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Long-scale phase separation versus homogeneous magnetic state
in „La1ÀyPry…0.7Ca0.3MnO3: A neutron diffraction study
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The magnetic structure of the series (La12yPry)0.7Ca0.3MnO3 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 concentrations 0.6<y<0.8 separating the homogeneous ferro-
magnetic ~FM! metallic and canted antiferromagnetic~AFM! insulating states. In this region the low-
temperature magnetic state is macroscopically (.103 Å) 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 dispersion of theA cation radius near
the metal-insulator transition aroundy50.7. For the concentrationsy>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 frommMn53.4mB to 2.5mB as a function of Pr concentration at the transition to
a homogeneous canted antiferromagnetic~CAF! state. The spatial inhomogeneities can still be present fory
>0.9, according to the reducedmMn 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 found fory.0.6. 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 number~s!: 75.30.2m, 61.12.Ld
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I. INTRODUCTION

The perovskite manganitesA12xAx8MnO3, whereA5La
or other rare earth,A85Ca, Sr, Ba, have been attractin
considerable scientific interest due to rediscovery of the
lossal magnetoresistance effect1 ~CMR! and a remarkable in
terplay of electronic, magnetic, and crystal lattice propert
The magnetoresistance effect in manganites was origin
explained in the context of double exchange~DE! of local-
ized t2g Mn31 spins mediated by hopping ofeg electrons.2,3

A variety of interesting phenomena in this mixed-valen
system like charge ordering of manganese ions, giant oxy
isotope effect, formation of microscopic or macroscopic
gions possessing different electronic properties, stimula
development of the DE model itself and inclusion of t
electron-phonon interaction.4–7 The low-temperature state o
the manganites corresponds to a ferromagnetic~FM! metal
or antiferromagnetic~AFM! insulator with a tendency to
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ward charge ordering of manganese ions Mn31/Mn41. The
particular state depends on the hole-doping levelx, i.e., on
the formal proportion of Mn31/Mn41, and on the relation
between the Mn-O andA-O bond lengths andA-O-A bond
angles that in turn depend on the averageA cation radius
^r A&. The (La12yPry)0.7Ca0.3MnO3 family ~hereafter
LPCM-100y) has fixed optimal hole dopingx50.3 and vari-
able^r A& that is linearly connected with the Pr concentrati
y. A detailed study8 of the manganites with fixed hole dopin
A0.7A0.38 MnO3 showed the direct relationship between t
Curie temperatureTC and ^r A& for a variety of different
A,A8 cations. It is believed that the principal effect of d
creasinĝ r A& is a decrease in the electron-hopping amplitu
between Mn ions~or carriers bandwidthW),9 which is pro-
portional toTC in the DE model. The effect of disorder du
to size differences betweenA cations was addressed in Re
10. The authors have shown that the metal-insulator tra
tion temperatureTC in the A0.7A0.38 MnO3 manganites with
©2001 The American Physical Society20-1
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fixed ^r A&51.23 Å decreases byDTC}s2, wheres2 is the
dispersion of theA-cation radiusr A . These disorder effect
are negligible for̂ r A&,1.22 Å when theA-cation variance
is small and the true variation ofTC with ^r A& is observed. In
the (La12yPry)0.7Ca0.3MnO3 series the average radius^r A& is
less than 1.206 Å. Ther A dispersion is smaller than
0.000 32 Å2 for all y, which is in turn significantly smaller
than the values of theA cation radius dispersions that affe
TC .10 Hereafter we use tabulated radii from Ref. 11 assu
ing ninefold coordination of theA cations. Thus, the LPCM
series is a very suitable candidate for the systematic stud
the effects caused solely by the variation of the average
dius ^r A&; however, the effects of disorder can still manife
themselves near the metal-insulator boundary, as show
the numerical Monte Carlo calculations.12

The magnetic and crystal structures of t
(La12yPry)0.7Ca0.3MnO3 are well known for they50 ~ferro-
magnetic, metallic!13,14 andy51 ~canted antiferromagnetic
insulating!.15–17 The metal-insulator~M-I ! boundary lays
around the Pr concentrationy50.8. Near the M-I boundary
the low-temperature state can be easily switched from
ferromagnetic metal to insulating antiferromagnet even b
relatively weak effect of the 16O-18O oxygen isotope
substitution.18,19 The magnetic structure of the compositio
with y50.75 in the vicinity of the M-I transition has bee
studied by neutron diffraction in Ref. 19. The temperatu
behavior of the intensities of the charge ordered~CO! and
AFM peaks could be interpreted in favor of phase separa
onto AFM-insulating and FM-metallic phases at low tem
perature, though no direct indications of the inhomogene
state were found. A direct evidence of the percolate ph
separation into submicrometer-scale mixture of char
ordered insulating and ferromagnetic metallic domains
been obtained using electron microscopy data20,21 in the
similar series La5/82yPryCa3/8MnO3.

