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Long-scale phase separation versus homogeneous magnetic state
in (La;_yPr,)oCag MnO3: A neutron diffraction study
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The magnetic structure of the series (LgPr ) Ca sMnO; for y from 0.5 to 1.0 has been studied by
neutron powder diffraction in the temperature range from 10 to 293 K and in external magnetic fields up to 4
T. The phase diagram has a border region of concentratiorsyGs®.8 separating the homogeneous ferro-
magnetic (FM) metallic and canted antiferromagneti@FM) insulating states. In this region the low-
temperature magnetic state is macroscopicatyi(® A) separated into AFM and FM phases. The FM phase
has a small noncollinearity, presumably due to interfaces to the AFM phase. The macroscopical clusters can be
induced by disorder on the carrier’'s hopping amplitude caused by natural dispersiorAafatien radius near
the metal-insulator transition arouryd=0.7. For the concentrations=0.9 the long-range ordered magnetic
state is homogeneous with a canted AFM structure. The total long-range ordered magnetic moment of the Mn
ion shows a steplike decrease fraug,= 3.4ug to 2.5ug as a function of Pr concentration at the transition to
a homogeneous canted antiferromagn@@éF) state. The spatial inhomogeneities can still be preseny for
=0.9, according to the reduced,,, value, but the Mn spins between the homogeneously CAF-ordered
moments have to be either short-range ordered or paramagnetic. In addition, a ferromagnetic contribution of
the Pr moments parallel to the ferromagnetic component of Mn moments is fougd-fa6. The moment of
Pr scales with the ferromagnetic Mn moment rather than with the Pr concentration and thus presumably
induced by Mn.

