the structural properties Af_,A,MnO; was determined as a function of temperature,
averageA-site radius(r,), and applied pressure for the “optimal” doping range 0.25, 0.30, by using
high-resolution neutron powder diffraction. The metal-insulator transition, which can be induced both as a
function of temperature and ¢f »), was found to be accompanied by significant structural changes. Both the
paramagnetic charge-localized phase, which exists at high temperatures for all va{ugs @fnd the spin-
canted ferromagnetic charge-ordered phase, which is found at low temperatures for low valugs afe
characterized by large metric distortions of the Mrd@tahedra. These structural distortions are mainly inco-
herent with respect to the space-group symmetry, with a significant coherent component only{af)ow
These distortions decrease abruptly at the transition into the ferromagnetic metal phase. These observations are
consistent with the hypothesis that, in the insulating phases, lattice distortions of the Jahn-Teller type, in
addition to spin scattering, provide a charge-localization mechanism. The evolution of the average structural
parameters indicates that the variation of the electronic bandwidth is the driving force for the evolution of the
insulator-to-metal transition atT. as a function of “chemical” and applied pressure.
[S0163-18297)02737-9

I. INTRODUCTION netic ordering transition. The metal-insulator transition tem-
perature Ty, coincides with the Curie temperaturk:.

An intense research effort has recently been devoted tdherefore, for temperatures in the vicinity ¢, a strong
studying the interplay between structure, magnetism, andariation of the electrical resistivity, up to several orders of
transport in manganese perovskités ,A'MnO; (A=La,  Magnitude, occurs upon application of a magnetic field of a
rare earthA’ = Ca,Sr,Ba)!™® As a function of temperature few tesla, a phenomenon that has become known as colossal
applied magnetic field, doping, applied pressurasite ionic magnetoresistance. The nature of the low-temperature ferro-

radius(r ), andA-site size disorder, this system displays a/magnetic metal phase, and the coupling betwégnand

rich phase diagram for both magnetotransport and structuréﬁ’\"" were discussed in 1951 by Zerféwho proposed the

roperties. In the absence of charge carriets-Q), this So-called double-exchange mechaniéiit. In Zener's
brop d . tif e | 9 1AM alth ’ hit model, ferromagnetic alignment of the Mn magnetic moment
compound IS an antirerromagnetic insu - anougn s s avored by coupling through the conduction electrons. Fur-
magnetic structuréknown as anA-type structurg being

, k thermore, abovel -, charge carriers are localized through
made of ferromagnetic MnOplanes coupled antiferromag- gcattering by the Mn spins, in the context of strong on-site

netically along theb axis,” implies the existence of both Hyng's rule coupling. Upon the more recent renaissance of
ferromagnetic and antiferromagnetic interactions betweerr‘nanganite research, in spite of the effort to adapt the theo-
Mn spins. Upon substitution of a divalent alkaline-earthretical description of the double-exchange model to the new
metal (Ca,Sr,Ba for a trivalent rare earth or lanthanum on experimental dat¥ the validity of this latter assumption has
the perovskiteA site, a certain percentage of Rinis for- been called into question. In fact, some authors have pro-
mally replaced with MA" (electronic doping providing po-  posed that double exchange alone is unable to explain either
tential charge carriers for electrical conductivity. For certainthe value ofT (which should be much highgror the abso-
values of the electronic doping and of tAesite ionic radius, lute value and the temperature dependence of the electrical
these compounds are metallic and ferromagnetic at low tenresistivity aboveT .1’ ~1°For these reasons, the nature of the
peratures, while their conductivity displays semiconductingcharge-carrier localization mechanism in the paramagnetic
behavior at high temperatures. The metal-insulator transitiophase is perhaps the most important issue in the physics of
between these two states is strongly coupled with the maghese materials.
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Among the possible mechanisms for charge localizationwe investigate the influence of both Mn-O-Mn angles and
lattice distortions due to the different ionic radii of Mhand ~ Mn-O bond lengths upon the magnetic and transport proper-
Mn“** and to the tendency of Mf to assume a Jahn-Teller- ties. Furthermore, we show the existence of structural simi-
distorted configuration have received a considerabléarities between the spin-canted, charge-ordered insulating
attention’’~'° In particular, some authors have proposedPhase(which is present at low temperatures for snall))
that, aboveT ¢, charge may be localized in the form of “JT a@nd the paramagnetic semiconductor phésend for larger
polarons.” In this scenario, JT distortion of the R0 oc-  (Ta) aboveTc). Both phases are characterized by a coherent

tahedra should be present in the paramagnetic phase but ght distortion of the Mn@ octahedra and by large Debye-

sent in the low-temperature metallic phase. However, it is//aller factors, which are both abruptly reduced by crossing

clear that, at least in the case of the compositions with théhe phase boundaries into the metallic phase.
highestT ¢, these distortions cannot be coherent with respect
to the crystallographic space group symmeRBe), which Il. SYNTHESIS AND NEUTRON POWDER DIFFRACTION

imposes on average identical and metrically undistorted polycrystalline samples ofA;_,A.MnO; (A=La, Pr,
MnOs octahedra. Strong supporting evidence that partiallya’=Ca, Sr, Bax=0.25, 0.3 were synthesized through con-
incoherent structural distortions are involved in tMe-l  ventional solid-state reaction in air. The samples of the
transition has been recently provided by the observation oA, A MnO; series, with compositions $Ca, MO,
an abrupt reduction of the oxygen Debye-Waller factors at a, ¢,dr, 176Ca sMNOs, Lag C&y.1751.1MnO;,
T¢ on cooling??°~?? which is accompanied, in the ortho- La, 1Ca 1:5r ;1 MNnOs, Lag -Sto MO,
rhombic phase, by a decrease of (senal) coherent com- Lay,Sry 1 Bag 1gMN0O;, and Lg Bay ;MnO; and masses of
ponent of the JT distortion. 1-2 g, are the same used for the work reported in Refs. 1 and

Crystallographic techniques can measure the full extent of. For the study of the structural anomaliesTat, a large
these lattice distortions only for phases, like LaM®™  La, ;4Ca, ,qMnO; sample(20 g was prepared by the same
which display coherent orbital ordering Therefore, a key technique(preliminary data collected from the same sample
role in the understanding of the relationships betwleeal  was reported in Ref.)5 This slightly different doping value
and average structure is played by the so-called charge-was chosen because, at this composition, we have previously
ordered compounds, like baCa MnO; (Refs. 5 and 2Bor  observed the presence of lattice constant anomalies at
Pro.7CayMNn03.24?" In the case of LgsCayMnOs, it has  Tc~240 K (Ref. 4. Neutron powder-diffraction data were
been showhthat charge and magnetic ordering are associcollected on theA, ;A) ;MnO, samples at ambient pressure,
ated with orbital ordering, whereby the JT-distorted™®,  at 1.6 and 300 K, using the D2B diffractometer of the Insti-
octahedra form a long-range-ordered quasicommensurate s@ite Laue-Langevin, equipped with a standard “orange” cry-
perstructure. We will argue in the remainder of this papefostat, at a wavelength of 1.594 A and with no primary beam
that, based on the similarities of the average structure, a simgollimation (the monochromator mosaic spread full width at
lar but short-range-orderedarrangement may be present in half maximum being~15 of arc and 5 collimation be-
the paramagnetic phase. This is the first important reason tgveen sample and detector. High-pressure neutron powder-
study the evolution of theaverage structural parameters (iffraction data were collected on the same samples at room
across the phase diagram in general, and throughVthle  temperature and at pressures between 0 and 0.6 GPa, using
and charge-ordering transitions in particular. the time-of-flight special environment powder diffractometer

