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Abstract. The atomic structure of (La;—,Pry)o.7Cag.sMnOs compound with 0.5 < y < 1 has been system-
atically studied by neutron powder diffraction in the temperature range from 15 to 293 K. For composition
with y = 0.75, the structural analysis was performed on two samples, one containing the natural mixture of
oxygen isotopes and the other one 75% enriched by *#O. The room temperature structural characteristics
of the series, including cell volume, average Mn-O bond distance, and average Mn-O-Mn bond angle, are
the linear functions of the (ra). Temperature dependencies of these parameters are quite smooth, except
for the point T' = Trm, where a jump like changes occur. The isotope enriched samples have been found
identical in crystal and magnetic structure down to the temperature of transition of the sample with 60
into the metallic ferromagnetic phase. It confirms that different transport and magnetic properties of the
samples with ®0 and 80 at low temperature are driven by the different oxygen atoms dynamics solely.
Temperature dependencies of the CO and AFM diffraction peak intensities and of the peak widths for com-
positions close to the metal-insulator boundary (y = 0.75) indicate the macroscopically phase separated

AFM-dielectric + FM-metallic state below Tgum.

PACS. 75.30.Vn Colossal magnetoresistance — 61.12.L.d Single-crystal and powder diffraction

1 Introduction

Intensive investigations of CMR-manganites with the gen-
eral formula A;_;A/ MnOs (where A is La or other rare-
earth element, A’ is the alkali-earth divalent ion like
Ca, Sr) during last few years have persuasively demon-
strated that their transport (electric conductivity), mag-
netic (low-temperature magnetic ordering type) and struc-
tural (the lattice symmetry, the degree of the oxygen
octahedra distortions) properties are closely correlated
to each other, and for the revelation of the full phys-
ical essence it is necessary to study them in parallel.
Besides, it was also shown that the particular atten-
tion is needed to the investigation of the coupling be-
tween the electron and phonon subsystems in mangan-
ites. Several papers have already been published, where
this coupling was convincingly demonstrated by the sub-
stitution of oxygen 160 by 0. In particular the change
in the oxygen mass leads to the significant lowering of
the Curie temperature (for example, by 21 K after 95%
substitution of 10 by 0 in LaggCag2MnOj3 [1]), or
even to the total suppression of the transition to the
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metallic state (as in (Lag 5Ndo.5)0.67Ca0.33MnOs3 [2] and
(La0‘25Pr0‘75)0,7CaO,3Mn03 [3])

The certain properties of CMR-compounds depend
mainly on the amount of the divalent cation (the dop-
ing level), z, and, on the average ionic radius, (ra), of
the cations situating in the A-position of the perovskite
structure [4]. For the given doping level, the change in
the phase state may be done by successive substitution of
rare-earth cations, i.e. by changing (ra). The compound
(Laj_yPry)0.7Cag.sMnO3 (LPCM-Z, where Z = 100 x y,
hereafter), the structural neutron-diffraction investigation
of which is presented in this paper, is in this sense in-
dicative, because the change of y from 0 to 1 leads to
the considerable change in the low-temperature magnetic
state: for y = 0 ((ra) ~ 1.21 A) it is ferromagnetic metal
(Trm =~ 250 K) [5], and for y =1 ((ra) ~ 1.18 A) it is an
insulator with the complicated magnetic structure [6-8].

The phase diagram for the A;_,A/MnOjs compo-
sitions with « = 0.3 (Ref. [9]) shows that (ra) =
1.19 A(Corresponding to the tolerance factor of perovskite-
like structure t ~ 0.91) is a critical value separating the
metallic and the insulating states. It has been shown in ref-
erences [3,10], that the LPCM composition with y = 0.75,
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for which (ra) = 1.186 A, becomes essentially sensitive
to the different physical effects, so that even the isotope
substitution of *°0 by 80 causes the change of the low-
temperature state from metallic to insulating. A possi-
ble microscopic model of such transition was discussed
in reference [10] in terms of the isotope dependence of
the effective electron bandwidth in the proximity of the
insulator-metal phase boundary. For checking and refin-
ing the theoretical models, the information on the atomic
and magnetic structure as a function of (rap) at a con-
stant doping level is essential. In this case, the changes in
transport properties might be related to the conduction
bandwidth, which is, in turn, related to the values of the
valence angles Mn-O-Mn, as it was shown, for example, in
reference [9].