DOI: 10.1103/PhysRevB.64.024420 PACS nuni®er75.30—m, 61.12.Ld

. INTRODUCTION ward charge ordering of manganese ions®MMn**. The
particular state depends on the hole-doping leyéle., on
The perovskite manganites, ,A,MnO;, whereA=La  the formal proportion of MA"/Mn**, and on the relation
or other rare earthA’=Ca, Sr, Ba, have been attracting between the Mn-O ané-O bond lengths an&-O-A bond
considerable scientific interest due to rediscovery of the coangles that in turn depend on the averageation radius
lossal magnetoresistance effe@@MR) and a remarkable in- (ra). The (La_yPr)oLCaMnO; family (hereafter
terplay of electronic, magnetic, and crystal lattice propertiestPCM-100/) has fixed optimal hole doping= 0.3 and vari-
The magnetoresistance effect in manganites was originall@ble(r ») that is linearly connected with the Pr concentration
explained in the context of double exchan@E) of local- Y. A detailed stud§of the manganites with fixed hole doping
izedt,g Mn®* spins mediated by hopping ef, electrong®  Ag7A(MnO; showed the direct relationship between the
A variety of interesting phenomena in this mixed-valenceCurie temperaturelc and (r,) for a variety of different
system like charge ordering of manganese ions, giant oxygefl,A’ cations. It is believed that the principal effect of de-
isotope effect, formation of microscopic or macroscopic re-creasing(r ) is a decrease in the electron-hopping amplitude
gions possessing different electronic properties, stimulateietween Mn iongor carriers bandwidti),® which is pro-
development of the DE model itself and inclusion of theportional toT¢ in the DE model. The effect of disorder due
electron-phonon interactidh The low-temperature state of to size differences betweek cations was addressed in Ref.
the manganites corresponds to a ferromagn@h) metal 10. The authors have shown that the metal-insulator transi-
or antiferromagnetid AFM) insulator with a tendency to- tion temperatureT¢ in the Ay 7A; MNO3; manganites with
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fixed (r,)=1.23 A decreases h§T.=c?, whereg? isthe  one to carry out simultaneous measurements within a scat-
dispersion of theA-cation radiusr,. These disorder effects tering angle range of 80(angular separation 0.2°). The neu-
are negligible forr,)<<1.22 A when theA-cation variance tron wavelength range is 2.3-5.5 A. The measurements were
is small and the true variation d@f; with (r ) is observed. In  performed by means of an evacuated vanadium pot equipped
the (La _,Pr)o /Ca MnO; series the average radigisy) is~ with a closed-cycle He refrigerator. A helium cryostat
less than 1.206 A. Thea, dispersion is smaller than equipped with a superconducting magnet was used for the
0.00032 & for all y, which is in turn significantly smaller experiments in the external magnetic fields up to 4 T. An
than the values of th& cation radius dispersions that affect oscillating radial collimator suppresses Bragg peaks from the
Tc .10 Hereafter we use tabulated radii from Ref. 11 assumsample environment. The refinements of powder neutron dif-
ing ninefold coordination of thé cations. Thus, the LPCM fraction patterns were made by means of the program
series is a very suitable candidate for the systematic study dULLPROF?® using the internal tables of neutron scattering
the effects caused solely by the variation of the average rdengths and magnetic form factors. The nuclear structure of
dius(r,); however, the effects of disorder can still manifestthe same samples studied at the high-resolution Fourier time-
themselves near the metal-insulator boundary, as shown ®@f-flight diffractometer HRFD(Dubna provides a comple-
the numerical Monte Carlo calculatioffs. mentary information on the coupling between structural and
The magnetic and crystal structures of themagnetic/electronic properties. The detailed structural data
(La,,Pr,)o-CaMnO; are well known for they=0 (ferro-  are published elsewhefe.
magnetic, metalli¢®'*andy=1 (canted antiferromagnetic,
insulating.’>~*" The metal-insulator(M-1) boundary lays Il MAGNETIC STRUCTURE
around the Pr concentratign=0.8. Near the M-I boundary
the low-temperature state can be easily switched from the The Neel and Curie transition temperatures and the low-
ferromagnetic metal to insulating antiferromagnet even by d4emperature magnetic moments in the studied samples are
relatively weak effect of the'®0-%0 oxygen isotope compiled inthe Table I. Decreasing the temperature there are
substitution®'° The magnetic structure of the composition subsequent antiferromagneticAFM) and ferromagnetic
with y=0.75 in the vicinity of the M-I transition has been (FM) transitions that are revealed as two sets of the Bragg
studied by neutron diffraction in Ref. 19. The temperaturepeaks, €.9.(0 0 1/2, (1/2 0 1/3 for the AFM structure and
behavior of the intensities of the charge ordet€®) and (101)/(020 for the FM one. A typical neutron diffraction
AFM peaks could be interpreted in favor of phase separatiopattern from the LPCM-75 sampley€0.75) is shown in
onto AFM-insulating and FM-metallic phases at low tem- Fig. 1. The nuclear structure hBaimaspace group with the
perature, though no direct indications of the inhomogeneoulgttice parametera=5.457 A, b=7.693 A, c=5.448 A
state were found. A direct evidence of the percolate phastor the LPCM-75 at room temperature. The Mn atoms oc-
separation into submicrometer-scale mixture of chargeeupy the 4 position with the coordinates (9, 1/2) and
ordered insulating and ferromagnetic metallic domains ha$1/2,y, 0), wherey=1,1/2. The basic antiferromagnetic
been obtained using electron microscopy tdhin the  structure is pseudo-CEPCBE), according to the classification
similar series Lgg_,Pr,CaggMnOs;. of Refs. 13 and 16. The CE-structure has two propagation
We have undertaken a systematic powder neutron diffracvectorsk;=[0 0 1/2] andk,=[1/2 0 1/2, corresponding to
tion study of the magnetic and structural properties of thedifferent Mn sublattices: ongAFM1) for Mn ions in
(La;_,Pr)oCayMnO; series in the wide range dfr,)  (0y 1/2), the second on€AFM2) for Mn ions in (1/2y 0).
with y=0.6, 0.7, 0.75, 0.8, 0.9, 1.0 with a special attentionFor the manganites with the electron doping lexel0.5 (the
given to the question of the homogeneity of the magnetigatio Mn®**/Mn** =1) this type of structure is related to the
state near the metal-insulator boundary. charge ordering of the Mn atord3.The Mn moments are
coupled antiferromagnetically in the neighboring layers
along b axis in the CE structure, whereas in pseudo-CE
structure the layers are aligned ferromagnetically, so that the
The powder samples for neutron diffraction experimentgnoment directions of the atoms with coordinates 0, z)
were prepared by means of the so-called “paper synthesisand x, 1/2,z) are the saméFig. 2). This spin configuration
technique. An aqueous solution of a mixture of La, Pr, Cagives magnetic Bragg peaks such(@s0 1/2, (1/2 0 1/2.
and Mn nitrates taken in the required ratios was deposited omhe directions of the PCE-component and FM component of
ash-free paper filters, which were dried (120°C) and therthe Mn magnetic moments alorigaxis andc axis, respec-
burnt. The oxide product thus obtained was annealed in air dively, give the besty? fit for the experimental diffraction
700°C for 2 h. The final thermal treatment consisted of anpatterns. The data on the basic magnetic structure in the
nealing pressed pellets in air at 1200 °C for 12 h. Then théPCM-75 sample were published in our paper on the isotope
pellets were ground. One samglabeledP1,y=0.75) was effect!® The magnetic moments of the AFM structure in Ref.
prepared by the standard solid-state reaction in form of d9 are /2 times less, because a one-sublattice model was
sintered pellet for the experiment in external magnetic fieldused, which contained two times more magnetic atoms for
The data on the magnetic ordering were obtained by meargach propagation vector.
of the DMC powder diffractometer situated at a supermirror- There is a relatively small contribution of an AFM struc-
coated guide for cold neutrons at the Swiss spallation neuure revealed as a Bragg peak &=227°. This peak can be
tron source SINQVilligen).?? The DMC instrument allows indexed as(1/2 1 1/2 if it is assigned to the propagation

II. SAMPLES: EXPERIMENT
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TABLE I. The magnetic moments d&t=15 K and the Nel Ty and CurieT transition temperatures of
the (La_,Pr)oLCa MnO;. The values of the moments are givenun. The magnetic moments of the
pseudo-CE antiferromagnetic component arg and wa, for the propagation vectors;,=[0 0 1/2 and
k,=[1/2 0 1/2, respectively ug is the moment of the FM phase fgy,; and it is the FM component of
the canted FM phase in the phase separation region. Whilefgr., it is the canting FM component of the
CAF phaseuc is the C-type antiferromagnetic component that appears concomitantly with the ferromag-
netic moment belowl . up, shows magnetic moment of Pr ion. For concentratips<0.6 no magnetic
ordering of Pr ions was detected.