A second but no less important reason to analyze systenat the intense pulsed neutron source of Argonne National
atically the crystal structure of the manganites is understand-aboratory, equipped with a helium gas cell. Structural pa-
ing the basic mechanism by which the magnetotranspoiiameters were refined by the Rietveld method, using the pro-
properties can be “tuned” at constant doping. It has beemyramcsas®® For each compositior{y ) was calculated us-
shown thafT is very sensitive to both “chemical” pressure ing the tabulated values of Ref. 31 for atoms in ninefold
(i.e., structural distortions induced by changing)),""®and  coordination (for details, see Sec. IV Temperature-
applied pressuré?®*°It has been proposed that these effectsdependent neutron powder-diffraction data €20<400 K)
are related to changes of the charge-carrier bandwidth were obtained on the kg<Ca, ,dMnO; sample using D2B
which describes electron hopping from the Mn sites. Prelimiequipped with an ILL cryofurnace. Since for this composi-
nary datd have evidenced, as a function ¢f,), large tion the metric distortion from a tetragonal unit cell is very
changes of the Mn-O-Mn angles, which are presumed to afsmall (a~c), particular care was taken to optimize the reso-
fect W. In the present work, a comprehensive study of thesgution. Therefore, for each temperature, data were obtained at
effects is presented. two different wavelengthé\; =1.594 A, \,=2.400 A). The

In this paper, we present a systematic neutron powdery, wavelength was filtered ugina 3 cmthick highly ori-
diffraction study of the structural and magnetic properties ofented pyrolitic graphite filter in the primary bean/2 and
A xAMNO; (A=Pr, La,A’=Ca, Sr, Bax=0.25,0.30as  )\/3 contamination were lower than 0.1% and 0.2%, respec-
a function of temperature)-site ionic radius(r»), and ap- tively). Furthermore, for both wavelengths, the monochro-
plied pressure, spanning across the three magnetotranspeattic beam divergence, was limited to~0.2°, by means
phases(paramagnetic semiconductor, ferromagnetic metalof a slit system positioned 15 cm after the monochromator
and charge-ordered spin-canted insulgt@nd across the (the same configuration as for the other data was used for
three crystallographic phase regigi®ma R3c, andlmma  the primary beam and detector collimatioData sets at
see Ref. § which are found for these doping levels. By the two wavelengths were simultaneously refined using the
correlating “chemical” pressure and applied pressure dataprogram GSAS As an example, the Rietveld plots for
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FIG. 1. Rietveld plots of neutron powder-diffraction datanat=1.594 A (bottom) and,=2.400 A (top) for Lag 7:Ca, ,qMnO; at 20 K.
The plus(+) signs are raw datd@he background was not subtractetihe solid line is the calculated profile. The tick marks below the profile
indicate the position of allowed Bragg reflections. A difference plmiserved minus calculateds plotted at the bottom. In tha;
=1.594 A pattern, a narrow region neaf2150° was excluded due to the presence of an aluminum peak from the cryostat tail.

Lag 7:Ca »,gMNO5 at 20 K are shown in Fig. 1. For ferromag- Lag 7:Ca, ,gMNO; structural parameters at selected tempera-
netic samples of thé\;;A{ ;MnO; series, a simple model tures are reported in Table IV.

with collinear Mn moments, which were refined, was suffi-

cient to describe the magnetic scattering at the present instru-

mental resolution. One sample of the series, with composi-”" METAL-INSULATOR TRANSITION AS A FUNCTION

tion Pr-Ca MnO; displayed a very complex magnetic OF TEMPERATURE

structure, with the coexistence of both ferromagnetism and Ag already discussed in Ref. 4, the lattice parameters and
antiferromagnetism. The antiferromagnetic component ofjnit-cell volume of L@ 7:Ca ,MNO5 display a sharp discon-
this structure contains two propagation vect@£ 00 and tinuity at To=240 K. The lattice parameters as determined
1/201/2, associated with two Mn sublatticéS.A ferro-  from neutron powder-diffraction data are consistent with the
magnetioFM) moment of 0.482) was also refined for the Pr previous synchrotron x-ray-diffraction determination, and
site, but the small improvement of tievalue is not consid-  will not be reported herein. Here, we focus on the behavior
ered sufficient proof of the Pr magnetic ordering. For theof the internal structural parametergbond distances and
Lag 75Ca .gMINO; sample, due to the higher resolution con- angles and Debye-Waller factpras a function of tempera-
figuration employed for the neutron data collection, signifi-ture. Figure 2 shows the three crystallographically indepen-
cantly better refinements could be obtained with the Mndent Mn-O bond lengthgcenter panéland their average
spins parallel to thec axis, with respect to the two other value (Mn-O) (top panel as a function of temperature, evi-
orientations. The structural parameters of fgA;MnO;  dencing the presence of a discontinuityTat for all param-
compounds at 300 and 1.6 K, for the three space-group syneters. In particular, the abrupt reduction(Mn-O) at T is
metries encountered in the systéRnma,R3c, and Imma  consistent with the formation of stronger metallic bonds in
are listed in Tables I, Il, and Ill, respectively. The the ferromagnetic phase, and is the parameter which is pri-
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TABLE I. Refined structural parameters from neutron powder-diffraction data foAghag ;MnO3; compounds having Pnm&lo. 62
space-group symmetry. Numbers in parentheses are statistical errors of the last significant digit. The site occupancies are kept at fixed values
consistent with the nominal stoichiometry. The atomic positions are Nt 40,0,0.5; A/A’, O(1): 4c .m. (x,0.25z), 02: & 1 (x,y,2).

The low-temperature magnetic structure of f¥a ;MnO; has a ferromagneti@M) and an antiferromagneti@FM) componen{Ref. 24.

A FM moment of 0.4&) was also refined for the Pr site.