In our previous neutron-diffraction papers on the com-
positions (Laj_,Pry)o.7Cag sMnO3 with y = 0.5 [11] and
y = 0.75 [12], we mainly studied their magnetic properties.
It was shown that the low-temperature magnetic structure
correlates with the behaviour of the electric resistivity. In
particular, it was found that two samples of the compound
with y = 0.75 (one of which contained the natural isotope
mixture (99.7% 160) and was metallic at T < 110 K, and
the other was 75% — enriched by 'O isotope and remained
insulating down to helium temperatures), do possess dif-
ferent magnetic structures. The observed temperature de-
pendencies of the diffraction peaks intensities in LPCM
with y = 0.75 [12] turned out to be qualitatively the same
as for the (LagsNdo.5)0.67Ca0.33MnO3 composition, two
samples of which, enriched with the 160 and '#O isotopes,
were investigated by Ibarra et al. with neutron diffrac-
tion [13]. In that study, it was shown that in the sample
with 160, the FM contribution to the nuclear peaks inten-
sities is high, and the intensity of the superstructural AFM
peaks is low, while in the sample with 20, the situation is
opposite. The authors of reference [13] concluded that the
strong electron-phonon interaction is present, which in-
fluences the observed effects, and suggested the existence
of the two electronically segregated phases in the sample

with 160.

In the papers of Millis et al. [14,15], the possible sce-
nario for the charge delocalization in CMR, compounds
was substantiated, in which the distortions of the oxy-
gen octahedra around the Mn™*3 cations, which exist in
the paramagnetic insulating phase and promote the local-
ization of charges in the form of “Jahn-Teller polarons”,
disappear at the transition to the FM phase. The first
indication for such a mechanism was already obtained in
the classic paper of Wollan and Koehler [16], and in the
latest time — in some diffraction experiments (see, for ex-
ample, Refs. [11,17,18]). These data and especially the
experiments with oxygen isotope enriched samples con-
firm the importance of the electron-phonon coupling for
the physics of the CMR-manganites, but nevertheless no
proves of structural identity of the isotope enriched sam-
ples in the above mentioned papers were granted till now.
As a result, the papers have appeared (see, e.g., Ref. [19]),
which propose non-phonon mechanisms for the isotope ef-
fect in CMR.
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In this paper, we present the systematic structural
data for the (Laj_,Pry)o.7Cag sMnO; series as functions
of temperature. One of the main goals of this work was
the precise study of crystal structure of two samples with
y = 0.75 with different contents of the %0 and 0 oxy-
gen isotopes. We show that the samples are structurally
identical in the temperature interval between room tem-
perature and the temperature of the 10 sample transition
to the metallic ferromagnetic phase, T, 0-16 and, conse-
quently, their essentially different transport and magnetic
properties at T' < Tym,0-16 are determined only by the
differences in the oxygen atoms dynamics. Also, the evi-
dences are presented for existence of spatially separated
(onto the antiferro- and ferromagnetic phases) state in the
160 sample with y=0.75.

2 Samples preparation and neutron
diffraction experiments

Several samples of (Laj_,Pry)0.7CagsMnOs with 0.5 <
y < 1 were prepared as powders with the use of the so-
called “paper synthesis”. For this, an aqueous solution of
a mixture of La, Pr, Ca, and Mn nitrates taken in the
required ratios was soaked by ash-free paper filters, which
were dried (120 °C) and then burnt. The oxide product
thus obtained was annealed in air at 700 °C for 2 h.
The final thermal treatment consisted of annealing the
pressed pellets in air at 1200 °C for 12 h. The process of
the (Lag.25Pr0.75)0.7Ca0.3MnO3 composition enrichment
by the oxygen isotopes was carried out at T = 950 °C
and p = 1 atm. Two samples were treated simultaneously:
one was heated in natural 1°Oy atmosphere (99.7% en-
richment), the other one was heated in 80, atmosphere
(85% enrichment). The powder was placed in the plat-
inum boats situated in two parallel quartz tubes. Each
tube was a part of the closed circuit. In one circuit, the
160, oxygen circulated, in the other — the '®Q isotope
enriched gaz. 11 sequential changes of the oxygen atmo-
sphere in the circuit were done. The impoverished due to
the exchange oxygen gas was removed, and the circuit was
refilled with the “fresh” oxygen 8O, with the 85% isotope
enrichment. The whole time of annealing at 950 °C was
100 h. The final 80O oxygen content in the O-18 sample
was about 75%. It was determined from the weight chang-
ing and mass-spectroscopy analysis of oxygen atmosphere
in the contour. Hereafter, these samples with y = 0.75 and
oxygen %0 and 0 isotopes are referred to as O-16 and
0-18, correspondingly.