We have undertaken a systematic powder neutron diff
tion study of the magnetic and structural properties of
(La12yPry)0.7Ca0.3MnO3 series in the wide range of̂r A&
with y50.6, 0.7, 0.75, 0.8, 0.9, 1.0 with a special attenti
given to the question of the homogeneity of the magne
state near the metal-insulator boundary.

II. SAMPLES: EXPERIMENT

The powder samples for neutron diffraction experime
were prepared by means of the so-called ‘‘paper synthe
technique. An aqueous solution of a mixture of La, Pr, C
and Mn nitrates taken in the required ratios was deposited
ash-free paper filters, which were dried (120 °C) and th
burnt. The oxide product thus obtained was annealed in a
700 °C for 2 h. The final thermal treatment consisted of
nealing pressed pellets in air at 1200 °C for 12 h. Then
pellets were ground. One sample~labeledP1,y50.75) was
prepared by the standard solid-state reaction in form o
sintered pellet for the experiment in external magnetic fie
The data on the magnetic ordering were obtained by me
of the DMC powder diffractometer situated at a supermirr
coated guide for cold neutrons at the Swiss spallation n
tron source SINQ~Villigen!.22 The DMC instrument allows
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one to carry out simultaneous measurements within a s
tering angle range of 80°~angular separation 0.2°). The ne
tron wavelength range is 2.3–5.5 Å. The measurements w
performed by means of an evacuated vanadium pot equip
with a closed-cycle He refrigerator. A helium cryost
equipped with a superconducting magnet was used for
experiments in the external magnetic fields up to 4 T.
oscillating radial collimator suppresses Bragg peaks from
sample environment. The refinements of powder neutron
fraction patterns were made by means of the progr
FULLPROF,23 using the internal tables of neutron scatteri
lengths and magnetic form factors. The nuclear structure
the same samples studied at the high-resolution Fourier ti
of-flight diffractometer HRFD~Dubna! provides a comple-
mentary information on the coupling between structural a
magnetic/electronic properties. The detailed structural d
are published elsewhere.24

III. MAGNETIC STRUCTURE

The Néel and Curie transition temperatures and the lo
temperature magnetic moments in the studied samples
compiled in the Table I. Decreasing the temperature there
subsequent antiferromagnetic~AFM! and ferromagnetic
~FM! transitions that are revealed as two sets of the Br
peaks, e.g.,~0 0 1/2!, ~1/2 0 1/2! for the AFM structure and
~101!/~020! for the FM one. A typical neutron diffraction
pattern from the LPCM-75 sample (y50.75) is shown in
Fig. 1. The nuclear structure hasPnmaspace group with the
lattice parametersa55.457 Å, b57.693 Å, c55.448 Å
for the LPCM-75 at room temperature. The Mn atoms o
cupy the 4b position with the coordinates (0,y, 1/2) and
(1/2,y, 0), where y51,1/2. The basic antiferromagnet
structure is pseudo-CE~PCE!, according to the classification
of Refs. 13 and 16. The CE-structure has two propaga
vectorsk15@0 0 1/2# andk25@1/2 0 1/2#, corresponding to
different Mn sublattices: one~AFM1! for Mn ions in
(0 y 1/2), the second one~AFM2! for Mn ions in (1/2y 0!.
For the manganites with the electron doping levelx50.5 ~the
ratio Mn31/Mn4151) this type of structure is related to th
charge ordering of the Mn atoms.25 The Mn moments are
coupled antiferromagnetically in the neighboring laye
along b axis in the CE structure, whereas in pseudo-C
structure the layers are aligned ferromagnetically, so that
moment directions of the atoms with coordinates (x, 0, z!
and (x, 1/2,z) are the same~Fig. 2!. This spin configuration
gives magnetic Bragg peaks such as~0 0 1/2!, ~1/2 0 1/2!.
The directions of the PCE-component and FM componen
the Mn magnetic moments alongb axis andc axis, respec-
tively, give the bestx2 fit for the experimental diffraction
patterns. The data on the basic magnetic structure in
LPCM-75 sample were published in our paper on the isot
effect.19 The magnetic moments of the AFM structure in Re
19 areA2 times less, because a one-sublattice model
used, which contained two times more magnetic atoms
each propagation vector.