A/A" Site PpCas Lag 524M0.17:Ca 3 Lag Ca.1750.13 Lay C&.1350.17
Temperature 300 K 1.6 K 300 K 1.6 K 300 K 1.6 K 1.6 K
a (A) 5.46482) 5.46632) 5.458%2) 5.44931) 5.469@1) 5.45631) 5.45721)
b (A) 7.67493) 7.66593) 7.71462) 7.69872) 7.72922) 7.71292) 7.71452)
c A) 5.43082) 5.42402) 5.46742) 5.45791) 5.50451) 5.49011) 5.49681)
Vv (A3) 227.712) 227.172) 230.231) 228.971) 232.6799) 231.0448) 231.4098)
" (16) 0 FM 2.132) 0 3.433) 2.083) 3.463) 3.5103)
AFM 1.42(2)
Mn  ug (A2 0.00264) 0.00264) 0.00284) 000184 000434  0.00124) 0.00074)
AlIA’ X 0.03544) 0.03834) 0.02384) 0.02483) 0.01174) 0.014713) 0.011%3)
z ~0.0055(7) —0.0031(7) —0.0057(7) -—0.0045(5) —0.0028(3) —0.0032(2) —0.0027(2)
Uiso (A? 0.00874) 0.00644) 0.00794) 0.00313) 0.007713) 0.003@3) 0.0025%3)
0Q) X 0.48534) 0.48444) 0.48937) 0.490%5) 0.49446) 0.49474) 0.49635)
z 0.07194) 0.07314) 0.06685) 0.065%4) 0.05873) 0.05813) 0.057@3)
uy (A2 0.02a1) 0.0221) 0.0182) 0.0052) 0.0131) 0.0101) 0.0081)
U (A2 0.0081) 0.0011) 0.0052) 0.0031) 0.0051) 0.0081) 0.0081)
uss (A2 0.0070) 0.0051) 0.0052) 0.0031) 0.0071) 0.00889) 0.0081)
uis (A% —00039(9)  0.00@)  —0.002(1) —0.0005(9)  0.00QL) 0.00029) 0.0011)
0(2) X 0.28783) 0.28983) 0.27825) 0.278%4) 0.26723) 0.26922) 0.26583)
y 0.03742) 0.038@2) 0.03422) 0.03382) 0.03062) 0.03091) 0.03011)
z 0.714%3) 0.715713) 0.71984) 0.72044) 0.73313) 0.731@2) 0.73413)
ug (A2 0.01777) 0.01927) 001048)  0.00336)  0.01218)  0.00447) 0.00367)
Uy (A2 0.01166) 0.00466)  0.01469  0.00626)  0.01457)  0.00536) 0.00665)
Uss (A 2) 0.01116) 0.00816) 0.015649) 0.00627) 0.013Q7) 0.00576) 0.0074%6)
U, (A2 —00014(5)  0.0008)  —0.001(1) 0.0008)  0.00259  0.00047) 0.00158)
uis (A% —00019(6)  0.0016) —0.0016(7) —0.0010(5) -—0.0035(6) —0.0022(5) —0.0028(5)
Uy (A% 0.00156) 0.00076) 0.0021) 0.00069)  0.00028)  0.00016) 0.00027)
Rwp (%) 4.27 4.86 5.75 6.01 5.23 5.78 5.61
)(2 (%) 1.581 2.534 1.660 1.809 1.729 2.033 1.753

marily responsible for the volume discontinuity. As already We should remark, however, that a small coherent JT dis-
pointed ouf the behavior of the individual Mn-O bond tortion is not incompatible with a large total JT distortion,
lengths as a function of temperature is consistent with a reprovided that the largest part of it cancels upon application

duction of thecoherentJT distortion of the Mn@ octahedra

of the space-group symmetry operators. This has been re-

atT.. However, it is necessary to stress that this coherent JTently demonstrated in the case of the charge-ordered com-

distortion is already very smadibove T.. This can be quan-
tified by defining a JT parameter

1
o= \/§ Z [(Mn-0);-(Mn-0)1?,

pound Lg Ca& sMnO; (Ref. 9. For La sCa sMnO; at low
temperatures, the Pnma-averaged JT distortion is very small
[ o;(coherent=1.9x 10 2] and of theapically compressed
type (each Mn atom has two short and four long bonds with
adjacent oxygen atomsHowever, when the diffraction data
are analyzed in terms of the quasicommensurate superstruc-

(which is plotted as a function of temperature in Fig. 2, bot-ture, the JT distortion of the MO, octahedra is deter-

tom panel. For L& ;:Ca,gMnO; at 300 K, o;~3.7

mined to be of thapically elongatedype and to be as large

%103, some 30 times smaller than for the prototype com-as for LaMnQ [ j{tota)=1.2x 10" ]. Obviously, in this

pound LaMnQ at the same
(077=1.2x10%).*2 Furthermore, for Lg;«Ca, ,dMn0Os, o7
increaseswith decreasing temperature beldw and, at 20

temperature case, the Pnma-incoherent component of the JT distortion

(i.e., the component which averages to zero upon application
of the Pnma symmetry operatpnis actually coherent with

K, becomes as large as at 300 K. Both these observationgspect to the superstructure space group. If the diffraction
indicate that the behavior of the coherent JT distortion is alata are analyzed using the Pnma space group, this Pnma-
useful indication that a structural rearrangement is occurringncoherent component is manifest only by rather large low-
at T, but cannot be taken as a conclusive proof of the roléemperature oxygen Debye-Waller factgts(0)~1x 10 2

of lattice distortions in charge localization in the paramag-as compared, for instance, t(O)~3x 10 3 for LaMnQ;,

netic phase.

at 2 K (Ref. 9] indicating the presence of static disorder. In
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TABLE II. Refined structural parameters from neutron powder-diffraction data forAthgA;MnOs
compounds havindR3c (No. 167 space-group symmetry. The hexagonal axes setting was used for the
refinement. Numbers in parentheses are statistical errors of the last significant digit. The site occupancies are
kept at fixed values consistent with the nominal stoichiometry. The atomic positions areb\vi:(6,0,0;

A/A': 6a 32(0,0,0.25, O: 1& .2 (x,0,0.25.

A/A’ Site Lay Cay 125,17 Lay/Sih.3 Lag Bay 1856.12 La, Bags
Temperature 300 K 300 K 16 K 300 K 300 K
a R 5.50221) 5.5061) 5.499 3Q9) 5.524%1) 5.537 8015
c R 13.32913) 13.35643)  13.31753) 13.44313) 13.50114)

v (A3 349.471) 350.661) 348.801) 355.321) 358.572)
m (ug) 2.184) 2.364) 3.094) 2.294) 3.3713)
Mn Uiso (A?) 0.00535) 0.00375) 0.00245) 0.00365) 0.00386)
AN U (A?) 0.007%3) 0.00723) 0.004@3) 0.007&3) 0.00944)
o X 0.451%1) 0.45771) 0.45631) 0.46471) 0.47062)
ug; (A?) 0.011%3) 0.010G3) 0.00573) 0.01763) 0.02035)
Uy, (A?) 0.00995) 0.00885) 0.00474) 0.01335) 0.0135%7)
ugs (A?) 0.00974) 0.01384) 0.00774) 0.00794) 0.01225)
ug, (A?) 0.005@2) 0.00432) 0.00232) 0.006623) 0.00673)
U3 (A?) —0.0014(2) —0.0020(2) —0.004(2) —0.0017(2) —0.008(3)
Uy (A?) 0.00284) 0.004G4) 0.00284) 0.00354) 0.00456)
Rwp (%) 5.78 6.93 7.79 6.21 5.91
X2 (%) 2.262 2.461 3.038 3.780 3.244

the case of the paramagnetic phase of 1-8&, ,sMNnO; and
other near optimally doped compositions, the absence of
charge ordering indicates that, if present, the residual JT dis-

TABLE Ill. Refined structural parameters from neutron powder- 1grtion must be truly incoherent, either through static or dy-

diffraction data forA;_,A,MnO; compounds having ImméNo.

namic disorder.