The mass of the samples prepared for the neutron-
diffraction experiments was about 5 g each. For all the
samples, the temperature dependencies of the resistivity
and magnetic susceptibility were measured. Their low-
temperature magnetic structure was defined in neutron-
diffraction experiments, carried out with the DMC diffrac-
tometer in the Paul Scherrer Institute at SINQ neutron
source. The results of these investigations will be pub-
lished elsewhere. The main characteristics of the samples
studied are given in Table 1.
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Table 1. Some characteristics of the (Lai—yPry)0.7Cag.3MnO3s compounds. The samples investigated in the present paper, are
marked as LPCM-50, and so on. For the compositions with y = 0, 0.25 and 1, the data from the literature are given. The
values of (ra) are calculated with the use of the values tabulated in [24] for the 9-fold coordination. The tolerance factor was
calculated as t = (1/v/2)({ra) 4+ r0)/((rmn) + 70), where ro = 1.32 A and (run) = 0.62 A. Trw is the temperature of the FM
ordering, which coincides with the temperature of the metal-insulator transition, a, b, ¢ - are the unit cell parameters at room
temperature for the Pnma setting. The compositions with y = 0.75 (0-18), y = 0.9 and y = 1 are insulators down to helium
temperatures. For the compositions with y > 0.6, the AFM ordering is observed together with the ferromagnetic ordering, and

TAFM ~ const. ~ 150 K.
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Fig. 1. Diffraction spectrum of the LPCM-75 (O-18) sample,
measured at the HRFD at room temperature and treated with
Rietveld method. The experimental points, calculated profile
and difference curve are shown. The difference is weighted by
the mean-squares deviation for each point. Ticks below the
graph indicate the calculated peak positions.
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All structural data are given for the orthorhombic
space group Pnma (No. 62) in the standard setting, for
which the unit cell parameters are related to that of
the ideal cubic perovskite (a. ~ 3.8 A) by the formulae:
2 ac, b~ 2ac.

The structural neutron-diffraction experiments were
carried out with the HRFD diffractometer in the FLNP,
JINR at the IBR-2 pulsed reactor. HRFD is the TOF cor-
relation neutron spectrometer utilising the fast Fourier-
chopper for modulation of the neutron beam intensity and
the reverse time-of-flight method for registration of scat-
tered neutrons [20]. The resolution of HRFD in the in-

a~C~

Sample y (ra), A t Tem, K | a, A b, A ¢, A | Comment
0 1.206 0.9207 250 5.4654 | 7.7231 | 5.4798 | from [23]
0.25 1.199 0.9181 ~ 200 5.4585 | 7.7146 | 5.4674 | from [22]
LPCM-50 0.5 1.193 0.9160 175 5.4616 | 7.7080 | 5.4591
LPCM-60 0.6 1.190 0.9149 150 5.4587 | 7.6987 | 5.4540
LPCM-70 0.7 1.187 0.9138 130 5.4609 | 7.6940 | 5.4480
LPCM-75 | 0.75 1.186 0.9134 120 5.4566 | 7.6929 | 5.4479 0-16
LPCM-75 | 0.75 1.186 0.9134 - 5.4567 | 7.6932 | 5.4479 0O-18
LPCM-80 | 0.80 1.185 0.9130 100 5.4663 | 7.6907 | 5.4443
LPCM-90 | 0.90 1.182 0.9119 95 5.4641 | 7.6895 | 5.4420
LPCM-100 | 1.00 1.179 0.9109 80 5.4674 | 7.6856 | 5.4382
1 1.179 0.9109 120 5.4646 | 7.6749 | 5.4308 | from [22]
' ' ' e T ' ' ' terplanar distance dpg; scale is defined by the maximal
0-18 chopper rotation speed and only slightly depends on dpg;.
T=293 K In the experiments with LPCM, Ad/d was near 0.0015,
which allowed to obtain the precise structural informa-
A tion. In particular, the statistic errors of the unit cell pa-

rameters determination were less than 10~* A, and for
the interatomic distances they did not exceed 0.002 A.
The diffraction spectra were measured in the regime of
heating the samples from helium to room temperatures.
Correspondingly, the values of the phase transition tem-
peratures are given for this particular regime. For Rietveld
refinements, the MRIA program [21] was used; they were
normally done in the dpg; interval from 0.8 to 2.8 A. An ex-
ample of the diffraction spectrum measured at the HRFD
and treated with Rietveld method, is given in Figure 1.