Sample y T Te M1 Hp2 ME Mc Mpr
LPCM-50 (Ref. 26 0.5 17@5) 3.40(5)
LPCM-60 0.6 1505 1505 0.33) 0.03) 3.406) 0.003 0.018)
LPCM-70 0.7 14%) 1305 0.547) 05148 3.324) 0.248) 0.317)
LPCM-75016) 0.75 14%5) 1155) 1.025 0.987) 3.325 0.268 0.377)
LPCM-75PJ) 0.75 14%5) 1155) 0.4912 0.4314) 3.427) 0.2612 0.3610
LPCM-80 0.8 1305 1005 0.795 0.767) 3.364) 0.267) 0.355)
LPCM-90 0.9 1305 1005 1.9894) 1.9611) 1.556) 0.1512) 0.227)
LPCM-100 1.0 1301 1101) 1.345 1.32100 2.157) 0.1125 0.267)
LPCM-018 0.75 148) 2.634) 2.634) 0 0 0
Yoshizawaet al. (Ref. 19 1.0 140 110 1.®) 1.92)
Cox et al. (Ref. 15 1.0 140 120 14@) 1532 2.202) 0.452)
110° i 1
(La, Pr),.Ca, Mn'°0, (y=0.75) : z:ls vectork, of the CE-type structure, but examination of {ige
110° | DMC/SING, A=2.567 A A oy 1 1/2)-type pgaks shows the absence of the _component Wlth
- the propagation vectok,;. The most appropriate magnetic

N
/g

810* |- § * hkl moment direction is parallel to the¢) plane, since no con-
§ siderable intensity is observed in the pgdk2 1 3/2 (the
g refined value amounts to Qu4). Alternatively, this extra
~ peak at #=27° can also be indexed d¢ 0 0/(0 0 1)
= because thé-spacing difference betwedt/2 1 1/2 and (1
A 0 0)/(0 0 1) peaks amounts tad/d=10"2, which is beyond
210 - i ” the instrument resolution. According to the Wollan and Koe-
I = _J\ hler classificatiof? it corresponds to a C-type antiferromag-
1 netic structure, which has the propagation vedter0, and
the Mn spins in the positionf) y 1/2) and (1/2 y 0) are
PCE-type antiparallel. The onset temperature of the C structure always
C-type coincides, as it is shown below, with the Curie temperature.
Thus we associate this additional peak with the ferromag-
netic phase. According to the peak intensity ratio the mag-
netic moments of the C phase cannot lie in the)(plane,
like in the dominant FM phase, because no considerable in-
tensity is observed i1120/(021) peak(see Fig. 1L The re-
U ' b & fined magnetic moment is about 025 parallel tob axis.

610* -

(101/(020)

410*

NEUTRON INTENSITY [COUNTS]

g
810° - ~
o
e

(120 1/2)

é" <— (120) /(021)

610°

410°

This C component is found only for the compositions

2100 | >0.6, i.e., when the ferromagnetic FM phase arises below

NEUTRON INTENSITY [COUNTS]

o the Neel temperature on cooling. Thus, the FM phase is non-
T collinear, but neighboring Mn ions in the positionsyQ/2)
L and(1/2y 0) form an angle of about 9¢see Table)l In all
0 2 3 40 5 60 70 80 the compositions revealing antiferromagnetic PCE structure
2001 (y=0.6) the appearance of weak superlattice reflections of
FIG. 1. An example of the Rietveld refinement pattern and dif-(3/2 0 2 typg pre.cedes. AFM ordering. The appearance of
ference plot of the neutron diffraction datBMC/SINQ) for the  these reflections is believed to be connected to the charge
LPCM-75 sample aT =15 K. The bottom figure shows the same Ordering of Mri*/Mn** cations, leading to the doubling of
pattern in an enlargey scale. The top row of the indexing shows the a axis and lowering of the symmetry to the monoclinic
the nuclear phase. Next rows are FNT structure and two AFM  P2;/m space group. The temperature behavior is similar to
sublattices for the PCE-type structure. The p&aR 1) can also be  that of the LPCM-78016) and LPCM-018 sampl€
indexed ag1/2 1 1/2 and the peakl 2 0) can be indexed a3/2 In addition to the ordering of the Mn spins there is a
1 1/2). See the text for the details. ferromagnetic contribution from the Pr sublattice for the
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FIG. 3. Typical neutron diffraction patterns from the LPCM-80
sample for several temperatures measured wit2.567 A. One
FIG. 2. The homogeneous magnetic structure of Mn ions in thes@n See the sharp increase in the Bragg peak inten€lidy/(020)
(La;_,Pr)o,CaMnO; (y>0.8). The thick lines show @  at 20=38.6° and(121/(020 at 2=55.8°, connected with ferro-
X (b/2)x2¢c volume. The ferromagnetic component is directed magnetic ordering and appearance of the antiferromagnetic Bragg
along ¢ axis. The AFM component has pseudo-CE structure withP€aks(0 0 1/2 and(1/2 0 1/2 around 13.5° and 19.2°. Also an
two Mn sublattices: on¢AFM1) for Mn ions in (Oy 1/2) position |ncr(_eased background_ at smaw_E seen at high temperatures due
with the propagation vectdt,=[0 0 1/7 (shown as small atoms [0 diffuse paramagnetic scattering.
and the second on@AFM2) for Mn ions in (1/2 y 0) with k,
=[1/2 0 1/3 (shown as large atomsThe antiferromagnetic com- Below y.;, corresponding to theA-cation radius(r )