74) space-group symmetry. Numbers in parentheses are statistical
errors of the last significant digit. The site occupancies are kept ab
fixed values consistent with the nominal stoichiometry. The atomic

The temperature dependence of the anisotropic oxygen

ebye-Waller factors for LgysCa -gMInO5 is plotted in Fig.

positions are Mn: B 2/m. (0,0,0.5; A/A’”: 4e mn2 (0,0.257), 3. We have chosen to plgtJ) (defingd as 1/3 the trace of
O(1): 4e mn2 (0.5,0.25), O(2): 8g .2. (0.25y,0.75. the Debye-Waller tensprand the projections of the thermal
ellipsoid along the directions of the Mn-O bondd £, and
A/A’ Site LayBay.165h.12 Lag Bag 3 on the plane perpendicular to therd ;). U is always
larger than Up,), as phonon energies are lower for tilting
Temperature 16K 16K modes than for breathing modes. Howevepy, displays a
a A) 5.49031) 5.508 888) rather flat temperature dependence ab®ye and a sharp
b R 7.76072) 7.788 21) drop atTc, while U,ephas a linear temperature dependence
c A) 5.52981) 5.539 568) aboveT: and a much smaller discontinuity. These data are
\Y (A3 235.6038) 237.6696) consistent with the presence, abdlg, of incoherent struc-
" () 3.403) 3.373) tural distortions which involve oxygen displacements,
Mn Uiso (A?) 0.00123) 0.002 25) mainly along the Mn-O bonds. Furthermore, the absolute
AJA/ z 0.00192) 0.001 83) value ofU, at Tc(~1x 1072 A?) implies a mean-squared
U, (A2) 0.00232) 0.003 G3) displacement of the oxygen atoms-eD.1 A, which is com-
o) 7 0.04513) 0.039 14) parable witho ;7 for LaMnOg or the Lg sCay sMnOg super-
Uy (A?) 0.0081) 0.0112) structure. All these_observatlons support the possibility that,
11
2 in the paramagnetic phase, the ¥ octahedra may be
Uy, (A2) 0.0048) 0.0041) . e . ;
A2 0.01107) 0.0151) _nearlyfully distorted the largest part of this distortion bglng
Uzs (A7) incoherent. Our results are also in good agreement with the
0(2) y 0.022%1) 0.019 32) evidence obtained using probes that are sensitive to the local
uy; (A%) 0.00387) 0.0071) structure, like neutron-scattering pair-distribution-function
U (A?) 0.01325) 0.013 77) analysi€® and extended x-ray-absorption fine structiire.
uzz (A?) 0.01065) 0.013 97) Figure 4 shows the Mn-O-Mn bond angles as a function
uss (A2 —0.0030(5) —0.0053(7) of temperature for Lg;:Ca, ,9MinO4. This parameter is im-
Rwp (%) 5.05 5.43 portant because it is related to the electronic bandwidth, as
X2 (%) 2.568 2.651 discussed in Sec. V. Both crystallographically independent

Mn-O-Mn angles suddenly increase®t. This fact, along
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TABLE IV. Refined structural parameters from neutron powder-diffraction data fgyCa, ,gMNO; at selected temperatures. The space
group symmetry is Pnmdo. 62. Numbers in parentheses are statistical errors of the last significant digit. The site occupancies are kept at

fixed values consistent with the nominal stoichiometry. The atomic positions are bh1@,0,0.5; La/Ca, Q1): 4c .m. (x,0.25z), O(2):

8d 1 (x,y,2).
Temperature 20 K 130 K 220 K 240 K 250 K 300 K 360 K 420 K
a R) 5.470573) 5.472313) 5.476944) 5.480414) 5.480514) 5.481844) 5.483774) 5.485744)
b A) 7.733744) 7.736844) 7.7436%6) 7.7476@6) 7.748 025) 7.7515@5) 7.755735) 7.759 8@5)
c A 5.488533) 5.4907%3) 5.494964) 5.4966%4) 5.496 954) 5.499 644) 5.503094) 5.506 544)
\% (A%  232.2082) 232.47@2) 233.05@3) 233.3893) 233.4173) 233.6943) 234.05@3) 234.4043)
My (mg) 3.51(1) 3.331) 2.291) 0.073) 0 0 0 0
Mn  ug (A% 0.000 32) 0.001 32) 0.002 12) 0.00272) 0.002 32) 0.002 92) 0.003 2) 0.004 32)
La/Ca X 0.021 31) 0.020 92) 0.021 @1) 0.021 41) 0.021 1) 0.020 1) 0.019 91) 0.018 1)
z —0.0043(1) —0.0044(1) —0.0041(2) —0.0044(2) —0.0044(2) -—0.0043(2) —0.0041(2) —0.0039(1)
Uiso (A%  0.002 31) 0.003 1) 0.005 g1) 0.007 11) 0.006 91) 0.007 51) 0.008 1) 0.009 91)
0(1) X 0.491 82) 0.491 62) 0.492 @2) 0.491 22) 0.491 32) 0.491 42) 0.491 82) 0.492 32)
z 0.064 @1) 0.064 11) 0.064 12) 0.065 @2) 0.065 11) 0.064 12) 0.064 41) 0.063 81)
u;; (A% 0.006 35) 0.007 85) 0.012 16) 0.013 66) 0.013 56) 0.015 26) 0.015 76) 0.018 @6)
Uy (A% 0.00124) 0.002 74) 0.005 §5) 0.008 35) 0.007 §5) 0.007 75) 0.008 35) 0.009 @5)
usz (A% 0.003 13) 0.004 14) 0.004 94) 0.007 34) 0.006 94) 0.008 14) 0.010 @4) 0.011 54)
u;3 (A% 0.00043) 0.00033) —0.0007(4) —0.0005(4) —0.00092(4) —0.0007(4) —0.0008(4) —0.0015(4)
0(2) X 0.276 @1) 0.275 81) 0.276 Q1) 0.277 11) 0.277 31) 0.276 712) 0.276 Q1) 0.275 31)
y 0.033236) 0.0332@7) 0.0332%8) 0.033738) 0.03363) 0.033378) 0.0331@8 0.032 888)
z 0.725439) 0.725549) 0.7245Q1) 0.724 31) 0.724 31) 0.724 &1) 0.725 21) 0.725 &1)
u;; (A% 0.00352) 0.004 82) 0.008 23) 0.009 §3) 0.009 43) 0.010 23) 0.011 33) 0.012 93)
Uy (A% 0.00392) 0.005 52) 0.009 13) 0.010 23) 0.01043) 0.011 43) 0.013 33) 0.014 33)
uss (A% 0.003 22 0.004 42) 0.006 @3) 0.009 73) 0.009 &3) 0.010 33) 0.011 43) 0.012 33)
u;, (A% 0.000063) 0.000 13) 0.000 33) 0.000 633) 0.000 33) 0.00023) —0.0002(3) —0.0005(3)
u;3 (A% —0.0009(2) —0.0012(2) —0.0009(2) —0.0005(2) —0.0009(2) —0.0017(2) —0.0017(2) —0.0025(3)
Uy (A% 0.00073) —0.0005(3) —0.00082) —0.00014) 0.00053) —0.0004(3) —0.0004(3) 0.000 24)
Rwp (%) 4.34 4.32 4.34 4.27 4.04 3.89 3.76 3.64
X2 (%) 2.99 2.94 3.00 2.95 2.69 251 2.30 221