3 (La;_yPry)0.7Cag.3MnO; crystal structure
3.1 Room temperature structure

The results obtained in the present paper for the
(Laj—yPry)0.7Cap.sMnO3 with y = 0.5—1.0, together with
the earlier published structural parameters of LPCM with
y = 0.25and 1.0 [22] and y = 0 [23], allow us to analyse the
structure as a function of the average A-cation radius. Ac-
cording to the already stated tradition (see, for example,
Ref. [22]), as the parameter for such an analysis we use the
values tabulated in reference [24] for the nine-fold coordi-
nation of cation. Assuming, according to reference [24],
ra = 1.217 A, rp, = 1.179 A and rca = 1.180 A, we
get, that increasing of y in LPCM from 0 to 1 leads to
the decrease in (ra) from 1.206 to 1.179 A. The extreme
values of (ra) correspond to the low-temperature metallic
and insulating states of LPCM, and the composition with
y ~ 0.75 is situated on the border between them.
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Fig. 2. Dependencies of the unit cell parameters (a) of
(Lai—yPry)0.7Cag.sMnOs (b = b/\/i) and its volume (b) at
room temperature on the Pr content. The points for y = 0 and
0.25 are taken from references [23] and [22], correspondingly.
The lines through the points for the unit cell parameters are
the guides for the eye. The unit cell volume dependence on the
Pr content was fitted with linear function. The experimental
errors of the points are smaller than the symbol sizes.

The dependencies of the LPCM unit cell parameters
and volume on the Pr content are shown in Figure 2.

They are monotonic, and the decrease of the unit cell
volume with increasing Pr content is linear. The depen-
dencies of the average values of the Mn-O distance and
Mn-O-Mn angle on (ra), shown in Figure 3, are practi-
cally linear.

The change of the angle in the extreme points is quite
significant (about 2.5%), while the (Mn-O) distance is
changing by not more than 0.15%.

The conducting bandwidth W, which defines the FM-
transition temperature in manganites (Tpm < W), is di-
rectly connected to the valence angle: W  cos ¢, where
¢ = [m — (Mn-O-Mn)] [25]. Figure 4 shows Tpy for the
LPCM compositions undergoing the FM-transition as a
function of the average valence angle (Mn-O-Mn). Try
is in fact a linear function of (Mn-O-Mn) (it does not
matter which variable is used: the angle or its cosine since
the angle is only slightly changing), implying that the av-
erage Mn-O-Mn angle is the main structural parameter
governing the electronic properties.

3.2 Temperature behavior of structural parameters

For all the compositions, the unit cell parameters depen-
dencies on temperature have quite a complicated charac-
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Fig. 3. Dependencies of the average values for the (Mn-O)
bond length (a) and the (Mn-O-Mn) valence angle (b) at room
temperature on the Pr content. The points for y = 0 and 0.25
are taken from literature (Refs. [23] and [22]). Linear fits were
obtained by the least-squares method. At the upper z-axis,
the calculated average A-cation ionic radii corresponding to
the particular Pr content values are presented.
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Fig. 4. The onset temperature Trm of the long-range FM or-
der in the series of (Lai—yPry)o.7Cao.3sMnO3 compounds as a
function of the average value of the Mn-O-Mn valence angle.
Solid line is linear fit to the data. Data for y = 0 and 0.25
compositions are taken from references [23] and [22].

ter, which reflects the changes of the atomic and magnetic
structure in them (see Fig. 5 as an example).

The most typical peculiarities are the decreasing of
the a and b parameters below the transition to the FM
phase and the characteristic minimum in the b-parameter
temperature dependence near 180 K (practically absent
for y = 0.5 and very weak for y = 0.6), which might
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Fig. 5. Temperature dependencies of a, b, and ¢ (b’ = b/+/2)
unit cell parameters for the LPCM-70. The temperatures of CO
and FM transitions are marked with arrows. The lines drawn
through the experimental points are guides for the eye. The
symbol sizes are larger than the experimental errors.

be connected to the beginning of the charge ordering pro-
cess [8]. The transition to the AFM state, which is ob-
served for the compositions with y > 0.70, is not revealed
in the unit cell parameters behaviour. To complete the
picture, in Figure 6 the comparison of the unit cell param-
eters behavior for the LPCM-75 compositions with O-16
and O-18 isotopes is shown.

