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Effect of oxygen isotope substitution on the magnetic structure ofLag »4rg 75 g g sMNO 5
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The oxygen isotope effect on the magnetic structure and charge orderinggipRlas) o 7Ca sMNO5 was
studied by means of neutron powder diffraction. At first it was found that the two investigated samples, one
containing the natural mixture of isotopé29.7% %0, metallic atT<100 K), and the other one enriched by
180 in 75%(insulating in the whole temperature rafgare identical at room temperature. At the temperature
lowering the sample witH®0 undergoes subsequent antiferromagneTige{,=150 K) and ferromagnetic
(Tem=110 K) transitions, while in the sample witfO pure AFM ordering Tapm=150 K) is found. The
temperature dependencies of the neutron diffraction peak intensities associated with charge ordering are also
quite different in the samples witfO and®0 and correlate with the behavior of the electrical resistivity and
the magnetic structure. The temperature behavior of the intensities of the CO and AFM peaks may indicate the
presence of phase segregation of the sample with O-16 onto AFM-insulating and FM-metallic phases at low
temperature, though no indications of a macroscopic phase segregation were found.
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Recent studies revealed a close interplay of transport an@hao and co-workerd?), it was found that the Curie tem-
magnetic properties of perovskite manganigs ,A,MnOs, perature decreases by 21 K when 95%'%® is substituted
whereA=La, or a rare earthA’=Ca, Sr, etc. These com- by *®O in the compounds La,CaMnO; with x=0.2,
pounds have been widely known since the discovery of thavhich significantly exceeds the temperature shifts of mag-
colossal magnetoresistan@MWR) effect! At room tempera- netic and electronic phase transitions in the other earlier
ture these manganites are usually paramagnetic insulatostudied oxides such as high-temperature superconductors,
(PI), and their low temperature state corresponds to a ferroand that magnetization and coefficient of thermal
magnetic metalFMM), or antiferromagnetic insulat¢AFl) ~ expansion of the series strongly depend on the isotope
with a tendency towards charge orderi@0) of manganese composition. Moreover, a metal-insulator transition
ions(see, for example, Refs. 234 he low temperature state induced by  oxygen isotope  substitution  was
is determined by a subtle balance of several interactions an@ported for (LgsNdyg)oeCa3MnO; (Ref. § and
can be modified by changing the composition or by externa(Lag 24P 79 0. 7Ca Mn03.71°
forces (pressure or magnetic fieldThe particular state de- The effect of the oxygen isotope substitution on the fer-
pends on the doping level, i.e., on the proportion ofromagnetic phase transition temperatiie was studied in
Mn3*/Mn**, and on the relation between the Mn-O and A-O Refs. 11,12 for the same series of;LaCaMnO; with x in
bond lengths which in turn depends on averageation ra- the range from 0.2 to 0.43, and it was shown that the value of
dius (ra))- the negative shift offc evidently depends ofr »). The in-

It is now clear that for the understanding of manganitefluence of oxygen isotope substitution on the insulator-metal
physics particular attention should be paid to the interplayransition induced by an external magnetic field was studied
between their electron and phonon subsystems. A variety dfi Ref. 13. The initial insulating state of fCa;;MnO;
examples evidencing the importance of the electron-phonosamples with®0 and 80 isotopes was transformed to a
interaction are discussed in a recent reviewhere this in- metallic one by applied magnetic field, but in the caségaf
teraction is proposed as a key factor affecting the phase trathe magnitude of the magnetic field inducing an insulator-
sitions in the CMR compounds. The isotope substitution is anetal (I-M) transition was much higher. Ibaret all* have
direct experimental method to study the effect of lattice vi-carried out the analysis of the oxygen isotope effect in a
brations on physical properties. Several papers have alreaditag sNd; 5) o.67C8 3dMINO; compound, which, as was found
been published where the strong influence®® for 20 before®is an insulator down to liquid helium temperatures in
substitution on transport and magnetic properties was denthe case of*®0, while the %0 sample undergoes the I-M
onstrated for manganites. In the first papers on this subjedtansition atT=150 K. The identical sequence of charge
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(Tco=210 K) and magnetic ordering was found for both Weight change and confirmed by mass-spectroscopy analysis

isotopic samples: FM aTr, =200 K and AFM atT,ry  Of the oxygen atmosphere in the contour. .
~170 K4 However, a strong difference was observed in the Neutron diffraction experiments for the magnetic struc-