with the concurrent drop ofMn-O), is consistent with a We should stress thdt ,) has simply the meaning of a con-
large value of the bandwidtW/ in the metallic phase. It is tinuous abscissa used to plot physical or structural parameters.
noteworthy that the behaviors @fIn-O) and of(Mn-O-Mn) In fact, the “true” ionic radius is a rather ill-defined concept,
have opposite effects on the unit-cell volume, which for asince it depends on thA-site coordination, which, as we
distorted perovskite, can be expressed as shall see, is itself a function ofr,). Therefore, for the
present and previotis® papers, in order to avoid complica-

V~Z[2(Mn-O)cosw]®, (3.)  tions, we chose to calculate ionic radii at constant coordina-

where tion number(9), using tabulated valuéd. The choice of
ninefold coordination was made simply because this is the
1 highest coordination number for which tabulated data are

w=7 (m-(Mn-O-Mny)), (3.2  available for all the cations of our series. The param@tgr

can be continuously varied only by making solid solutions
with variable concentrations of ions of different sizes, and, to
this end, for eacHr,), several combinations of large and
small ions may be used. A recent work by Rodriguez-
Martinez and Attfield* has indicated that samples with equal
(rp) and doping levek may have different properties, de-
pending on whether ions with widely different rad#.g., Lu
and Ba or almost equal radife.g., Pr and Qaare used. In
other words, in addition ta and(r »), the cation-size disor-
der parameterg(r,), may also play a role. The magnetic
A considerable amount of work has been recently devotegroperties of the rare-earth ions may also be important, es-
to the evolution of the transport and magnetic properties byecially at low temperatures. In the present paper, keeping in
altering, at constant electronic doping, the ionic radii of themind thesecaveats we will nonetheless follow the “tradi-
A-site ions. Usually, the evolution of the physical propertiestional” approach of using« and(r,) as the only “chemi-
is described in terms of the averagesite ionic radiugr ). cal” parametergthe possible effects af(r ) upon the elec-

andZ is the number of formula units in the unit céf=4
for the present cageThe volumeincreaseat T on cooling,
produced by the sudden increasgMh-O-Mn), is overcom-
pensated by a volume decrease due to {da-O) drop,
yielding the observed volume contraction.

IV. METAL-INSULATOR TRANSITION
AS A FUNCTION OF (rp)
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T 0.004 FIG. 3. Incoherent distortions of the Mg@ctahedra vs tem-
e perature for Lg,sCa »gMn0Os. Isotropic oxygen Debye-Waller fac-
D_l’ tor, defined as 1/3 of the trace of the Debye-Waller ten&mttom),

and projections of the oxygen anisotropic Debye-Waller factors
0.003 | parallel (U ) andperpendicular((qper,)) _(top) to the direction of
the Mn-O bond lengths for @) (filled circles and Q2) (open
squarep
0 100 200 300 400 500
T (K) from the paramagnetic insulat¢Pl) phase to FM around

. _ » room temperaturéthe radii at theseM-I transitionsr,_, ,
" FI\I/IG.S bEﬁZCItS oft:‘hefmalg;glc adr\‘/? getil\-msulat(')vrl tr«’gzmog OMheing 1.185 and 1.216 A at 2 and 293 K, respectivefpne
e Mn-O bond lengths for Lgg«Cay ,dMNn0O;. Average Mn-O bon , - .
length: (top), individual Mn-O bond lengthgcentejy and Jahn- A1-xAMNO; ;tructural phase diagram has aIsc_) been previ
Teller distortion  parametero ;= V133, [(Mn-0), — (Mn-O) 2 ously reported. Three allotypes of the perovskite structure
(bottom. The arrows indicate the position of the magnetic and(With space groups PnmR3c, and Imma have been shown
metal-insulator transition. to exist in this range of parameters. In this section, we focus
on the variation of the structural properties as a function of
(ra) relating to theM-| transitions.
The Mn-O bond lengths and the average oxygen Debye-

tronic bandwidthW and the JT localization enerdy;r will

be discussed in Sec.)VWe remark, however, that, due to
the choice of metal ions used to synthesize our series, there is
a systematidncreaseof a(r,) as a function ofr,), from
4.58<10 * for PryCaMnO; ((r,)=1.179) to 1.16

X 1071 for Lag/BagMnO; ({ra)=1.292). In the present
section we focus on the structural effects occurring at the
metal-insulator transition as a function @f,), while Sec. V

is be devoted to the changes of the electronic bandwidth
induced by varyingr,) (“chemical” pressurg and by ap-
plying an external pressure.

It has previously been shown that, for a constast0.3
value, the low-temperature transport and magnetic properties
of A;_,A;MnO; change from canted antiferromagnetic insu-
lator (CAF) for small({r ) to ferromagnetic metalFM) for 0 100 200 300 400 500
large {r ). Furthermore, the Curie temperature is a non- T (K)
monotonic function of(r,), reaching a maximum for the
composition La ,SrEMnO; ({ra)~1.24 A). Inspection of FIG. 4. Mn-O-Mn bond angles as a function of temperature for
theT vs(r,) phase diagrafindicates that two types ofl -1 Lag 7:C& »gMnO;. The error bars are smaller than the symbols.
transitions occur: from CAF to FNat low temperaturgsand  Lines are guides to the eye.