One can see that the unit cell parameters of these two
samples are changing identically, moreover, their absolute
values practically coincide above the transition of the O-16
sample to the metallic phase. This fact may be considered
as justification of the initial structural identity of the O-16
and O-18 samples, in particular, with respect to the oxy-
gen content with high precision (for details see Ref. [12]).
The unit cell volume undergoes a jump-like decrease at
the transition to the metallic ferromagnetic state in all
studied compositions, except for the O-18 sample, which
remains insulating in the whole temperature range. The
value of this jump-like decrease of volume only slightly
depends on y, and amounts to about 0.15%.

At room temperature the oxygen octahedra in LPCM-
50 compound are almost regular, i.e. all three independent
bonds, Mn-O1 (along the b axis), Mn-O21 and Mn-022
(in the a-c plane) have practically equal lengths. While
approaching the temperature of the phase transition into
the metallic FM state, the strong octahedra distortion
appears. The Jahn-Teller parameter of the octahedra
distortion

o =1/1/3 3 [(Mn-0), - (Mn-O)J2,

is about 9.1 x 1073 A at 7' = 200 K. This value is ~ 2
times larger, than, for example, the maximal distortion of
the octahedra in the Lag 75Cag.25MnOs compound [22].
Upon reaching the saturated FM state, (at T' =~ 150 K)
the “melting” of the orbital ordering occurs and the
bond lengths become equal again. For the LPCM-60 and
LPCM-70 compositions, the changes of the bond lengths
are less pronounced, but in the temperature dependencies
of the average values the peculiarity is clearly observed
at Trym. In Figure 7, the temperature dependencies of the
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Table 2. Lattice parameters, coordinates of atoms,
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Mn-O bond lengths, and Mn-O-Mn bond angles in

(Lag.25Pro.75)0.7Cap.sMnO3 at T = 293 K and T = 15 K for samples with **O and '®0 isotopes (0-16 and O-18 samples). Mn
thermal parameter was fixed at 0.4 A (for T = 293 K) and at 0.2 A? (for T = 15 K), O1 and O2 thermal parameters were

equalized.
T=293K T=15K
Parameter 0-16 0-18 Difference 0O-16 0-18 Difference
a, A 5.45657(7) | 5.45673(6) | —0.00016(10) | 5.44805(7) | 5.44797(6) | —0.00008(10)
b, A 7.69294(9) | 7.69315(8) | —0.00021(12) | 7.67918(9) | 7.69054(8) | —0.01136(12)
c, A 5.44788(8) | 5.44786(7) 0.00002(11) | 5.43869(8) | 5.43945(7) 0.00076(11)
La (x) 0.0290(3) 0.0276(4) 0.0320(3) 0.0337(4)
La (z) —0.0013(8) |—0.0017(8) —0.0116(8) |—0.0111(8)
La (B), A? 0.31(3) 0.49(3) 0.2 0.2
01 (z) 0.4884(5) 0.4905(4) 0.4894(5) 0.4890(4)
01 (2) 0.0718(4) 0.0722(4) 0.0717(4) 0.0750(4)
02 (z) 0.2840(3) 0.2852(3) 0.2824(3) 0.2834(3)
02 (y) 0.0369(2) 0.0366(2) 0.0362(2) 0.0370(2)
02 (z) 0.7174(3) 0.7180(3) 0.7168(3) 0.7193(3)
0 (B), A? 0.63(3) 0.54(3) 0.39(3) 0.42(3)
Mn-O1, A 1.965(1) 1.965(1) 0.000(1) 1.960(1) 1.966(1) —0.006(1)
Mn-021, A 1.959(2) 1.951(2) 0.007(3) 1.958(2) 1.972(2) —0.014(3)
Mn-022, A 1.971(2) 1.978(2) 0.007(3) 1.964(2) 1.950(2) 0.014(3)
(Mn-0), A 1.9648 1.9646 0.0002(10) 1.960 1.963 —0.003(1)
Mn-O1, A 1.965(1) 1.965(1) 0.000(1) 1.960(1) 1.966(1) —0.006(1)
Mn-021, A 1.959(2) 1.951(2) 0.007(3) 1.958(2) 1.972(2) —0.014(3)
Mn-022, A 1.971(2) 1.978(2) 0.007(3) 1.964(2) 1.950(2) 0.014(3)
(Mn-0), A 1.9648 1.9646 0.0002(10) 1.960 1.963 —0.003(1)
Mn-O1-Mn, deg. | 156.43(5) 156.38(5) 0.05(7) 156.79(5) 155.78(5) 1.01(7)
Mn-02-Mn, deg. 157.8(2) 157.8(2) 0.00(3) 157.9(2) 157.9(2) 0.0(2)
(Mn-O-Mn), deg. 157.12 157.11 0.01(5) 157.35 156.83 0.52(5)