ponent is directed along tieaxis. In the phase separated state the—1 19 A, the magnetic state is a collinear ferromagnetic
FM and AFM components are not superimposed, but spatially sepa-

rated forming collinear antiferromagnetic PCE and FM regions. Mi-

nor canting of the FM component due to appearance of C-type Pr content, y
structure(see the text for the detajlbelow T¢ is not shown. 1 08 06 04 02 0

250y A ' ‘ >
compositions with sufficiently large Pr concentratign I Yeo Yor
>0.6. This is clearly seen from the disproportion of the in- 200 | (La Pr) Ca Mn'O 4
tensities between th€101)/(020) and (121)/(002) peaks if A ’
one assumes only Mn ordering. The Pr ferromagnetism is S
revealed as a small decrease in the integrated intensity of 150 - Tw 1
(101)/(020 peak on coolingsee Figs. 5 and)gbecause the f AR / Homogen.
structure factor of this peak for the Pr sublattice is negative 100 Ttz FM-M _
with respect to the Mn one. The direction of the Pr moments ¢ | %
is parallel to the Mn moments in the FM phase and thus s 8s
presumably induced by Mn. The low-temperature values of 50 é’E | 3{-'3 .
the moments are listed in Table I. Indeed the moment of Pr Ss| §§
scales with the ferromagnetic component of Mn moment 0 e Ii& . . ‘ .
rather than with the Pr concentration. 18 1.19 12 121

< > <t,>,A
Pr-FM

A. Temperature and field dependence of the
magnetic Bragg peaks FIG. 4. Phase diagram of the (1.3,Pr)o /Ca sMnO;. The dia-

: . . _monds and circles show the ferromagnélig¢ and antiferromag-
The temperature evolution of the neutron diffraction pat netic T, ordering temperatures of the Mn spins. The bottoaxis

terns from the LPCM-80 sample that is typical fpr-0.6 shows averagé cation radius(r ). The low-temperature state is

_O,'8 is shown n Fig. 3. One can See the appearance of ﬂ‘l‘F‘Omogeneous fory>0.8 (canted antiferromagnetic insulator
antiferromagnetic Bragg peaks below elidemperaturély  car.1) and fory<0.6 (ferromagnetic metal FM-M In the range
=130 K and the increase in the nuclear peaks below Curig g<y<0.8 the magnetic state is inhomogeneous mixture of
temperature Tc=100 K. We found that the gjightly canted ferromagnetieCFM) and AFM regions. The anti-
(La;—yPry)o.7/Ca MnO; series has three distinct types of be- ferromagneticT, and ferromagneti@ transition temperatures co-
havior of the magnetic structure, which are separated by twenhcide fory=0.6. The data foy=0 andy=0.25 are from Refs. 14
critical Pr concentrationg.;=0.6 andy.,=0.85, as shown and 9. A ferromagnetic contribution of Pr moments is found in the
in the phase diagram in Fig. 4. interval of the Pr concentration marked as Pr-FM.
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®
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g ¢ . 5
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FIG. 5. Temperature dependence of the integrated intensities of 2 11000
the characteristic diffraction peaks in the LPCM-80. Top: ferromag-
netic peak(101)/(020) and antiferromagnetic ped&/2 0 1/2 cor- \'..
responding to the propagation vecfdr2 0 1/7 of the PCE struc- 00 ‘ 50 100 ‘-l’gj—"_jo(?
ture. Temperature dependence of (@€ 1/2 peak is similar to the T.K

(1/2 0 1/2 one. Bottom: Integrated intensity of th@00)/(001)

peak, corresponding to C-type magnetic structure, which is coupled F|G. 6. Temperature dependence of the integrated intensities of

to FM component. The lines are guides to the eye. the characteristic ferromagnetit01)/(020) and antiferromagnetic
(1/2 0 1/2 diffraction peaks in the LPCM-9(top) and LPCM-100

oné28in accordance with the phase diagram of Ref. 8. The(bottom. Temperature dependence of #e0 1/2 peak is similar
temperature dependence of the ordered magnetic moment &5 the (1/2.0 1/2 one.
y=0.5 is given in Ref. 26.