There is a relatively small contribution of an AFM stru
ture revealed as a Bragg peak at 2u.27°. This peak can be
indexed as~1/2 1 1/2! if it is assigned to the propagatio
0-2
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TABLE I. The magnetic moments atT515 K and the Ne´el TN and CurieTC transition temperatures o
the (La12yPry)0.7Ca0.3MnO3. The values of the moments are given inmB . The magnetic moments of th
pseudo-CE antiferromagnetic component aremA1 and mA2 for the propagation vectorsk15@0 0 1/2# and
k25@1/2 0 1/2#, respectively.mF is the moment of the FM phase fory<yc1 and it is the FM component o
the canted FM phase in the phase separation region. While fory.yc2 it is the canting FM component of the
CAF phase.mC is the C-type antiferromagnetic component that appears concomitantly with the ferro
netic moment belowTC . mPr shows magnetic moment of Pr ion. For concentrationsy<0.6 no magnetic
ordering of Pr ions was detected.

Sample y TN TC mA1 mA2 mF mC mPr

LPCM-50 ~Ref. 26! 0.5 170~5! 3.40~5!

LPCM-60 0.6 150~5! 150~5! 0.3~3! 0.0~3! 3.40~6! 0.0~3! 0.01~8!

LPCM-70 0.7 145~5! 130~5! 0.54~7! 0.51~8! 3.32~4! 0.24~8! 0.31~7!

LPCM-75~O16! 0.75 145~5! 115~5! 1.02~5! 0.98~7! 3.32~5! 0.26~8! 0.37~7!

LPCM-75~P1! 0.75 145~5! 115~5! 0.49~12! 0.43~14! 3.42~7! 0.26~12! 0.36~10!

LPCM-80 0.8 130~5! 100~5! 0.79~5! 0.76~7! 3.36~4! 0.26~7! 0.35~5!

LPCM-90 0.9 130~5! 100~5! 1.98~4! 1.96~11! 1.55~6! 0.15~12! 0.22~7!

LPCM-100 1.0 130~1! 110~1! 1.34~5! 1.32~10! 2.15~7! 0.11~25! 0.26~7!

LPCM-O18 0.75 145~5! 2.63~4! 2.63~4! 0 0 0
Yoshizawaet al. ~Ref. 17! 1.0 140 110 1.4~2! 1.9~2!

Cox et al. ~Ref. 15! 1.0 140 120 1.48~2! 1.53~2! 2.20~2! 0.45~2!
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FIG. 1. An example of the Rietveld refinement pattern and d
ference plot of the neutron diffraction data~DMC/SINQ! for the
LPCM-75 sample atT515 K. The bottom figure shows the sam
pattern in an enlargedy scale. The top row of the indexing show
the nuclear phase. Next rows are FM1C structure and two AFM
sublattices for the PCE-type structure. The peak~0 0 1! can also be
indexed as~1/2 1 1/2! and the peak~1 2 0! can be indexed as~3/2
1 1/2!. See the text for the details.
02442
vectork2 of the CE-type structure, but examination of the~0
1 1/2!-type peaks shows the absence of the component
the propagation vectork1. The most appropriate magnet
moment direction is parallel to the (ac) plane, since no con-
siderable intensity is observed in the peak~1/2 1 3/2! ~the
refined value amounts to 0.4mB). Alternatively, this extra
peak at 2u.27° can also be indexed as~1 0 0!/~0 0 1!
because thed-spacing difference between~1/2 1 1/2! and ~1
0 0!/~0 0 1! peaks amounts toDd/d.1023, which is beyond
the instrument resolution. According to the Wollan and Ko
hler classification13 it corresponds to a C-type antiferroma
netic structure, which has the propagation vectork50, and
the Mn spins in the positions~0 y 1/2! and ~1/2 y 0! are
antiparallel. The onset temperature of the C structure alw
coincides, as it is shown below, with the Curie temperatu
Thus we associate this additional peak with the ferrom
netic phase. According to the peak intensity ratio the m
netic moments of the C phase cannot lie in the (ac) plane,
like in the dominant FM phase, because no considerable
tensity is observed in~120!/~021! peak~see Fig. 1!. The re-
fined magnetic moment is about 0.25mB parallel tob axis.
This C component is found only for the compositionsy
.0.6, i.e., when the ferromagnetic FM phase arises be
the Néel temperature on cooling. Thus, the FM phase is n
collinear, but neighboring Mn ions in the positions (0y 1/2)
and ~1/2 y 0! form an angle of about 9°~see Table I!. In all
the compositions revealing antiferromagnetic PCE struct
(y>0.6) the appearance of weak superlattice reflections
~3/2 0 2! type precedes AFM ordering. The appearance
these reflections is believed to be connected to the ch
ordering of Mn31/Mn41 cations, leading to the doubling o
the a axis and lowering of the symmetry to the monoclin
P21 /m space group. The temperature behavior is similar
that of the LPCM-75~O16! and LPCM-O18 sample.19

In addition to the ordering of the Mn spins there is
ferromagnetic contribution from the Pr sublattice for t

-
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compositions with sufficiently large Pr concentrationy
.0.6. This is clearly seen from the disproportion of the
tensities between the~101!/~020! and ~121!/~002! peaks if
one assumes only Mn ordering. The Pr ferromagnetism
revealed as a small decrease in the integrated intensit
~101!/~020! peak on cooling~see Figs. 5 and 6!, because the
structure factor of this peak for the Pr sublattice is nega
with respect to the Mn one. The direction of the Pr mome
is parallel to the Mn moments in the FM phase and th
presumably induced by Mn. The low-temperature values
the moments are listed in Table I. Indeed the moment o
scales with the ferromagnetic component of Mn mom
rather than with the Pr concentration.