(Mn-O) and (Mn-O-Mn) values for LPCM-60 are shown.
The typical abrupt jumps in (Mn-O-Mn) angle and in
(Mn-O) distance are clearly seen at T' = Twy. The simi-
lar dependencies are observed in the other compositions as
well. More detailed analysis shows that the jump in lattice
parameters at Ty is equally due to the jump-like change
of distances and angles both in the (a, ¢) plane, and along
the b axis.

3.3 Comparative structural analysis
of %0 and 80 enriched samples

The room and low temperature structural parameters of
the LPCM-75 samples with *°0O and 180 isotopes obtained
from Rietveld refinements are presented in Table 2.

In the O-18 sample, which remains insulating down to
helium temperature, they are weakly changing with tem-
perature, the Jahn-Teller distortion of the octahedra is sig-
nificant, oy ~ 12x 1073 A at T = 200 K and only slightly
decreases with temperature lowering down to 15 K. In
the O-16 sample, the Mn-O bond lengths coincide within
the experimental error bars with that in O-18 down to
110 K, however, upon reaching the saturated FM state at

Ts ~ 80 K in this sample, the structurally non-equivalent
Mn-O bond lengths converge to the mean value. The dif-
ferences in the structural behaviour of O-16 and O-18 sam-
ples are clearly seen in Figures 8 and 9, where the tem-
perature dependencies of the Mn-O bond lengths and of
the Mn-O-Mn valence angles are shown, both in-plane and
along b-axis. Both in-plane average (Mn-O2) bond length
and in-plane Mn-O2-Mn valence angle behave identically
in the O-16 and O-18 samples within the accuracy of ex-
perimental data in the whole temperature range. On the
contrary, along b-axis, there is a pronounced difference be-
tween both the values of Mn-O1-Mn angle and of Mn-O1
bond length in them below Trm,0-16 (110 K). It is obvi-
ous that at 7" ~ 110 K in the O-16 sample, the abrupt
changes (same as in LPCM-60) of the Mn-O1 bond length
(by ~ 0.003 A) and of the Mn-O1-Mn valence angle (by
~ 0.7°) occur, while in the O-18 sample these values re-
main practically constant. Decrease of Mn-O1 in O-16 is
the main reason for the jump in b parameter, and, as a
consequence, in the unit cell volume.

It is worth mentioning that the structural analysis of
the perovskite compound PrNiOjs [26], in which the large
shift of the Néel temperature Ty = Tim (by ~ 10 K)
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Fig. 8. Comparison of the temperature dependencies of the
average of in plane Mn-O2 bond lengths (a) and of the Mn-
O1 bond length along b-axis (b) for the O-16 and O-18 sam-
ples (shown, correspondingly, by closed and opened symbols)
of LPCM-75 composition. Arrows indicate the temperatures of
the phase transitions into the CO, AFM (for both samples),
and FM (for O-16 sample) states.

caused by 160 for 0 substitution was observed, has also
shown the sudden changes in the (Ni-O) bond length (by
~ 0.004 A) and (Ni-O-Ni) angle (by ~ 0.8°) at a metal-
insulator transition point. However, (Ni-O) and (Ni-O-Ni)
behaved identically in the samples with 160 and #0O. Such
a comparison confirms that the difference in the structural
parameters of O-16 and O-18 samples below 110 K reflects
the difference in their magnetic and transport properties
in this temperature region.