; . o . ture determination were carried out on the cold neutron pow-
magnetic behavior: The FM contribution to nuclear peak in- ; .
g g der diffractometer DMC at the SINQ spallation neutron

-y . . 6
tensities was much lower in th€0 sample than in the"0 source at Paul Scherrer InstityteSl, Villigen). The diffrac-

specimen. : :

Ac_c_ordi_ng to the pu_blished data the insulator-_metal phas%opopgggr? .\Il.vﬁ éesg]rizfeusreveetr)g gziﬂgg Tr? dz?rgpgl]z;ﬁ;rtnmg
transition is observed in (LaP1)o C& MO, with natu-  gopere into cylindrical vanadium containers of diameter 8
ral oxygen isotope content, fyr<0.75, while fory=1 the 1, ang 5 cm height. The magnetic structure was refined
compound is an insulator in the whole temperature range. lom the diffraction spectra measured at the wavelength
was shown in Ref. 10, that the composition wytIEFO.B IS =25616 A in the range of scattering angles 4@
close to the phase boundary between metal and insulating 9o°, corresponding to interplandg,, spacing region from
states, that is conditioned by the critical value of the toler-1 8 t0 14.7 A by the Rietveld methdguLLPROF program:®
ance factor of the perovskite structure for this compound ( Pnmaspace group
=0.91). As a result, the low-temperature state can be easily It is evident that the necessary condition of correct com-
modified even by a relatively weak effect of the oxygen iso-parison of the results obtained on the samples with isotope
tope substitution. It was showrhat the composition with substitution is their structural identity. Rietveld refinement of
y=0.75 with natural content of oxygen isotopes the diffraction patterns at room temperature showed that the
(99.7% '%0) becomes metallic af=100 K, while the O-16 and O-18 samples are indeed identical, in particular
160-180 exchange resulted in the insulating state down to 4vith respect to oxygen content with an accuracy of about
K as had been earlier observed for £0.03. The comparison of the unit cell parameters for both
(Lag sNdp £) 0 67Ca 3MN05.2 A possible microscopic model sample_s gives even better matching for the oxygen content.
for such a transition was discussed in Ref. 10 in terms of thd he unit cell parameters measurement was performed on the
isotope dependence of the effective electron bandwidth nedime of flight high resolution Fourier diffractometédRFD)
the I-M phase boundary. in Dubna;’ and gave for room temperature the following

In our previous neutron diffraction study of results: a=5.45657(7) A,b=7.69294(9) A, c
(LagsPhe)oCaMnO; with natural oxygen isotope =5-44788(8) A for O-16 anda=5.45673(6) A, b
content’® it was shown that the phase transition to the me-=7-69315(8) A, c=5.44786(7) A for O-18, ie., the
tallic state occurs simultaneously with FM ordering, and isunit cell parameters coincide within an accuracy@002—-
accompanied by a jump in the unit cell volume and “melt- 0.004%. The comparison _of these values with known unit
ing” of the orbital ordering of Mn-O bonds. In the present Cell parameter dependencies on oxygen content for mangan-
paper we report experimental data obtained forites(see for exar_nple Ref. 18hows that the d_n‘ference in the
(Lag.»4PTo 790 7Ca sMNO; by the neutron diffraction tech- 0Xygen contentin O-16 and O-18 samples is less than 0.002.
nique. Two oxygen isotope samples of this compound havdhe result of chemical analysis of the O-16 and O-18
been studied: The first o®-16 sample hereaftecontained ~Samples, performed by an iodometric titration metfiid, in
the natural mixture of isotope9.7% €0, metallic atT gccordance with this estimation: Oxygen content correspond-
<100 K) and in the other onéD-18 sample hereafte75% INg t0 x=2.995-0.008 in the O-16 specimen, and
of oxygen was substituted b{O (insulating in the whole ~=2.996+0.005 in the O-18 sample for the general formula
temperature rangeThe main goal of the study was to find (L80.28%.750.7C2 3MNO,.
out the changes in magnetic structure accompanying the co- The neutron diffraction patterns for O-16 and O-18 mea-
lossal isotope effect in this compound. _surec_i at room temperature on the.D_IVIC diffractometer are