161 - Mn-02-Mn

160 t

Mn-O1-Mn

159 W

La, ;,Ca, ,MnO,
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1.6 ' ' ' A Ao U(O) as a function ofr ). The likely cause of this effect is
1al 07 0s 2 the aforementioned systematic increaser¢f,) as a func-
WilRT) 1_003 Kk tion of (r ), which induces structural disorder in the position
12 ¢ of the oxygen atoms, which are coordinated with #site
£ 10l cations. This disorder manifests itself as a temperature-
pR independent contribution to the oxygen Debye-Waller fac-
EA/ 08 | tors.
) The behavior of the Mn-O distances and W{O) just
=1 06 ¢ described is consistent with the picture we have established
04 | for Lag7:Ca& ,sMNO;: the metallic phasgabovery, ) is
characterized by a small coherent JT distortion of the MnO
} octahedra and by small(O)’s, whereas, in the insulating
i phases, these parameters are larger. Furthermore, if the large
i U(O)’s are interpreted as arising from an incoherent JT dis-
197 | ! tortion of the MnQ octahedra, the total JT distortions of the
" Mn®*Og octahedra can be as large as in LaMr(@ote that,
E in the ideal case of complete charge localization, only 70%
! of the MnQ; octahedra are expected to be Jahn-Teller dis-
1.96 i torted, since the formal valence of Mn i, A MNnO; is
< : 3.39. What is particularly noteworthy about the
2 | A ,A;MnO; series is the existence of similarities between
g . . . the average structures of the Pl ph&séRT samples below
— ; LAy A MO, | rv.;) and of the CAF phaséPr, LCa, ;MnO; at 2 K), in that
é ! ! both support largécoherent and incoherendT distortions.
198 | ! These similarities will be discussed in further detail in Sec.
' 1 . VI.
197 | | .
196 | MnoO1 E i V. EFFECTS OF “CHEMICAL”
! ! AND APPLIED PRESSURE
1.95 ¢ : : As already mentioned, the magnetic and transport proper-
Mn-O2 ! ; ties can be varied at constant doping by varying Ahsite
1

cation compositioh’®** or by applying external
pressuré:?82° A metal-insulator transition can be induced by
decreasing the averagdesite ionic radiugr ) below a criti-
cal value (r,)~1.18). In the metallic regimel ¢ varies by
more than a factor of 2 as a function @f,), and, for the
Mn**/Mn®* ratio of 0.3, it displays a maximum correspond-

94 L I L L L
116 1.18 1.20 122 124 126 1.28 1.30

<r,> (A)

FIG. 5. Coherent distortion of the Mn®@ctahedra as a function
of {ra) for Ag,A{ MNnO; (see also Ref.)5 Mn-O bond lengths at 2

K (lower) and 293 K(centej, and average oxygen Debye-Waller . - -
factors (top). The dashed lines separate the different structuraf9 10 the composition LgStMNO; ((ra)=1.244). The

phases. Error bars are either shown or smaller than the symbol@.pplication Of ex-ternal pressure always increabgs with
Solid lines are guides to the eyes. dTc/dP varying in the range 5—50 K GP& These effects

have been discussed by the majority of authors in terms of a
Waller factor(defined as 1/3 the trace of the Debye-Wallervariation of the electronic bandwidtiV as a function of
tensor in the orthorhombic phases, the average over the twachemical and applied pressure, with the main focus being on
independent oxygen sites is also perforiped a function of  the influence of the Mn-O-Mn bond angle & Mn-O-Mn
(rp) are shown in Fig. 5 forT=293 and 2 K. For is expected to increase both as a function of increa&ipy
Pry Ca& aMnO;, which is the sample of our series having theand as a function of applied pressure, which would account
smallesi(r ) value, both the coherent JT distortion and thefor the general trend of increasifig: with these parameters
oxygen Debye-Waller factors are rather large;;=2.0 (the metallic phase is stabilized by larger valued\gf Ac-
X102 and 7.7 1073, and U(0)=1.2x102 and 1.0 cording to the most recent theoretical discussions, it appears
X102 at 2 and 293 K, respectively. With increasitig,), that, in addition toW, another energy scale acts as an essen-
the coherent JT distortion decreases and finally disappeat®l ingredient in the description of these systems, namely the
abover,.,. It should be pointed out that, as in the previ- JT energyE,r. For instance, Millis, Shraiman, and Muef@r
ously discussed LgCa; ,gMN0O; case, a few samples in the have proposed a generalized phase diagram of the mangan-
FM phase have a small but still measurable valugrgfat  ites at constant doping~0.3, as a function of the reduced
low temperatures. The oxygen Debye-Waller factorgO) temperaturéel /t (t is the electron hopping parameter, which
show a similar albeit slightly more complex behavior. Theis proportional toW), and of the electron-phonon coupling
abrupt reduction ofJ(O) in the vicinity ofry,_, is evident, A=Ej;/t. As a consequence, possible variation&gf as a
especially in the low-temperature data. It is noteworthy,function of “chemical” or applied pressure need to be taken
however that this behavior is superimposed ofinaneaseof  into consideration. This approach was recently followed by
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Rodriguez-Martinez and Attfieldf,in their description of the 172 PTIYY
effects onT ¢ of varying the cation size disorder at constant 170 | 070 s
and (r ). Rodriguez-Martinez and Attfield note that is

strongly suppressed when mixtures of very large and very é 168
small cations are used, and interpret this effect by hypoth- & 166 T=293 K ]
esizing that the strain field induced by the cation size disor- 1,:\" X
der stabilizes the JT distortions, effectively increasing the £ 9% [
parametelE 7. It has to be noted, however, that the lattice Q@ 162 [
parameters reported by Rodriquez-Martinez and Attfield in- =

. . . . vV 160 | b
dicate significant changes in the average structure, and, in
particular, an increase of the unit-cell volume by 0.5% 158 | .
throughout the series. Since no information on the internal , . . . .
structural parameters is available for this series of samples, it 1966 | A, A MNO,

is impossible to ascertain whether the obserVedvariation

is due to an increase &7, as proposed by the authors, or to
a reduction ofW, which could be a consequence of an in- 1.962
crease of the average Mn-O bond len@gke below. In the =
remainder of this section, we present a detailed study of the @

ey

evolution of the internal structural parameters as a function % 1.958 1 )l
of {r ) and applied pressure for our samples. Based on these
data, we estimate the corresponding changé#.irDur data 1954 | i

indicate that all the observékt variations can be explained,

at least qualitatively, by changes of tkié parameter, but do

not completely rule out a contribution from a variation of 1.950 : ' : . : :
E;r, which is, however, much more difficult to estimate 116 118 120 1-22<r>1i;25:)1 126 1.28 1.3
(some qualitative considerations are presented at the end o. A

this section. Our results also |nd|cate_that, in addition to the FIG. 6. Structural parameters affecting the electronic bandwidth
Mn-O-Mn bond angle, Mn-O bond distance changes play Qv average Mn-O bond lengthéottom and Mn-O-Mn bond