4 Phase separation at onset of the FM state
in 0-16 sample

The distinctive temperature behaviour of the FM and
AFM diffraction peak intensities in LPCM-80 sample is
shown in Figure 10. The same synchronism in the tem-
perature dependencies of the diffraction peaks intensities,
connected with the Mn-cations charge and AFM order-
ing with typical maximum near Ty for the O-16 sample
of LPCM-75 was observed earlier [12]. As it was pointed
out in reference [12], this behaviour may be naturally ex-
plained in the two-phase model. Namely, with the temper-
ature decrease, the charge ordering of the structure occurs
(Tco ~ 180 K), which serves as the background for the
collinear AFM ordering appearance, at Tarpy =~ 150 K.
At further temperature decrease, and approaching the
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Fig. 9. Comparison of the temperature dependencies of the
Mn-O2-Mn (a) and Mn-O1-Mn (b) valence angles for the O-
16 and O-18 samples (shown, correspondingly, by closed and
opened symbols) of LPCM-75 composition. Arrows indicate
the temperatures of the phase transitions into the CO, AFM
(for both samples), and FM (for O-16 sample) states.
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Fig. 10. Temperature dependencies of the FM (1 0 1) and
AFM (1/2 0 1/2) diffraction peak intensities of the LPCM-
80 sample. The (1/2 0 1/2) peak intensities were multiplied
by a factor of 5. Where not shown, the error bars are smaller
than the symbol sizes. The lines are guides for the eye. At
T = 100 K, the long-range FM order appears and the sample
passes on to the two phase (AFM (~ 20%) + FM (~ 80%))
state.

Tev =~ 110 K, the clusters of the ferromagnetic phase
start to grow inside the antiferromagnetic matrix simi-
lar to those registered by the small-angle [27] or by the
magnetic diffuse neutron scattering [28]. Appearance of
the metallic FM state is accompanied by the percolative
phase transition (its theoretical basis is given, for exam-
ple, in Ref. [29]), resulting in the onset of the long-range
FM order in the major part of the sample volume.
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Fig. 11. Temperature dependencies of the diffraction peak
widths for the LPCM-50 and LPCM-75 (O-16 and O-18) sam-
ples. The arrows indicate the temperatures of FM transitions
in LPCM-50 (in the bottom) and O-16 (in the top), and also
the onset temperature of the charge ordering process in O-16.

In this scenario, the broadening of the diffraction peaks
should be one of the observed effects. It may be caused
by the appearance of microstresses in the crystal matrix
with formation of the FM phase, or by the low dimen-
sions of the coherently scattering regions. This broadening
is actually observed, if the experiment is carried out at
the diffractometer with high resolution. For example, in
reference [8] while investigating the Prg;CagsMnOs
composition, the authors observed significant peak broad-
ening starting from the temperature ~ 30 K above the
FM transition, and the peaks remained broadened down
to helium temperature.

The LPCM compositions investigated in the present
paper have the quasi-cubic lattice with very close unit cell
parameters and despite the high resolution of the HRFD
diffractometer, at which the atomic structure was de-
fined, the spectra do not have completely isolated diffrac-
tion peaks. Hence, the widths of the diffraction peaks
were defined in the Rietveld structure refinements. In Fig-
ure 11, the temperature dependencies of the diffraction
peak width of the LPCM-50 and LPCM-75 samples with
160 and 80 isotopes are presented. It is seen that, both
at room, and at helium temperature the peak widths of
these samples are approximately equal. In the LPCM-50
sample (which undergoes the FM transition at ~ 170 K,
and at ~ 150 K the metallic FM state in it is already close
to the saturation), the peak width is practically constant
in the whole temperature range, except for the narrow
region between 160 and 190 K, where it significantly in-
creases (by ~ 20%). In the O-16 sample (with y = 0.75),
the peak width increases by ~ 15% in the range from
~ 180 K, where the charge ordering process begins, down
to ~ 80 K, where the transition into the metallic saturated
FM phase finishes. In the O-18 sample, which remains in-
sulating in the whole temperature range, the peak width
does not change.

The strong overlapping of the diffraction peaks and
non-linear change of the unit cell parameters with temper-
ature do not allow to carry out more quantitative analysis
of the observed peak broadening effects. In our case it is
impossible to separate the broadening effects caused by
the microstresses from that conditioned by the small sizes
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of the magnetically ordered regions. We can only conclude
that in the O-16 sample, unlike in the O-18 one, in the
temperature region 80-180 K (below Tco), the strongly
inhomogeneous state exists.

