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Doping effects on the phase separation in perovskite La0.67ÀxBixCa0.33MnO3
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Effects of Bi, Cr, and Fe doping on phase separation of La0.67Ca0.33MnO3 have been experimentally studied.
As proved by the electron-spin resonance and neutron-diffraction studies, partial replacement of La by Bi
causes the simultaneous occurrence of ferromagnetic~FM! phase and charge-ordered antiferromagnetic phase.
As a consequence, two subsequent magnetic transitions at;120 K and;230 K are resulted. A strong cou-
pling between the coexisted phases is assumed, which is responsible for the insensitivity ofTc(L), the higher
Curie temperature, to Bi doping after the appearance of phase separation, and consistent with the discontinuous
variation ofTc(L) with Cr doping. As expected, the substitution of Cr for Mn in this case promotes the FM
order, but its effects are significantly different for the two magnetic states. Each Cr drives;100 neighboring
unit cells, for the high-moment state, and;60 unit cells, for the low-moment state, into the FM state. Two
definite processes can be identified for the melting of the charge-ordered phase. The FM fraction increases
rapidly in the initial stage of Cr doping, and then slowly when the FM population exceeds;90%. This could
be a common feature of the phase-separated system suffering from random-phase fluctuation according to a
theoretical analysis. Exactly opposite effects on phase constituent are produced by Cr doping and Bi doping,
and 1% Cr are equivalent to;4.6% Bi. In contrast, both Cr doping and magnetic field promote the FM order.
1% Cr correspond to a field of;4.5 T for the low-moment state and 6 T for the high-moment state, reducing
the energy difference between the charge ordering and the FM states by;0.96 meV/Mn and;1.3 meV/Mn,
respectively.

DOI: 10.1103/PhysRevB.67.144414 PACS number~s!: 75.50.Dd, 75.47.Gk, 72.80.2r
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I. INTRODUCTION

The magnetoresistance~MR! effect of manganese oxide
has been a focus of scientists in recent years. The rich p
ics and potential application of this effect are the reason
that it is world widely interested.1 In these kind of materials
in addition to the extremely large MR effect, the crys
structure, magnetic structure, and electronic structure co
to each other strongly, and can vary in a wide range with
concentration of doped holes or lattice distortions.2–4 One of
the most striking features of the manganites may be
charge and orbital ordering,5–7 that is, under proper condi
tions an ordering of the spatial arrangement and the orb
orientation of theeg electron takes place. Typical charge o
dering ~CO! occurs in the half-hole-doped manganites su
as La0.5Ca0.5MnO3 ~Ref. 8! and Nd0.5Sr0.5MnO3,9 leading
to two subsequent magnetic transitions: a paramagnetic~PM!
to ferromagnetic ~FM! transition followed by a ferro-
magnetic to antiferromagnetic~AFM! transition. There are
also compounds such as Pr12xCaxMnO3 (x.0.3) ~Ref. 10!
and La12xCaxMnO3 (x.0.5),11 in which CO develops well
above the AFM transition. Considering the partiality
double exchange~DE! for charge transferring,12,13 which is
believed to be responsible for the magnetic coupling betw
Mn ions, a strong competition between the CO and DE
expected. As a consequence, the behavior of the compo
can be complicated greatly for that any external disturba
influencing the instable balance could produce dramatic
fects. This competition was indeed observed in many co
pounds, and La0.672xNdxCa0.33MnO3 (x50.33), among
0163-1829/2003/67~14!/144414~10!/$20.00 67 1444
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them, is one of the most interesting examples.14 A remark-
able behavior of La0.672xNdxCa0.33MnO3 is the stepwise
magnetization. When cooled, the system undergoes an o
nary PM to FM transition first. Further cooling produces m
nor effects until a critical temperature, at which a seco
jump in magnetization appears. This feature remains for
ther doping though the overall magnetization reduces sign
cantly. Rao and co-authors14 explain this behavior in a sce
nario of the coexistence of La-rich and Nd-rich domains
the compounds. Though the presence of chemical segr
tion was not confirmed, subsequent studies revealed the
currence of charge-ordered phase,15 which suffers from an
AFM to FM spin rearrangement under magnetic field. D
ferent from the half-hole-doped manganites mention
above, the emergence of the CO in La0.672xNdxCa0.33MnO3
is unable to depress the FM ordering completely. On
contrary, the magnetization even shows a tendency to
hancement with cooling, resulting in a two-step magne
behavior. The coexistence of more than one phase of dif
ent character and their competitive instability are believed
be the origin of the extremely large MR effects16 and the
amazing thermal and magnetic history dependent behav
observed.17 Unfortunately, this kind of phase separation d
not receive deserved attention until the work by Ueh
et al.18 for a similar system La0.6252xPrxCa0.375MnO3.