major role in influencingw, espemally as a function of ap- _angles(top) as a function o r ,) for Aq A} MnOs.
plied pressure. These conclusions are based on the evolution

of the structural parametefbond lengths and angleaver- o
agedover the crystallographically independent values. ThisMn-O) change(about 1%, as shown in Fig. 7(bottom
procedure is always justified for the Mn-O-Mn bond angles,panel. Therefore, the presence of@nimumin (Mn-O) for
since the difference between Mn-O1-Mn and Mn-O2-Mn in{ra)~1.24 has remarkable consequences on the evolution of
the orthorhombic phases is only 1-3°. As far as the Mn-d cosw/d3%] [assumed to be proportional W through Eg.
bond lengths are concerned, somaveatsare necessary, (5.1)]as a function ofr,) (Fig. 7, top pangl At low (rp),
since, as we have seen, a measurable coherent JT distortitite increase ofMn-O-Mn) and the decrease ¢§In-O) both
is present in the paramagnetic phase at {ow). contribute to the rapid increase 0f. At high(r»), however,
For perovskite compounds with general formalBX;, it ~ the two structural parameters have opposite effectd\on
is a straightforward result from tight-binding approximation yielding a netdecreasef W with a much smaller slope. The
that W depends on both thB-X-B bond angles and-X evolution of W as a function of r ») is remarkably similar to
bond lengths, through the overlap integrals between the 3that of Tc. However, the conclusion thaV is directly re-
orbitals of the metal ioB and the D orbitals of theX anion.  lated toT¢, and, in particular, is solely responsible for the
The following empirical formula has been used to describenetal-insulator transition as a function @f,), should be

this double dependence: taken with some care, as the total changaibthroughout
the metallic range is only about 4%, wheréegs varies by

COSw more than a factor of 2. The bandwidth scenario, therefore, is
W @’ (5.2) plausible only assuming thdi is very sensitive to smallv

variations. By comparison, in the generalized phase diagram
wherew is the “tilt” angle in the plane of the bonflready  proposed by Millis, Shraiman, and Muel®tthe E ;; param-
defined in Eq.(3.2)], and is given byw=3(7-(B-X-B)), eter must vary by about 20% to obtain a comparabje
anddg_y is theB-X bond length. From the previous formulas variation.

it is clear that, for weakly distorted structures like the man- The presence of a minimum iMn-O) (Fig. 6) is unex-
ganite perovskites, where casis close to 1, only very large pected, and needs to be discussed. The minimum occurs
changes in th8&-X-B bond angle can significantly affe. within the trigonal phase, and cannot be correlated with the
The averageMn-O bond lengths and Mn-O-Mn bond angles Pnma— R3c structural phase transition. On the other hand,
as a function ofr 5) for our series of samples are plotted in chemical and iodometric analyses performed on the present
Fig. 6 (bottom and top panels, respectivelfhe change of and on similar samples rule out the possibility that the ob-
the Mn-O-Mn bond angles is apparently quite remarkableserved effect is due to a systematic change of the formal Mn
(14° throughout the rangeHowever, the total change in valence throughout the serie¥Ve propose that the presence
cosw is very small, less than 2% and is comparable to theof a minimum is due to the interplay between steric and
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FIG. 9. Relative pressure evolution of the internal parameters,
normalized as in Fig. 6, for selected samples of AggAj MnO;
series. The right and left scales are identical. The lines are linear
best fits through the average values between the different composi-
tions.

octahedral framework untilts. As a consequence, the far-
away oxygen atoms in the first coordination shell come
closer to theA site, and start to feel aattractiveinteraction,

FIG. 7. Bottom: Relative changes of the average Mn-O bondhich is transmitted to the Mn-O network as an effective

lengths and cos [for the definition, see Eq3.2)] as a function of
(r ) normalized to the values for P4Cay MnO; ({r,)=1.18 A).

Top: comparison of the evolution of the co&l3 ratio (assumed
to be proportional tdV, see Eq«(5.1) and of T¢ as a function of

(ra)-

coordination effects around thesite of the perovskite struc-
ture. At low values ofr,), the octahedral framework folds
around the smallA-site cation until it attains equilibrium
distances with 8 of the 12 surrounding oxygen atggight-
fold coordination, see Fig.)8 The A-O distances with the
three remaining oxygen atoms are in excet8 & which
makes them effectively nonbonded. In this situation, veryt
little strain is imposed upon the Mn-O bond lengths, which
can adjust to their optimal value. With increasifg,), the

3.4 T ———T — T
: l A07A'03Mn03
ap 2 Pama L T=2K |
' 1 | R3c !
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FIG. 8. A-site cation to oxygen bond lengths as a function of

o

<r,>(A)

“internal” pressure. For even larger values @f,), the A
cations becomes effectively 12-fold coordinated, and the
whole lattice, including the Mn-O distances, must expand
with increasing(r ). This reversal of the sign of the internal
pressure could, in fact, be quite a general effect in perovs-
kites, which deserves to be explored in other systems as well.

The application of an external pressure on these com-
pounds produces quite different structural effects than the
aforementioned “internal” pressure. The primary effect of
the external pressure is to compress all the bond lengths
(Mn-O and A-O). However, theA-O bonds are less com-
pressible than the Mn-O bonds, whence a slight increase of
he Mn-O-Mn bond angles as a function of pressure. We
have measured the internal parameter compressibility for all
the samples of our series up t00.6 GPa. No remarkable
difference between the samples has been noted. Figure 9
shows the pressure evolution of the internal parameters, nor-
malized as in Fig. 7. Although the behaviors of b{tin-O)
and cosw go in the sense of an increaseWfas a function of
pressure, it is clear thaMn-O) gives by far the largest con-
tribution to this effect.

The determination of the relative compressibilities as
a function of “chemical” and applied pressure allows an
interesting quantitative comparison to be made between
the their influence off . Assuming that the internal struc-
tural parameters only influenck: throughW, that is, T¢
=T[W(dyn.0,w)], and using Eq(5.1), one obtains

dizwdk[,(r_g&r] (5.2
d{r ) dw the Trhdb '
dTe  dTc . o

d_P_Wd_W[Kw_:BISKd]' (53)

(rp) at T=2 K. The numbers beside the lines indicate the bond

multiplicity in the various phases. Lines are guides to the eye.

where
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. 1 Jdcosw ) 1 3({Mn-O) rather small total variation cW asa fl_mction ofr A) sugggst
Ko™ cosw m1 Kd_<Mn_O> oy (5.4  that at least part qf th@. variation with(r ,) may be attrib-
uted to a change i& ;.