The powder samples for neutron diffraction experimentddentical within the reached statistical accuracgbout
were prepared by means of the so-called “paper synthesis.?0 000 counts in the most intensive pealSuperlattice re-

In this method an aqueous solution of a mixture of La, Prflections such as300) at 2=13.6° and §03) at 19.2°

Ca, and Mn nitrates taken in the required ratios was deposassociated with antiferromagnetiaFM) ordering appeared
ited on ash-free paper filters, which were dried (120 °C) andvith decreasing temperatuf€ig. 1) for both samples. The
then burned. The oxide product thus obtained was annealddtensities of these peaks are essentially higher for the O-18
in air at 700 °C for 2 h. The final thermal treatment consistedsample aff =12 K. In the neutron diffraction pattern of the

of annealing pressed pellets in air at 1200 °C for 12 h. Them®-16 sample aff=12 K an increased contribution to the
the pellets were ground and two powder portions of about juclear Bragg peak$101)/(020) and (200/(121) at 26

g weight were placed in alumina boats which were mounted=39° and 56°, respectively, due to the ferromagnéfie!)

in the furnace inside two quartz tubes. Both samples wererdering, is clearly observed. The temperature dependencies
treated simultaneously: one sample was heated in naturaf AFM and FM integrated peak intensities for both samples
%0, atmosphere, the other one was heateddd, atmo-  are displayed in Fig. 2. The intensity increases monotoni-
sphere(the molar fraction of'®0, was 85%. The diffusion  cally with decreasing temperature for the O-18 specimen.
annealing was carried out at 950 °C under oxygen pressureor the O-16 sample this dependence is nonmonotonic with a
of 1 bar with enforced circulation of gas. The oxygen atmo-maximum atT=110 K, which correlates with the appear-
sphere in the contour was renewed 11 times. The whole timance of FM a component in corresponding Bragg peaks. The
of annealing was 100 h. The fin&fO oxygen content in the intensity of the(101)/(020) peak for the O-16 sample dis-
0-18 sample was (7510)%. It was determined from the plays[Fig. 2(b)] a small decrease below 50 K, which can be
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(in Bohr magnetonsfor the FM and AFM components of the O-16

sample and for the AFM components of the O-18 sample. For the

0O-16 sample some of the points were measured twice. The values
FIG. 1. Neutron diffraction patterns of the O-li6p) and 0-18  of the AFM moments for the O-18 sample for both propagation

(bottom) samples measured on DMC #t=12 K. For the O-16 Vectors coincide within the error bars. The lines are guides to the

pattern they scale is shifted by 5000 counts. The Miller indices €Ye.

highlight the most intensive AFM and FM peaks. At 12 K the AFM

intensities of the $00) and ¢03) peaks are much higher for the (AFM1 and AFM2 and a ferromagnetic phase with mag-
0-18 sample, whereas for the O-16 sample the intensities of the FMetic moments on the Mn atoms. The AFM1-phase peaks

peaks(101/(020) and(200/(121) are high. can be indexed using the= (300) ork=(003) propagation
interpreted as a result of magnetic ordering of Pr atoms simivectors (doubling of thea or ¢ unit cell direction$. The
lar to Refs. 20 and 4. For the O-18 sample, a FM contribuAFM2-phase peaks may be described using kke(30%)

tion to the diffraction peaks is absent in the whole temperapropagation Vecto(both a andc parameters are dOUblbd

ture range within the reached statistical accuracy of 1.3%. The magnetic moments of manganese jons inside the chemi-