In the rangey >y, the antiferromagnetic component ap-  For the compositions witly>y, the temperature depen-
pears. The sample first undergoes the AFM transition to &€nce of the magnetic peaks are significantly diffex&ing.
PCE structure followed by transition to the ferromagnetic6)- The AFM intensity has no maximum with temperature
phase, which becomes the dominant phase at low temperglwe”ng’ and the ferromagnetism is not a d(_)mmatmg state at
ture. The Nel temperature is preceded by charge ordering a‘fw temperature. \We note, that the magnetic behavior of the
higher temperature of about 180'k*° Figure 5 shows the f0-enriched sampfd (y=0.75) is similar to one observed
integrated intensities for the characteristic magnetic diffracfOr the natural-oxygen-containing samples wythyc,.
tion peaks of the LPCM-80 sample as a function of tempera- To access the question of the homogeneity of the low-
ture. One sees that the temperature dependence of AFM—peé perature magnetic state, we have performed the neutron

intensities are nonmonotonous, but with a well-defined maxi<. fractio.n experiments in an external magnetic field directed
mum near the Curie temperatle@ This kind of tempera- perpendicular to the scattering plane. The effect of the exter-

; . nal magnetic field on the magnetic structure of manganites
ture dependence was _observ_ed in all the s_ample_s in the randRs first studied in the classical paper by Wollan and
Ye1<Y<Yc. The maximum in the AFM intensity can be gehierl To avoid possible reorientation of the ferromag-
understood in frame of a phase-separated state when the Fic crystallites in the high magnetic field, the samples were
phase grows spatially separated from the AFM host. Thenade as a ceramic pell§tPCM-75P1) sampld or as
reduction of the volume occupied by the AFM phase is repressed pellets of the powders measured in the zero external
vealed as a decrease in the corresponding Bragg peak intefeld (LPCM-80 and LPCM-90 samplesFigure 7 shows the
sity. Alternatively, the ferromagnetic component can appealntegrated intensities of the characteristic magnetic diffrac-
as a result of the canting of the AFM moments beldw, tion peaks of the LPCM-71®1), LPCM-80, and LPCM-90
provided that the total magnetic moment is preserved. Theamples as a function of the external magnetic field. If the
guestion of the homogeneity of the low-temperature magAFM and FM components are coupled forming the CAF
netic state cannot be resolved from the neutron diffractiorhomogeneous structure one expects that an increase in FM
pattern in zero external magnetic field. peak intensity should be accompanied by a decrease in AFM
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3000 . . . n410° (La, Pr), Ca MnO,
__________________________ 14 | — L B I A B R B L R
2500 FM (101)/(020) ' ' '
12[ ~=3.5[ . 1
2 LPCM-75 (P1) .3 R s
g 2000 T=4.3K 1310 £ g
10 S3 1
g 24 — M 2 = 0T /0-18 1
< ] A F [ i
B 1500 | B 2 g N s o =
" :
.i 5 “ < =y y - E
AFM (1/20.0) 1210° & = o) '
2 1000 120172) E 6 ‘ e ]
< 4 06 08 1
4 y b
2
y<0.8
0 0ot Il

FM (101)/(020) 0 2 4 6 8 10 12
750 2 2
z LPCM-80 | go00 2 M Dl M
g 2 T=43K 9
f 500 f = FIG. 8. The square of the antiferromagnei®d magnetic mo-
= R E ment componenji:4 as a function of the square of the ferromag-
b} 1 4000 E netic (FM) magnetic moment componepng with Pr concentration
5 APM (1120 12 g y as a parameter. The circles show our data, the squares for the
250 ( ) < concentrationy=1.0 are taken from the literaturesee Table I,

where the moment values are comp)le@ne can distinguish two
different linear slopes and the values of moments. The lines are the
linear LS fits to the data points fgr<0.8 andy=0.9. The point for

. . . . ' 180-enriched sampley(=0.75) is also showO-18). It has no FM

2500 LPCM-90 1.2 10° component at all, serving as a reference of pure antiferromagnetic
state. The inset shows the total magnetic mom@f;naL ,u,zz as a
function of the Pr concentration. The O-18 sample was assigned the
Pr concentratiory=0.85.

- 2000

2000 |
110°
energy stabilizes the ferromagnetic metallic state. Reducing
the external field to zero does not restore the AFM state: the
sample remains in the metallic ferromagnetic state. In the
sample LPCM-90 that hag>y., the AFM and FM intensi-
6000 ties are synchronously changed as a function of the external
500 - field (Fig. 7), implying that AFM and FM components are
FM (101)/(020) indeed coupled forming a canted antiferromagnetic structure.

oL 1 L 1 11 4000
0 10 20 30 40 B. Low-temperature magnetic moments

1500 -

R
(=2
8
Aysuyun . yead WA

1000 |

AF peak int. intensity

H, kOe In the regiony<y., the magnetic state at low temperature

FIG. 7. The integrated intensities of the characteristic antiferro/S Predominantly ferromagnetic. When the Pr concentration