1 9 cosw 1 Mn-O) The changes ik ;1 induced by varying thé\-site cation

; K§'=<Mn_0> PR (5.5 composition are very difficult to estimate, and only qualita-

tive considerations can be presentéd; is the difference

are the “internal” and applied pressure compressibilities ofbetween the on-site electronic energy, which is gained by
the internal parameters. By taking the ratio between Egsdistorting the ligand configuration around the ¥rons, and
(5.2 and(5.3), one obtains the energy loss which results from the lattice distortions. The
example of LgCa gMnO; indicates that an optimal situa-
tion is realized by forming orbitally ordered configurations
with very small net distortion®which could also be present
as short-range-ordered clusters in the Pl piase Sec. V)l
whereR:D is the radius-pressure conversion factor previouslyAlthough these JT distortions are expected to be largely in-
introduced in Ref. 2. In other words, it is possible to predictcoherent, and therefore fairly insensitive to the global lattice
Rrp purely based orstructural parameters. The comparison symmetry, theA-site cation composition at constant doping
with the experimental values obtained from transport propcould affectE;; in at least two ways(1) The eightfold co-
erty measurements can therefore be used to verify the bandfdination around theé\ site, which is observed for small

P
K —— (=,
© cosw JP

dTc/dP [, —3.5¢q]
dTc/d(ra) [« —3.5¢}]

=RP, (5.6)

width hypothesis. values of(r,) in the Pnma phase, allows more flexibility
The applied pressure compressibilities are easily evaluthan the higher coordinations encountered for large values of
ated from the fits in Fig. 9: (ra), three of the 12 oxygen atoms being effectively non-
b ., b . bonded. This means that fairly largeoherent and incoher-
k,=0.000217) GPa™; «y=-—0.002324) GPa end fluctuations of the Mn-O bond length can be accommo-

dated at little energy cost, effectively increasigg . (2) As
proposed by Rodriguez-Martinez and Attfiéfth similar ef-
fect could be induced by-site size disordefexpressed in
terms of the parameter(r »)), which would provide prefer-
ential sites to accommodate KO, distorted octahedra. In

and can be considered as independerrgf. The “chemi-
cal” pressure compressibilities obviously change as a func
tion of (r,), with «{; notably changing sign. The following
approximate values can be used:

K =023 AL k=—011 A! summary, we conclude that the bandwidth scenario is able to
@ ' explain, at least qualitatively, all the observEd variations
_ as a function of “chemical” and applied pressure. However,
(below (ra)=1.24 A), a simultaneous influence of the JT energy; cannot be
K" =008 AL «[=008 Al ruled out, especially at very lor,) and at higho(r ).
@ ' ' Clearly a more accurate description of the influence of the
(above (r)=1.24 A). structural parameters upon the electronic structure of these

materials is needed to clarify this issue.
From Eq.(5.6) we obtain

RP=0.0137 A GPa® (below (r,)=1.24 A), VI. DISCUSSION AND CONCLUSIONS

RE=—0.044 A GPa' (above(r,)=1.24 A). In the previous sections we have discussed the structural
properties of the three magnetotransport phases which are
These values are of the correct order of magnitude but arencountered fox=0.25—0.30: paramagnetic insulatg?l)

systematically larger than the experimental values, especiallyt high temperatures, charge-ordered spin-canted insulator
at high(r »). For instance, fofr ) =1.205(corresponding to  (CAF) at low temperature and narrow bandwidth, and ferro-
the composition Lg/Ca s;MnOs, studied in Ref.  based on  magnetic metal(FM) at low temperature and wide band-
an experimental value ofiTc/d{r,)~2700K A~1, one  width. We have shown that the average crystal structure is
would predictd T /dP=37 K/GPa, to be compared with the similar for the first two phases, and is characterized by large
experimental valuedTc/dP)e,~20 K/GPa. In Ref. 2 we incoherent structural distortions of the JT type, which are
demonstrated that the effect of pressure could be mapped tiwccompanied, in the case of tRmmasymmetry, by a mea-
changes in(r,) for (rp)<1.24 A. However, above this surable coherent JT effect. Both coherent and incoherent dis-
value, our model predicts @ositive dT./dP, although tortions are abruptly reduced by the transition into the ferro-
dTc/d(r») is negative. In order to verify this, we have mea- magnetic metal phase. We have also shown that the
sured the pressure dependence offc for  evolution of the electronic bandwidth, as determined from
Lag Bay ;MnO;((r,)=1.292), and indeed found positive  the internal structural parameters, is sufficient to explain, at
dT./dP of ~6 K/GPa. This value is, however, smaller than least qualitatively, the evolution of; as a function of
the calculated value of 28 K/GPa, predicted on the basis ofchemical” and applied pressure in the metallic phase as
the experimentadl Tc/d(r ,)~—630 K A~1. Obviously, the well as the presence of a metal-insulator transition at narrow
approximate nature of the bandwidth expression in (&) bandwidths as a function df »). However, the similarities
may explain some of this discrepancy. However, both théetween the average structures of the charge-ordered and
high values ofdT-/d(r,) compared todTc/dP and the paramagnetic phases deserve to be discussed in further de-
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tail. To understand this relationship, it is useful to point outordered phase, in which several JT-distorted®Mpy and

that a phase transition between the charge-ordered and paighdistorted MA"Og octahedra would form an orbitally or-
magnetic phases occurs as a function of temperature fafered arrangement. A possible implication of such a model
narrow-bandwidth compositions. This phase transition hagould be the existence of short-range magnetic correlations
been studied, for instance, by De Teresal,* using dilato-  between the Mn ions in the cluster, which would be the
metric techniques for the composition,B€a,sMnO;. This  precursors of the long-range magnetic ordering in the charge-
study has evidenced the absence of a volume anomaly at thedered phases, as well as in the undistorted region between
phase transition, upon cooling in the absence of an appliethe clusters. Based on this analogy, one would expect these
external magnetic field, indicating that the phase transition igorrelations to be predominantigntiferromagneticin the
second ordefa volume contraction is present when a first- distorted regions anterromagneticin the undistorted ones.
order transition to the metallic phase is induced by cooling inThis model would provide an explanation for the strong
a strong magnetic fiejdBoth the Pl and the CAF phases are short-range magnetic fluctuations recently observed by Lynn
characterized by a deviation of the thermal-expansion coefet al3” and by De Teresat al® in the paramagnetic phase
ficient from the Grmeissen law, with onset in excess of 400 of these compounds.

K. These observations lead to the hypothesis thatidhal
structure is unchanged at the PI-CAF phase transition, which
would then be characterized only by the long-range ordering,
in the CAF phase, of structural distortions which would be The work at Argonne was supported by the US Depart-
already present in the Pl phase. In this scenario, the JT ponent of Energy, Office of Basic Energy Sciences-Materials
laron, as proposed by Millis and other authors, would not beSciences, Contract No. W-31-109-ENG-&8r J.D.J) and
isolated JT-distorted Mt Og octahedra, but rather extended the National Science Foundation, Office of Science and
clusters with the samdocal structure of the charge- Technology Centers, Grant No. DMR 91-200@N.A.).
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