A. Temperature and field dependence of the
magnetic Bragg peaks

The temperature evolution of the neutron diffraction p
terns from the LPCM-80 sample that is typical fory50.6
20.8 is shown in Fig. 3. One can see the appearance o
antiferromagnetic Bragg peaks below Ne´el temperatureTN
5130 K and the increase in the nuclear peaks below C
temperature TC5100 K. We found that the
(La12yPry)0.7Ca0.3MnO3 series has three distinct types of b
havior of the magnetic structure, which are separated by
critical Pr concentrationsyc150.6 andyc250.85, as shown
in the phase diagram in Fig. 4.

FIG. 2. The homogeneous magnetic structure of Mn ions in
(La12yPry)0.7Ca0.3MnO3 (y.0.8). The thick lines show 2a
3(b/2)32c volume. The ferromagnetic component is direct
along c axis. The AFM component has pseudo-CE structure w
two Mn sublattices: one~AFM1! for Mn ions in (0y 1/2) position
with the propagation vectork15@0 0 1/2# ~shown as small atoms!
and the second one~AFM2! for Mn ions in ~1/2 y 0! with k2

5@1/2 0 1/2# ~shown as large atoms!. The antiferromagnetic com
ponent is directed along theb axis. In the phase separated state
FM and AFM components are not superimposed, but spatially s
rated forming collinear antiferromagnetic PCE and FM regions. M
nor canting of the FM component due to appearance of C-t
structure~see the text for the details! below TC is not shown.
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FIG. 3. Typical neutron diffraction patterns from the LPCM-8
sample for several temperatures measured withl52.567 Å. One
can see the sharp increase in the Bragg peak intensities~101!/~020!
at 2u538.6° and~121!/~020! at 2u555.8°, connected with ferro-
magnetic ordering and appearance of the antiferromagnetic B
peaks~0 0 1/2! and ~1/2 0 1/2! around 13.5° and 19.2°. Also a
increased background at small 2u is seen at high temperatures du
to diffuse paramagnetic scattering.

FIG. 4. Phase diagram of the (La12yPry)0.7Ca0.3MnO3. The dia-
monds and circles show the ferromagneticTC and antiferromag-
netic TN ordering temperatures of the Mn spins. The bottomx axis
shows averageA cation radiuŝ r A&. The low-temperature state i
homogeneous fory.0.8 ~canted antiferromagnetic insulato
CAF-I! and for y,0.6 ~ferromagnetic metal FM-M!. In the range
0.6<y<0.8 the magnetic state is inhomogeneous mixture
slightly canted ferromagnetic~CFM! and AFM regions. The anti-
ferromagneticTN and ferromagneticTC transition temperatures co
incide fory50.6. The data fory50 andy50.25 are from Refs. 14
and 9. A ferromagnetic contribution of Pr moments is found in t
interval of the Pr concentration marked as Pr-FM.
0-4
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one9,26 in accordance with the phase diagram of Ref. 8. T
temperature dependence of the ordered magnetic momen
y50.5 is given in Ref. 26.

In the rangey.yc1 the antiferromagnetic component a
pears. The sample first undergoes the AFM transition t
PCE structure followed by transition to the ferromagne
phase, which becomes the dominant phase at low temp
ture. The Ne´el temperature is preceded by charge ordering
higher temperature of about 180 K.15,19 Figure 5 shows the
integrated intensities for the characteristic magnetic diffr
tion peaks of the LPCM-80 sample as a function of tempe
ture. One sees that the temperature dependence of AFM-
intensities are nonmonotonous, but with a well-defined ma
mum near the Curie temperatureTC . This kind of tempera-
ture dependence was observed in all the samples in the r
yc1,y,yc2. The maximum in the AFM intensity can b
understood in frame of a phase-separated state when the
phase grows spatially separated from the AFM host. T
reduction of the volume occupied by the AFM phase is
vealed as a decrease in the corresponding Bragg peak i
sity. Alternatively, the ferromagnetic component can app
as a result of the canting of the AFM moments belowTC ,
provided that the total magnetic moment is preserved.
question of the homogeneity of the low-temperature m
netic state cannot be resolved from the neutron diffract
pattern in zero external magnetic field.