The phase constituent of the two magnetic states,
evolution, and the coupling between phases may be basic
important for the understanding of the complex behav
associated with phase separation. A recent atte
was the work by Kiryukhin and co-workers,19 in which the
©2003 The American Physical Society14-1



in
n-

o
a

e
t

or

up
fa
at
e
k
e
v

on
CO

is
t

a
th

o
x

fe
th
ip
th
vio
in

si
a

9

al
ric

st
si
fo

e
t

ra
g

ze
g

u
e-
an

a-
fre-
ter
the
ss.

the

cell
is

ed

so

of
-

y.
The

nt

J. R. SUN, J. GAO, Y. FEI, R. W. LI, AND B. G. SHEN PHYSICAL REVIEW B67, 144414 ~2003!
evolution of the CO phase with temperature
La0.275Pr0.35Ca0.375MnO3 was investigated by means of sy
chron x-ray diffraction. This work suggested the presence
charge-disordered PM phase in the high-temperature m
netic state. Based on an impedance measurement, how
Souzaet al.20 argued that two phases, both undergo a me
to insulator transition, existed in La0.3Pr0.4Ca0.3MnO3. In a
similar compound Pr0.7Ca0.3MnO3, a signature of complex
orbital ordering, in addition to the ordinary charge and
bital ordering, was further reported.21

The disagreement between the results of different gro
indicates that, though the intensive studies, we are still
away from a thorough understanding of the phase-separ
system. Therefore, a comprehensive investigation on, for
ample, how and when the two-step magnetic behavior ta
place, the evolution of the phase constituent, and related
fects is no doubt necessary. Mn-site doping has been pro
powerful to affect the double exchange and CO competiti
The presence of Cr ion at Mn site can destroy the
completely,22 while Fe ions depress the FM order.23 What
their effects will be when two competitive phases coex
and how the two magnetic transitions, which are believed
be different in nature, vary when the secondary atoms
introduced into the Mn sites, these are the topics of
present paper. By replacing La with Bi in La0.67Ca0.33MnO3,
we first rebuilt the stepwise behavior, then introduced Cr
Fe into Mn site in an attempt to tune the proportion of coe
isted phases and affect the coupling between phases. Ef
thus resulted were studied experimentally. The layout of
paper is as follows: the following section is a simple descr
tion of the experiment procedure. Section III presents
main results: crystal structure, stepwise magnetic beha
phase constituent, and its evolution under the Cr/Fe dop
or external magnetic field. A qualitative theoretical analy
on the experiment results and corresponding discussions
given in Sec. IV. The last section is a brief summary.

II. EXPERIMENT

Polycrystalline samples La0.672xBixCa0.33MnO3 (x
50.067, 0.083, 0.1, 0.117, 0.133, 0.15, 0.167, 0.18, 0.1
and 0.2!, La0.474Bi0.193Ca0.33Mn12yCryO3 (y50.003, 0.0045,
0.006, 0.009, and 0.014!, and La0.52Bi0.15Ca0.33Mn12zFezO3
(z50.01, 0.02, and 0.03! were prepared by the convention
solid-state reaction method. Well mixed stoichiomet
amount of the La2O3, Bi2O3 , CaCO3, Cr2O3 (Fe2O3), and
MnO2 powders were calcinated at 1000 °C for 24 hr fir
The resulting products were then ground, pelletized, and
tered at 1250 °C for 72 hr with an intermediate grinding
homogenization.

Considering the strong tendency of Bi12xCaxMnO3 to
CO,24 Bi, instead of the frequently used Nd or Pr, was chos
to replace La in La0.67Ca0.33MnO3. Cr doping was carried ou
for the compound with a high Bi content (x50.193), in
which the CO phase may be the dominant phase. In cont
a low Bi-content~0.15! compound was chosen for Fe dopin
considering the depression of the FM order by Fe.