magnetic(1/2 0 1/2, (0 0 1/2 and ferromagneti¢101/(020) dif- IS increased abovg; the AFM component appears, but the
fraction peaks of the LPCM-75P1, LPCM-80, and LPCM-90 FM moment remains large and is not decreased very much
samples as function of the external magnetic field. The lines arévhen the concentratio is increased. However, when the
guides to the eye. The increasing and decreasing field scans ag@ncentration exceedg=y., the magnetic state changes
marked by solid and dashed lines, respectively. very significantly. In the plopi(,uﬁ) (Fig. 8 with the con-
centrationy as a parameter, one can distinguish two different
ones. In the experiment with the samples LPCMP) and  linear slopes and the values of moments—one isyfsi0.8
LPCM-80 the AFM intensities stay constant, while the FM and the other foy=0.9,1. The total ordered magnetic mo-
one is increased until 10 kOe. This means that the FM moment undergoes a jump §tYy.,, implying that a concen-
ment is decoupled from AFM one, being spatially separatedtrational first-order phase transition takes placgeat In the
The increase in FM peaks occurs due to the increase in theS state theui(u2) has to be a linear function, provided
magnetic structure factoFﬁp m?—(gm)?, when the FM that the magnetic moments of the phases are not changed
momentsm turn perpendicular to the scattering vectpre-  inside the two-phase state. Assuming that the phase separa-
sulting from the application of the external field. At higher tion goes into a pure AFM state with magnetic momiht
external fielddH>10 kOe the AFM state melts as it is usu- and a FM state with a momeM, the effectively observed
ally observed in manganites, because the gain in Zeemamagnetic moments read:
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Mi zlull; I I
/LiZMi—W,U,IZ:, (1) E‘ —>;$ {}5 409
F g 110 L 1 }ﬁ i 2
where u2/M2 is the volume fraction of the FM phase. Be- g =T, R P
cause of the limited range of the magnetic moments for the & 5000 - FM (101)/(020) T8
concentrationy=0.8 one can get only a very rough estimate § i .
of the AFM momeniM o= (3=0.5)ug, by fitting the data to . | ee 0000t f b7
the formula(1). ' ‘ ' '
. . FM-corrected
A fit of our data fory=0.9 to the formula(1) yields _ﬁg;;“}i@} o 1 085 o
Ma=Mg=3.2ug, implying that for the homogeneous CAF TR
state the end values of the AFM and FM moments are equal, H =
and an intermediate CAF state is realized by the change in s ﬁ} }H { H} % {08 &
the canting angle. It is worth noting that the magnetic mo-
ment of the O-18 sample is in accordance with this value. . ‘ . . ‘ 0.75
IV. BRAGG-PEAK BROADENING EFFECTS %‘ 4000 - ﬁ%% ﬁ#}} ; los
[ =4
The magnetic-Bragg-peak broadening effects were stud- & 3000 i %% }}t 3 AFM e
. . : . B i 00172) {06
ied by means of DMC instrument using the neutron wave B 2000 (2012 &
lengthA =5.43 A. The resolution of the instrument for this 2 000l T =
wavelength isAd/d=(0.7-1.8)x10 2 for the d-spacing = ol "“?"“'... o ] 04

range from 3.8 A to 11 A. Thigl range was enough to

cover both antiferromagnetic peaf0 1/2, (1/2 0 1/2 and 0 0 100 ITSOK 200250300

the ferromagneti€101)/(020 peak. The peak-broadening ef- ’

fects are present for both LPCM-100 and LPCM-75 samples FIG. 9. The FWHM width(right y axis) of the ferromagnetic
being in the homogeneous and the phase-separated regigfeak(101)/(020) (top) and antiferromagnetic peak 0 1/2, (1/2 0

of the phase diagram, respectively. Figures 9 and 10 show2) (bottom) measured at DMC/SINQ instrument with wavelength
the temperature dependence of the peak widths. In the pure=5.43 A for the LPCM-75016) sample. The widths are given in
AFM state (115<T<145 K) the widths correspond to the 26 degrees. The plot in the middle shows the ferromagnetic peak
constant values. Below the Curie temperature both widthidth corrected on the broadening caused by overlapping of peaks
start to increase. The FM width is increased much faster thafi01) and(020), which are not resolved. See text for details. The
the AFM ones in the LPCM-75 sample. The temperaturecorresponding integrated magnetic peak intensities are also shown
dependence of the integrated intensities for the LPCM-75left y axis).

sample are also shown for convenience. The widths in the

LPCM-100 sample are systematically larger than inAFM2 phases in the sample LPCM-75, respectively, and
LPCM-75 sample because of the larger diameter of the>690(50) A, >430(50) A, >520(60) A in the sample
sample container. The width of the ferromagnetic peak-PCM-100 (the error bars represent only statistical errors
(101)/(020 has a contribution caused by overlapping of theThe finite regions can occur due to both a plain ferromag-
(101) and (020 peaks that have slightly differedtspacing.  netic domain structure and the phase-separated state. In the
The middle plot of Fig. 9 shows the FM width corrected for first case one would expect the same sizes of the FM and
the shift in the(101) and (020) peak positions, based on the AFM regions because they originate from the homogeneous
lattice parameters data measured with the high-resolutiopanted AFM magnetic state. In phase separation scenario,
neutron diffraction instrument HRFDIBR2, Dubna.'®?*  proposed for the LPCM-75 sample, one would expect larger
The dip in the temperature dependence of (h€1)(020  ferromagnetic domains and smaller antiferromagnetic clus-
peak width is apparently due to specific temperature deperiers at low temperature, since the ferromagnetic phase occu-
dence of the lattice parameters. However, the increase in thgies about 86% of the sample volume. Experimentally, we
width, which is clearly seen in the middle plot of Fig. 9 is can tentatively propose that there is a tendency to this behav-
definitely connected with the ferromagnetic transition. Therdor, but this qualitative peak-width analysis cannot be con-
are two basic contributions to the width increasesidered as an evidence. More important and reliable conse-
A(826)12tan(d) =[(d/L)?+ (sa/a)?]Y% the finite size of quence of the peak-width analysis is that the domains of the
the coherently scattered regiohs(size effect and the dis- AFM phase are macroscopically large in the phase-separated
persion of the lattice parameterda/a) (strain effect. The  state, and hence the separation cannot be driven by simple
strain contribution must be present, because the lattice pgharge separation between FM and AFM regions.