FIG. 5. Temperature dependence of the integrated intensitie
the characteristic diffraction peaks in the LPCM-80. Top: ferrom
netic peak~101!/~020! and antiferromagnetic peak~1/2 0 1/2! cor-
responding to the propagation vector@1/2 0 1/2# of the PCE struc-
ture. Temperature dependence of the~0 0 1/2! peak is similar to the
~1/2 0 1/2! one. Bottom: Integrated intensity of the~100!/~001!
peak, corresponding to C-type magnetic structure, which is cou
to FM component. The lines are guides to the eye.
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For the compositions withy.yc2 the temperature depen
dence of the magnetic peaks are significantly different~Fig.
6!. The AFM intensity has no maximum with temperatu
lowering, and the ferromagnetism is not a dominating stat
low temperature. We note, that the magnetic behavior of
18O-enriched sample19 (y50.75) is similar to one observe
for the natural-oxygen-containing samples withy.yc2.

To access the question of the homogeneity of the lo
temperature magnetic state, we have performed the neu
diffraction experiments in an external magnetic field direc
perpendicular to the scattering plane. The effect of the ex
nal magnetic field on the magnetic structure of mangan
was first studied in the classical paper by Wollan a
Koehler.13 To avoid possible reorientation of the ferroma
netic crystallites in the high magnetic field, the samples w
made as a ceramic pellet@LPCM-75~P1! sample# or as
pressed pellets of the powders measured in the zero exte
field ~LPCM-80 and LPCM-90 samples!. Figure 7 shows the
integrated intensities of the characteristic magnetic diffr
tion peaks of the LPCM-75~P1!, LPCM-80, and LPCM-90
samples as a function of the external magnetic field. If
AFM and FM components are coupled forming the CA
homogeneous structure one expects that an increase in
peak intensity should be accompanied by a decrease in A

of
-

d FIG. 6. Temperature dependence of the integrated intensitie
the characteristic ferromagnetic~101!/~020! and antiferromagnetic
~1/2 0 1/2! diffraction peaks in the LPCM-90~top! and LPCM-100
~bottom!. Temperature dependence of the~0 0 1/2! peak is similar
to the ~1/2 0 1/2! one.
0-5
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ones. In the experiment with the samples LPCM-75~P1! and
LPCM-80 the AFM intensities stay constant, while the F
one is increased until 10 kOe. This means that the FM m
ment is decoupled from AFM one, being spatially separa
The increase in FM peaks occurs due to the increase in
magnetic structure factorFm

2 ;m22(qm)2, when the FM
momentsm turn perpendicular to the scattering vectorq re-
sulting from the application of the external field. At high
external fieldsH.10 kOe the AFM state melts as it is us
ally observed in manganites, because the gain in Zee

FIG. 7. The integrated intensities of the characteristic antife
magnetic~1/2 0 1/2!, ~0 0 1/2! and ferromagnetic~101!/~020! dif-
fraction peaks of the LPCM-75P1, LPCM-80, and LPCM-
samples as function of the external magnetic field. The lines
guides to the eye. The increasing and decreasing field scan
marked by solid and dashed lines, respectively.
02442
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energy stabilizes the ferromagnetic metallic state. Reduc
the external field to zero does not restore the AFM state:
sample remains in the metallic ferromagnetic state. In
sample LPCM-90 that hasy.yc2 the AFM and FM intensi-
ties are synchronously changed as a function of the exte
field ~Fig. 7!, implying that AFM and FM components ar
indeed coupled forming a canted antiferromagnetic struct

B. Low-temperature magnetic moments

In the regiony,yc2 the magnetic state at low temperatu
is predominantly ferromagnetic. When the Pr concentrat
is increased aboveyc1 the AFM component appears, but th
FM moment remains large and is not decreased very m
when the concentrationy is increased. However, when th
concentration exceedsy5yc2 the magnetic state change
very significantly. In the plotmA

2(mF
2) ~Fig. 8! with the con-

centrationy as a parameter, one can distinguish two differe
linear slopes and the values of moments—one is fory<0.8
and the other fory50.9,1. The total ordered magnetic mo
ment undergoes a jump aty5yc2, implying that a concen-
trational first-order phase transition takes place atyc2. In the
PS state themA

2(mF
2) has to be a linear function, provide

that the magnetic moments of the phases are not chan
inside the two-phase state. Assuming that the phase sep
tion goes into a pure AFM state with magnetic momentMA
and a FM state with a momentMF , the effectively observed
magnetic moments read:

-

re
are

FIG. 8. The square of the antiferromagnetic~A! magnetic mo-
ment componentmA

2 as a function of the square of the ferroma
netic ~FM! magnetic moment componentmF

2 with Pr concentration
y as a parameter. The circles show our data, the squares fo
concentrationy51.0 are taken from the literature~see Table I,
where the moment values are compiled!. One can distinguish two
different linear slopes and the values of moments. The lines are
linear LS fits to the data points fory<0.8 andy>0.9. The point for
18O-enriched sample (y50.75) is also shown~O-18!. It has no FM
component at all, serving as a reference of pure antiferromagn
state. The inset shows the total magnetic momentmA

21mF
2 as a

function of the Pr concentration. The O-18 sample was assigned
Pr concentrationy50.85.
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mA
25MA

22
MA

2

MF
2 mF

2 , ~1!

wheremF
2/MF

2 is the volume fraction of the FM phase. Be
cause of the limited range of the magnetic moments for
concentrationsy<0.8 one can get only a very rough estima
of the AFM momentMA5(360.5)mB , by fitting the data to
the formula~1!.

A fit of our data for y>0.9 to the formula~1! yields
MA5MF53.2mB , implying that for the homogeneous CA
state the end values of the AFM and FM moments are eq
and an intermediate CAF state is realized by the chang
the canting angle. It is worth noting that the magnetic m
ment of the O-18 sample is in accordance with this value

IV. BRAGG-PEAK BROADENING EFFECTS

The magnetic-Bragg-peak broadening effects were s
ied by means of DMC instrument using the neutron wa
lengthl55.43 Å. The resolution of the instrument for th
wavelength isDd/d5(0.721.8)31022 for the d-spacing
range from 3.8 Å to 11 Å. Thisd range was enough to
cover both antiferromagnetic peaks~0 0 1/2!, ~1/2 0 1/2! and
the ferromagnetic~101!/~020! peak. The peak-broadening e
fects are present for both LPCM-100 and LPCM-75 samp
being in the homogeneous and the phase-separated re
of the phase diagram, respectively. Figures 9 and 10 s
the temperature dependence of the peak widths. In the
AFM state (115,T,145 K) the widths correspond to th
constant values. Below the Curie temperature both wid
start to increase. The FM width is increased much faster t
the AFM ones in the LPCM-75 sample. The temperat
dependence of the integrated intensities for the LPCM
sample are also shown for convenience. The widths in
LPCM-100 sample are systematically larger than
LPCM-75 sample because of the larger diameter of
sample container. The width of the ferromagnetic pe
~101!/~020! has a contribution caused by overlapping of t
~101! and~020! peaks that have slightly differentd spacing.
The middle plot of Fig. 9 shows the FM width corrected f
the shift in the~101! and ~020! peak positions, based on th
lattice parameters data measured with the high-resolu
neutron diffraction instrument HRFD~IBR2, Dubna!.19,24

The dip in the temperature dependence of the~101!~020!
peak width is apparently due to specific temperature dep
dence of the lattice parameters. However, the increase in
width, which is clearly seen in the middle plot of Fig. 9
definitely connected with the ferromagnetic transition. Th
are two basic contributions to the width increa
D(d2u)/2 tan(u)5@(d/L)21(da/a)2#1/2: the finite size of
the coherently scattered regionsL ~size effect! and the dis-
persion of the lattice parameters (da/a) ~strain effect!. The
strain contribution must be present, because the lattice
rameters in the ferromagnetic and antiferromagnetic pha
are different.19 If we neglect the strain contribution in th
peak width~anyway we cannot separate strain and size ef
due to the limitedd range! we can estimate the lower limit o
the domain sizes L5d/(Dd/d) as .1500(100) Å,
.500(100) Å, .700(150) Å for the FM, AFM1, and
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AFM2 phases in the sample LPCM-75, respectively, a
.690(50) Å, .430(50) Å, .520(60) Å in the sample
LPCM-100 ~the error bars represent only statistical error!.
The finite regions can occur due to both a plain ferrom
netic domain structure and the phase-separated state. I
first case one would expect the same sizes of the FM
AFM regions because they originate from the homogene
canted AFM magnetic state. In phase separation scen
proposed for the LPCM-75 sample, one would expect lar
ferromagnetic domains and smaller antiferromagnetic c
ters at low temperature, since the ferromagnetic phase o
pies about 86% of the sample volume. Experimentally,
can tentatively propose that there is a tendency to this be
ior, but this qualitative peak-width analysis cannot be co
sidered as an evidence. More important and reliable con
quence of the peak-width analysis is that the domains of
AFM phase are macroscopically large in the phase-separ
state, and hence the separation cannot be driven by sim
charge separation between FM and AFM regions.