For the O-16 sample the refinement of the magnetic SUrUCz, cell 2axbxc for the AEM1 phase are4m) at (Oy3),

ture was based on the model of two antiferromagnetic phases L o1e s L
(zy0); (—m) at (3y3), (3y0), wherey=0 and3. For the

10 20 30 40 50 60 70 80 90
Scattering angle

12000 =T o phase AFM2 the magnetic moments inside the chemical cell
_ ] 0-13 (1/200) | 2axbx2c are (+m) at (Oyz), (zy7), (zy3), (3y0);
£ 5000 - ARM. (-m) at (3y7), (3y2), (Oy3), (3y0), wherey=0 and;.
2 1 ] The refinement of the magnetic structure of the O-18 sample
= ] ] was done in the same way, but without a FM component.
"= 4000 - . Testing of different variants of moment orientation along the
g ] ] basic directions of the unit cell yielded the best agreement

] between measured and calculated intensities for the orienta-
8 tion of the Mn moment along thie axis in AFM phases, and
. T T along thec axis in the FM phase.
7 The temperature dependencies of th@rm1, MaEM2,
Menm Magnetic moments are presented in Fig. 3. The values
of the magnetic moments at low temperature in the O-16
] sample do not exclude the possibility of a two-phase state. If
. we consider that the AFM phases in the O-16 sample have
1 the same magnetic moments as the AFM phases in the O-18
sample then the fraction of the AFM phases in the O-16
] ] sample, which is proportional to the square of the ratio of the
0 - 4 magnetic moments, amounts $015%. At this, the renor-

T TTTTT T T T malized moment of the FM phase occupying the remaining
¢ i 1o - 130 200 85% fraction amounts te=3.4, which does not exceed

Temperature (K) - B -
the reasonable magnetic moment of manganese ion. In the

FIG. 2. Temperature dependencies of the integrated intensitiesingle-phase homogeneous picture the magnetic structure of
for the characteristic neutron diffraction peaks of the O-16 andthe O-16 sample is a noncollinear canted structure, similar to
0-18 samples(a) (200) AFM peak,(b) (100/(020) FM peaks. —those observed for PyCa&sMnO; (Ref. 4 and
Decreasing of th€101)/(020) intensities afT<40 K for the O-16 F’ro.es((33().75"0.3)0.3.4\/"‘03-21 The complete suppression of the
sample is believed to be connected with the ferromagnetic orderinferromagnetic component in the O-18 sample means that the
of Pr magnetic moments. The lines are guides to the eye. isotope substitution does not lead to a simple shift of transi-

Intensity (counts)
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FIG. 4. Temperature dependencies of tI%@Z) CO peak inte- 2290 Tew  Tarm Tco
grated intensity for the O-16 and O-18 samples. At room tempera- : ' AR '
ture this peak is absent. For the O-16 sample some of the points ' o
were measured twice. The lines are guides to the eye. 228.5 ! Lo 7
tion temperature in the magnetic phase_ diagF&m((_rA)), %228.0 ] i ! . ]
but results in a completely new magnetic state. This type of > M C ]
ordering has not been observed before in Pr manganites with 1275 3 w// Lo ]
30% doping level and natural oxygen isotope content. ' 016 I L
In both samples, the appearance of weak superlattice re- : Lo
flections of §02) type atTco=180 K (Fig. 4 precedes 27.0 o so 100 150 200 250 300
AFM ordering (Taopm=150 K). The appearance of these re- Temperature (K)

flections is believed to be connected to the charge ordering
of Mn®*/Mn*" cations, leading to the doubling of tlaeaxis

and Ioweringzof the symmetry to the monoclinR2,/m g of unit cell volume(bottom for the O-16 and O-18 samples.
space group® This effect was thoroughly studied in BetweenT g, and room temperature, there is practically no differ-