rameters in the ferromagnetic and antiferromagnetic phases

are diff_erentl.9 If we neglect the strain cont_ribution.in the V. DISCUSSION

peak width(anyway we cannot separate strain and size effect

due to the limitedd rangg we can estimate the lower limit of First, we shall address the topology of the phase separated
the domain sizesL=d/(Ad/d) as >1500(100) A, state. It can be realized &8 an incoherent mixture of FM
>500(100) A, >700(150) A for the FM, AFM1, and and AFM regions, or(ii) a superstructure formed by the
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1.4 . ] . . . Thus, spatial inhomogeneities can still be present in the
FM (101)/020) | LPCM-100 samples with y=0.9), but the space between the homoge-
121 L) " i neous CAF regions is filled with the regions that are either
o | short-range ordered or paramagnetic. In Ref. 27 it was re-
?3;?3,9 s ¢ ported that an approximately equal proportion of two distinct

|

* 7 crystallographic phases was present ig g, ;MnO;3, re-
{ | vealed as a splitting of thé040/(202 doublet in the high-
% | resolution neutron diffraction experiment. The second phase

%
o.s-%ﬂi}

5(20), deg

AFM observed in Ref. 27 could be related to the magnetically
06| 001/2) | ghsordered regions. We dld. not opserve S|m!lar peak sphtt.mg
: in our sample LPCM-100 in a high-resolution neutron dif-

(120 1/2) fraction experimen%f1 The authors of Ref. 27 also note that
T, 1 the peak-splitting effect is sample dependent.
L \L L The phase diagranfFig. 4) of (La;_,Pr)Ca MnO;
0 50 100 150 200 250 contains a region of Pr concentrationg <y<y,, where the
T, K low-temperature magnetic state is an inhomogeneous mix-
ture of two phases. Outside of this region the long-range
FIG. 10. The FWHM width of the ferromagnetic peak0l)/  ordered state is homogeneous ferromagnetic and metallic for
(020) (top) and antiferromagnetic peak8 0 1/2, (1/2 0 1/2 (bot-  y<0.6 or canted antiferromagnetic insulating fpe0.9.
tom) measured at DMC/SINQ instrument with wavelength — Thjs kind of phase diagram agrees quite well with the con-
=5.43 A for the LPCM-100 sample. The widths are given #t 2 cjusions of the Ref. 12, where the computational studies of
degrees. The corresponding integrated magnetic peak intensities e dels for manganese oxides showed the generation of large

| h in Fig. 6. o . . ) .
also shown in Fig. 6 coexisting metallic and insulating clusters with equal elec-

AFM regions inside the dominating FM phase, e.g., a Stripeironic denSity. The clusters are induced by disorder on ex-
like structure. The second choice implies presence of supeghange and hopping amplitudes near first-order transition. In
structure reflections, presumably incommensurate one®ur case, the increase in the Pr concentration decreases the
These extra Bragg peaks have to be coupled to the FMffective conduction carrier bandwidiWesin(e/2) via the
peaks, and appear @t when the phase separation begins. AMn-O-Mn angle¢ (a detailed discussion is given in Ref. 9
weak Bragg peak, indexed as C-ty(#0)/(001), which we  which is linearly dependent on the concentratipff De-
observe concomitantly with onset of the ferromagnetic orderereasing the widtiW to a critical value, the state is changed
ing, could be a manifestation of such a superstructure, but wigom the metallic ferromagnetic to insulating charge-ordered
failed to find any satellites that would correspond to otherantiferromagnetic. The critical Pr concentration is aroynd
nuclear Bragg peaks, assuming an appropriatector of  ~0 7 (the middle of the phase-separated regidince the
this superst'ructure. Thug, we consider the phase §eparatgqange in the bandwidtiV is realized by changing of the
state as an incoherent mixture of AFM and FM domains. The,yerage radius oA cation, via Pr/La substitution, the statis-

sizes of the domains are macroscopically large as shoWpey| gisorder of the hoping amplitudes is naturally present.
above. However, there is no clear evidences in favor of thq-he variance of the A-cation radius in