V. DISCUSSION

First, we shall address the topology of the phase separ
state. It can be realized as~i! an incoherent mixture of FM
and AFM regions, or~ii ! a superstructure formed by th

FIG. 9. The FWHM width~right y axis! of the ferromagnetic
peak~101!/~020! ~top! and antiferromagnetic peaks~0 0 1/2!, ~1/2 0
1/2! ~bottom! measured at DMC/SINQ instrument with waveleng
l55.43 Å for the LPCM-75~O16! sample. The widths are given in
2u degrees. The plot in the middle shows the ferromagnetic p
width corrected on the broadening caused by overlapping of pe
~101! and ~020!, which are not resolved. See text for details. T
corresponding integrated magnetic peak intensities are also sh
~left y axis!.
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AFM regions inside the dominating FM phase, e.g., a stri
like structure. The second choice implies presence of su
structure reflections, presumably incommensurate o
These extra Bragg peaks have to be coupled to the
peaks, and appear atTC when the phase separation begins.
weak Bragg peak, indexed as C-type~100!/~001!, which we
observe concomitantly with onset of the ferromagnetic ord
ing, could be a manifestation of such a superstructure, bu
failed to find any satellites that would correspond to oth
nuclear Bragg peaks, assuming an appropriatek vector of
this superstructure. Thus, we consider the phase sepa
state as an incoherent mixture of AFM and FM domains. T
sizes of the domains are macroscopically large as sh
above. However, there is no clear evidences in favor of
two-phase nuclear model from the high-resolution neut
diffraction data24 presumably because of very close structu
parameters and also peak-broadening effects caused b
internal stresses. The small C-type canting of the FM co
ponent is observed only for the samples in the pha
separated regionyc1,y,yc2, while outside this region the
C-type component is practically zero~Table I!. A probable
origin of this C canting could be the boundaries between
phase-separated regions, where the spins aligned ferro
netically alongc axis are canted alongb axis—the axis of the
AFM ordering of the neighboring PCE phase.

The total ordered magnetic moment of the Mn ion
3.4mB observed for Pr concentrationy<0.8 is close to the
maximal value expected for the average Mn31/Mn41 spin
moment 3.7mB for the given hole dopingx50.3. The long-
range ordered magnetic moment in the homogeneous C
phase (y>0.9) is 26% smaller~see Fig. 8!. This implies that
only 54% of the sample volume is occupied by the CA
phase assuming the same magnitude of the magnetic mo
of 3.4mB . In this case the magnetic state of the rest of
sample volume does not possess long-range magnetic o

FIG. 10. The FWHM width of the ferromagnetic peak~101!/
~020! ~top! and antiferromagnetic peaks~0 0 1/2!, ~1/2 0 1/2! ~bot-
tom! measured at DMC/SINQ instrument with wavelengthl
55.43 Å for the LPCM-100 sample. The widths are given in 2u
degrees. The corresponding integrated magnetic peak intensitie
also shown in Fig. 6.
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Thus, spatial inhomogeneities can still be present in
samples with (y>0.9), but the space between the homog
neous CAF regions is filled with the regions that are eith
short-range ordered or paramagnetic. In Ref. 27 it was
ported that an approximately equal proportion of two distin
crystallographic phases was present in Pr0.7Ca0.3MnO3, re-
vealed as a splitting of the~040!/~202! doublet in the high-
resolution neutron diffraction experiment. The second ph
observed in Ref. 27 could be related to the magnetica
disordered regions. We did not observe similar peak splitt
in our sample LPCM-100 in a high-resolution neutron d
fraction experiment.24 The authors of Ref. 27 also note th
the peak-splitting effect is sample dependent.

The phase diagram~Fig. 4! of (La12yPry)0.7Ca0.3MnO3

contains a region of Pr concentrationsyc1,y,yc2 where the
low-temperature magnetic state is an inhomogeneous m
ture of two phases. Outside of this region the long-ran
ordered state is homogeneous ferromagnetic and metallic
y,0.6 or canted antiferromagnetic insulating fory>0.9.
This kind of phase diagram agrees quite well with the co
clusions of the Ref. 12, where the computational studies
models for manganese oxides showed the generation of l
coexisting metallic and insulating clusters with equal ele
tronic density. The clusters are induced by disorder on
change and hopping amplitudes near first-order transition
our case, the increase in the Pr concentration decrease
effective conduction carrier bandwidthW}sin(w/2) via the
Mn-O-Mn anglew ~a detailed discussion is given in Ref. 9!
which is linearly dependent on the concentrationy.24 De-
creasing the widthW to a critical value, the state is change
from the metallic ferromagnetic to insulating charge-orde
antiferromagnetic. The critical Pr concentration is aroundy
.0.7 ~the middle of the phase-separated region!. Since the
change in the bandwidthW is realized by changing of the
average radius ofA cation, via Pr/La substitution, the statis
tical disorder of the hoping amplitudes is naturally prese
The variance of the A-cation radius in
(La12yPry)0.7Ca0.3MnO3 reads s5Dr A@0.7(12y)(0.3