5 Discussion and conclusions

In this article, some new results of the neutron-diffraction
structural investigation of (Lalinry)0.7ca0.3MnO3 com-
positions in the wide temperature and Pr-concentration
y ranges are presented. Their analysis together with the
data obtained earlier allows revealing of the correlation
between the transport and microscopic properties of these
perovskite manganites. As in the other CMR, perovskites,
the relation between (ra) and atomic structure can be
seen in LPCM. Decrease of (ra) from 1.206 to 1.179 A
leads to the linear decrease of the mean (Mn-O-Mn) va-
lence angle (by 2.5% in total) and to the increase of the
average (Mn-O) distance (by 0.15%). This turns out to
be enough for changing of the metallic state of LPCM to
the insulating and for changing of the magnetic state from
pure ferromagnetic to the mixed FM+AFM one. Lower-
ing of the mean (Mn-O-Mn) valence angle results in ap-
proximately linear decrease in the conduction bandwidth,
which correspondingly causes the linear decrease of Tgy.
At the same time, since conditions for the appearance of
AFM structure are mainly defined by the superexchange
between localized Mn-spins, Tapym temperature remains
approximately constant (Tapm ~ 150 K in LPCM) and
the AFM order disappears, if Tpy exceeds Tapym. In the
proximity of the phase boundary between metallic and in-
sulating states (close to y =~ 0.7, (Mn-O-Mn) =~ 157°),
the two-phase state appears at low temperatures, which
is especially sensitive to the different influences, including
oxygen isotope substitution.

The characteristic “melting” of the distorted oxygen
octahedra at the transition to the ferromagnetic metallic
phase is more clearly observed for the composition with
y = 0.5. For this composition, Tpy = 175 K is consider-
ably higher than Thpy = 150 K, at which the antiferro-
magnetic ordering may occur in LPCM compounds 30%
doped by calcium. The average values of the Mn-O dis-
tance and Mn-O-Mn angle have abrupt changes at Ty,
which are manifested in the temperature dependencies of
the unit cell parameters and volume.

The data obtained for the 0 and 'O enriched com-
positions with y = 0.75 have shown the structural iden-
tity of these two samples in the interval between the
room temperature and the temperature of the %0 com-
position transition into the FM metallic phase. Below
Trm,0-16 = 110 K, the statistically significant differences
in the average values of the bond lengths and valence an-
gles of Mn and O in the O-16 and O-18 samples have
been registered. However, the comparison of the struc-
tural parameters in the compositions undergoing the I-M
transition (y = 0.5 — 0.8) with the composition y = 1,
which remains insulating, shows that the observed differ-
ences are due to the transition of the O-16 sample into
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the ferromagnetic metallic state and, consequently, the dif-
ferent low-temperature state of the O-16 and O-18 samples
below T¥m,0-16 is only caused by the different dynamics
of the oxygen atoms.

The observed changes in the diffraction peaks widths
at temperatures above the saturated FM state, and also
the synchronism of the changes of the diffraction peaks
intensities, characteristic for the CO and AFM states of
the O-16 and O-18 samples, are the clear arguments in
favor of the theoretical models, suggesting that the FM-
metallic states arising at low temperatures are inhomoge-
neous. The phase transition into this state has probably
the percolation character with appearance of the FM clus-
ters in the insulating matrix, their subsequent growth and
fusion, resulting in the appearance of the long-range FM
order and the metallic conductivity.

It is well known that the size of the charge separated
regions is regulated by the Coulomb energy and cannot be
large (“foggy” state). The sharp diffraction lines which we
do see from both FM- and AFM-CO-phases mean that the
size of these regions is large, according to our estimation
not less than 1000 A, i.e. pure electronic phase separation
[30] is not realized in this compound. The same conclusion
was made in the recent paper of Uehara et al. [31], where
the size of the separated regions was estimated by electron
microscopy data as large as several thousands angstroms.
In the comments to Uehara et al. paper, Littlewood [32]
proposed “strain fields in random orientation” as a fac-
tor which can stabilize the non-uniform FM- and AFM-
CO-state. Our structural data for O-16 and O-18 sam-
ples of (Lag.25Pro.75)0.7Ca0.3sMnO3 can be regarded as a
direct evidence that interatomic distances and bond an-
gles are different in the coexisting metallic and insulating
phases. Thus, the long-range phase separation process in
the (Laj—,Pry)0.7CapsMnO3 manganites has structural
nature.
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