two-phase nuclear model from the high-resolution neutro _ -
diffraction datd* presumably because of very close structureht Lal_yPBZOﬁag_gMnOg, reads U_Ar’f[oj(l y)(O.?
parameters and also peak-broadening effects caused by tHe- )]~ whereAr,=(rp—rJ), the radius of the Ca ion
internal stresses. The small C-type canting of the FM comiS the same as Pr ion. Near the critical concentragon
ponent is observed only for the samples in the phase=0.7 the variance is still quite large;=0.015 A, in com-
separated regiog; <y<Y.,, While outside this region the parison with the width of the two-phase region 0.007 A in
C-type component is practically zef@able ). A probable the (r,) units. The corresponding fluctuations of the local
origin of this C canting could be the boundaries between thé/in-O-Mn angle can be responsible for the appearance of the
phase-separated regions, where the spins aligned ferromagjusters as shown in Ref. 12. Near the metal-insulator bound-
netically alongc axis are canted alongaxis—the axis of the ary the phases have very close ground-state energies and can
AFM ordering of the neighboring PCE phase. be transformed from one to another by relatively weak ef-
The total ordered magnetic moment of the Mn ion offects of a moderate external field or an oxygen isotope sub-
3.4up observed for Pr concentration<0.8 is close to the stitution. However, the unit-cell volume of the FM phase is
maximal value expected for the average WifVIn** spin  0.15% smaller than in the AFM one, and the values of va-
moment 3.7y for the given hole dopingg=0.3. The long- lence angles and interatomic distances are also significantly
range ordered magnetic moment in the homogeneous CA#ifferent®* Importance of internal stresses that must exist in
phase ¥=0.9) is 26% smallefsee Fig. 8 This implies that the two-phase state was pointed out in the Ref. 21. Even if
only 54% of the sample volume is occupied by the CAFthe ferromagnetic phase has lower energy, its growth inside
phase assuming the same magnitude of the magnetic momehe antiferromagnetic host can be suppressed by the stresses
of 3.4ug. In this case the magnetic state of the rest of theon the boundaries with the AFM host, leading to the phase-
sample volume does not possess long-range magnetic ordeeparated state.

04 -
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The '®0-isotope substituted sample LPCM-018 ( The total long-range ordered magnetic moment of the Mn
=0.75) reveals the ordered magnetic moment close to thimn shows a steplike decrease frug,= 3.4ug t0 2.5u5 as
natural isotope samples witly£0.9), but with a zero ferro- a function of Pr concentration gt=0.85. For the concentra-
magnetic componentsee Table |, Fig. B This places tions y=0.9 the low-temperature long-range ordered mag-
LPCM-018 in the region above the concentrational transietic state is again homogeneous with canted AFM structure
tion at y.,=0.85. The LPCM-0O18 sample is the sole ex- of pseudo-CE type. The canting angle is significantly in-
ample of a pure antiferromagnetic insulating state in thecreased on doping, while the total magnetic moment stays
(Lay—yPry)o.Ca MnO; series. They doping fory=0.9 in-  constant fory=0.9. The 180 isotopic sample witly=0.75
creases the canting angle by increasing the ferromagnetian be considered as an end member of the CAF homoge-
componentFig. 8. On the basis of this tendency the LPCM- neous state with zero canting angle. The spatial inhomoge-
018 sample can be assigned to the Pr concentration in theeities can still be present fgr=0.9 (according to the re-
range betweery=0.8 andy=0.9. This implies that the duced uy, value, but the Mn spins between the
renormalization of the charge carrier bandwitltby substi- homogeneously CAF-ordered moments have to be either
tution of %0 for 180 corresponds to an effective change of short-range ordered or paramagnetic.

Pr concentration by abouty=0.1. Our data show that the phase diagram of
(La;—yPr)o L& MnO; has border region of Pr concentra-
VI. CONCLUSIONS tions 0.6=sy=<0.8, where the low-temperature magnetic state

) . is macroscopically inhomogeneous. The presence of this bor-
The magnetic structure of  the SEries der between the homogeneous CAF insulating and FM me-
(Lay - yPr)o.7Ce gMnO; for y from 0.5 to 1.0 has been stud- talic states can be understood in frame of computational
ied by neutron powder diffraction in the temperature rangestydies of models for manganese oxid&¥he macroscopi-
from 10 to 293 K and in external magnetic fields up to 4 T.ca| clusters can be induced by disorder on the carriers hop-
At the low Pr contenty=0.5 the structure is homogeneous ping amplitude caused by natural dispersion of Aheation
ferromagnetic. For the compositions wif=0.6 there is @  radius (and, hence, Mn-O-Mn bond angjesear the first-
superposition of the FM and pseudo-CE-type antiferromagprder metal-insulator transition around=0.7. Additional
netic (AFM) structures. The magnetic moments of Mn atomstactor stabilizing the phase-separated state is inhomogeneous
are directed along the axis and theb axis in the FM and  stresses near the phase boundaries that occur due to mis-

AFM phases, respectively. The temperature and externghatch of the crystal structures of the ferromagnetic and an-
magnetic field dependencies of the integrated FM- andiferromagnetic phases.

AFM-peak intensities and the magnetic Bragg-peak widths
in the samples with 08y=<0.8 indicate presence of the
macroscopic incoherent phase separation into the FM and
AFM domains, implying that the CMR effect has a percola-
tion nature in this region of the Pr concentrations. The FM The authors are grateful to N. M. Plakida and V. B. Priez-
phase has a small noncollineari#F component of C type zhev for helpful discussions. This study was supported by
with magnetic moment alonlg axis), presumably due to in- the Russian Foundation for Basic Reseaf@Gnant No. 00-
terface regions to the AF phase. The spatial dimensions di2-16736, the Swiss National Science Foundati@@rant

the phases are large=(10° A), and hence the separation No. 7SUPJ062190.00/&and by the INTAS prograniGrant
cannot be a simple charge segregation. No. 1-97-0963.
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