PCapsMnO;  (Refs. 423 and  LasCasMnO;  ence between the parameters of the samples. The solid lines are
composition§.2 The synchronism in temperature behavior of guides to the eye.

the intensities of the CO and AFM peaks of the O-16 sample

could indicate in favor of segregation on AFM insulating and. . 0
FM metallic phases at low temperature, though no direc{nstrument. Small peak broadenifet a level of 10% was

indications of long-range phase segregation were found. observed in the temperature range from 110 K to 200 K for
The temperature dependencies of the unit cell parametef8€ ©-16 sample, i.e., betwedhy andTco, whereas the
for both samples were measured on the HRFD instrument if?-16 and O-18 samples’ peak widths are identical at room
Dubna, whose high resolutior (i/d=0.0015-0.0018 in the a@ndT<Tgy temperatures. It means that in both samples we
working range ofd spacing 0.6—3.5 Aallowed to obtain have no direct evidence for long-range phase segregation,
high precision data. Several distinctive features are easil{hough the behavior of magnetic moments and of CO-peak
seen in the dependencies presented in Fig. 5 which correlatétensities versus temperature supports a suggestion of its
with behavior of the magnetic structure and the electricapppearance below,, . Also, we cannot exclude liquidlike
properties. In both samples the temperature dependencies fefiromagnetic clusters as discussed in Ref. 24.
the unit cell parameters are identical between room tempera- In conclusion, important new results of the neutron dif-
ture and the transition temperature of the O-16 sample to thgzaction study of two (Lg,4Pr 790 7Ca MNO; samples en-
metallic state. Moreover, their absolute values are practicallyiched by oxygen'®0 and 20 isotopes, respectively, are
the same. Any anomalies of the behavior of unit cell volumepresented. It is shown that at room temperature the samples
are absent, although treandb parameters have nonlinear are structurally identical. BeloW=Tco=180 K, charge or-

dependencies close to tfigc charge ordering temperature. gering develops in both samples. Antiferromagnetic ordering
A similar behavior ofa and b parameters was found and ¢ manganese magnetic moments is observed beTow

qualitatively interpreted by Cox etal? for the B - _ _ 1
PryCa 3MnO; compound. Antiferromagnetic ordering at =Tarm=150 K with propagation vectors;00) or (00;)

Tarm=150 K is not revealed in the temperature dependenand (303). CO and AFM ordering processes are developed
cies of the lattice parameters, but theparameter, and to identically in both samples down to 110 K. BeloW,
some extent, the parameter of the O-16 sample have well =110 K the magnetic structure changes in the O-16 sample,
observed sharp jumps i, =110 K, which is also well leading to the appearance of a FM component, decreasing of
visible in the unit cell volumeV/.(T) dependence. This be- AFM components, and partial destroying of the charge or-
havior corresponds to the transition from a high-volume to alered state, while the O-18 sample remains AFM and charge
low-volume state at the phase transition from the insulatingordered. We emphasize that oxygen isotope substitution did
to the metallic state as was pointed out in Ref. 14. In contrashot affect Tco and Taem . We did not find any traces of

to Ref. 4, we did not observe significant effects of diffractionlong-range phase segregation in the O-16 sample at low tem-
peak broadening, in spite of the high resolution of the HRFDperature. The width of diffraction peaks and the saturation

FIG. 5. Temperature dependencies of lattice paramdtes
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value of the manganese magnetic moments show that threble alteration of the magnetic staténoncollinear
samples may be macroscopically uniform, while the synferromagnetic—pure antiferromagnetic

chronism in temperature behavior of the intensities of the The authors are grateful to A. V. Pole and V. G. Simkin
(300) and £02) peaks could indicate in favor of phase for help in the neutron diffraction experiment at HRFD, to V.
segregation of the O-16 sample on AFM-insulating and FMA" Amehchlev, A. A. Bosak, agd EH A. Chistotina for gelp In
metallic phases. These results prove that the low temperatuﬁ?e sample preparation and characterization and E. V.

o aspopina for aid in preparation of the manuscript. This
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