10.7y)] 1/2, whereDr A5(r Pr2r La), the radius of the Ca ion
is the same as Pr ion. Near the critical concentrationy
50.7 the variance is still quite large,s50.015 Å, in com-
parison with the width of the two-phase region 0.007 Å
the ^r A& units. The corresponding fluctuations of the loc
Mn-O-Mn angle can be responsible for the appearance of
clusters as shown in Ref. 12. Near the metal-insulator bou
ary the phases have very close ground-state energies an
be transformed from one to another by relatively weak
fects of a moderate external field or an oxygen isotope s
stitution. However, the unit-cell volume of the FM phase
0.15% smaller than in the AFM one, and the values of
lence angles and interatomic distances are also significa
different.24 Importance of internal stresses that must exist
the two-phase state was pointed out in the Ref. 21. Eve
the ferromagnetic phase has lower energy, its growth ins
the antiferromagnetic host can be suppressed by the stre
on the boundaries with the AFM host, leading to the pha
separated state.

are
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The 18O-isotope substituted sample LPCM-O18y
50.75) reveals the ordered magnetic moment close to
natural isotope samples with (y>0.9), but with a zero ferro-
magnetic component~see Table I, Fig. 8!. This places
LPCM-O18 in the region above the concentrational tran
tion at yc2.0.85. The LPCM-O18 sample is the sole e
ample of a pure antiferromagnetic insulating state in
(La12yPry)0.7Ca0.3MnO3 series. They doping fory>0.9 in-
creases the canting angle by increasing the ferromagn
component~Fig. 8!. On the basis of this tendency the LPCM
O18 sample can be assigned to the Pr concentration in
range betweeny50.8 and y50.9. This implies that the
renormalization of the charge carrier bandwidthW by substi-
tution of 16O for 18O corresponds to an effective change
Pr concentration by aboutDy50.1.

VI. CONCLUSIONS

The magnetic structure of the serie
(La12yPry)0.7Ca0.3MnO3 for y from 0.5 to 1.0 has been stud
ied by neutron powder diffraction in the temperature ran
from 10 to 293 K and in external magnetic fields up to 4
At the low Pr contenty50.5 the structure is homogeneou
ferromagnetic. For the compositions withy>0.6 there is a
superposition of the FM and pseudo-CE-type antiferrom
netic ~AFM! structures. The magnetic moments of Mn ato
are directed along thec axis and theb axis in the FM and
AFM phases, respectively. The temperature and exte
magnetic field dependencies of the integrated FM- a
AFM-peak intensities and the magnetic Bragg-peak wid
in the samples with 0.6<y<0.8 indicate presence of th
macroscopic incoherent phase separation into the FM
AFM domains, implying that the CMR effect has a perco
tion nature in this region of the Pr concentrations. The F
phase has a small noncollinearity~AF component of C type
with magnetic moment alongb axis!, presumably due to in-
terface regions to the AF phase. The spatial dimension
the phases are large (>103 Å), and hence the separatio
cannot be a simple charge segregation.
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The total long-range ordered magnetic moment of the
ion shows a steplike decrease frommMn53.4mB to 2.5mB as
a function of Pr concentration aty50.85. For the concentra
tions y>0.9 the low-temperature long-range ordered ma
netic state is again homogeneous with canted AFM struc
of pseudo-CE type. The canting angle is significantly
creased on doping, while the total magnetic moment st
constant fory>0.9. The 18O isotopic sample withy50.75
can be considered as an end member of the CAF hom
neous state with zero canting angle. The spatial inhomo
neities can still be present fory>0.9 ~according to the re-
duced mMn value!, but the Mn spins between th
homogeneously CAF-ordered moments have to be ei
short-range ordered or paramagnetic.

Our data show that the phase diagram
(La12yPry)0.7Ca0.3MnO3 has border region of Pr concentra
tions 0.6<y<0.8, where the low-temperature magnetic st
is macroscopically inhomogeneous. The presence of this
der between the homogeneous CAF insulating and FM
tallic states can be understood in frame of computatio
studies of models for manganese oxides.12 The macroscopi-
cal clusters can be induced by disorder on the carriers h
ping amplitude caused by natural dispersion of theA cation
radius ~and, hence, Mn-O-Mn bond angles! near the first-
order metal-insulator transition aroundy50.7. Additional
factor stabilizing the phase-separated state is inhomogen
stresses near the phase boundaries that occur due to
match of the crystal structures of the ferromagnetic and
tiferromagnetic phases.
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