Phase purity and crystal structure of the synthesi
samples were examined by powder x-ray diffraction usin
14441
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Rigaku x-ray diffractometer with a rotating anode and C
Ka radiation. Neutron diffraction was conducted on a M
dium Resolution Powder Diffractometer at the Australi
Nuclear Science and Technology Organization~ANSTO! for
selected temperatures between 5 K and 300 K. Electron-spin-
resonance~ESR! spectra in the range 120–290 K were me
sured by a Bruker ER-200D spectrometer operated at a
quency of 9.5 GHz. A quantum design magnetome
~SQUID! was used for the magnetic measurements. All
data presented here were collected in the warming proce

III. RESULTS

A. Crystal structure

All the samples are of single phase as confirmed by
excellent agreement of the measured and calculated~Ri-
etveld refinement25 based on the space groupPnma) x-ray-
diffraction spectra~Fig. 1!. The incorporation of smaller
Bi causes a monotonic decrease of the volume of unit
while the structure symmetry remains unaffected, which
also a general feature of the rare-earth-dop
La0.67Ca0.33MnO3.14,26

B. Stepwise magnetization produced by Bi doping

Magnetization~M! of La0.672xBixCa0.33MnO3 as a func-
tion of temperature was measured. The applied field was

FIG. 1. Room-temperature x-ray-diffraction patterns
La0.672xBixCa0.33MnO3 for selectedx50.1 and 0.2. Differences be
tween the observed~crosses! and calculated~solid line! results are
shown in the bottom of the figure with a downward shift for clarit
Vertical bars represent the positions of the Bragg reflections.
reliability of the Rietveld refinement areRp511.3%, Rwp

517.0%, andS51.19 for x50.1 andRp511.7%, Rwp516.1%,
S51.21 forx50.2. Inset, cell volume as a function of the conte
of Bi. Solid line is a guide for the eye.
4-2
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chosen that it saturates the sample but not affects its m
netic structure. Figure 2 presents the thermal magnetiza
under a field of 0.2 T. It shows a steady decrease of the C
temperature (Tc) with x, the content of Bi. An abrupt chang
in the M (T) relation is observed whenx exceeds 0.133: the
magnetization in the high-temperature region decreases d
tically, resulting in a stepwise behavior. As a consequen
the singleTc splits into two values of;120 K and;230 K.
This feature remains for further doping.

Figure 3 depicts the Curie temperature as a function ox,
whereTc(L) andTc(H) correspond to the low-moment sta
~LMS! and the high-moment state~HMS!, respectively, and
their definition is illustrated in the inset of Fig. 3. The line
decrease ofTc(H) in the beginning of the doping is simply

FIG. 2. Temperature-dependent magnetization
La0.672xBixCa0.33MnO3 measured under a field of 0.2 T. Two ma
netic states appear forx>0.14.

FIG. 3. Critical temperature for magnetic transition as a funct
of doping level.Tc(L) and Tc(H) correspond to the low-momen
state~LMS! and the high-moment state~HMS!, respectively. The
dashed line shows the expected results without phase separ
White circles represent the drop ofTc(L) after proper Cr doping.
The inset demonstrates the definition ofTc(L) andTc(H).
14441
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consequence of enhanced lattice distortions due to the in
duction of smaller Bi.3 A new magnetic process marke
by the sharp drop ofTc(H) takes place atx.0.14. After
that, the Curie temperatures of the HMS and LMS ke
essentially constant for further doping. These are pro
typical behaviors observed previously by Raoet al.14 in
La0.672xNdxCa0.33MnO3 and Uehara et al.,18 and Kim
et al.27 in La0.6252xPrxCa0.375MnO3. Even the values of
the Tc(L) and Tc(H) are very similar for the three
series. However, compared with the above two co
pounds, the threshold doping for the occurrence of the tw
step magnetization in the present system is mu
lower (x;0.2 for La0.672xNdxCa0.33MnO3 and ;0.25 for
La0.6252xPrxCa0.375MnO3).

C. Phase constituent of the two magnetic states

To examine the phase constituent, the ESR spectra
La0.474Bi0.193Ca0.33MnO3 were measured, and the results a
shown in Fig. 4~left panel!. Above 250 K, the PM phase i
the only detectable phase, which contributes a single Lor
zian line at H50.35 T (g52.0). FM phase sets in a
;250 K, marked by the appearance of a hump in the lo
field region, and its population increases with cooling. As
consequence, the PM signal decreases progressively an
nally, becomes invisible. To get a quantitative description
the coexisted phases, the integrated ESR spectra have
fitted to the Lorentzian functions with adjustable resonan
field, linewidth, and intensity, and the typical results a
shown in Fig. 5. Two absorption lines centered at two fie
LF and HF, respectively, have to be used to reproduce
spectra between 160 K and 250 K. LF takes;0.15 T be-

f

n

on.

FIG. 4. Electron-spin-resonance~ESR! spectra at different tem-
peratures for La0.474Bi0.193Ca0.33MnO3 ~left panel! and
La0.52Bi0.15Ca0.33Mn0.97Fe0.03O3 ~right panel!. The frequency of the
microwave is 9.5 GHz. Arrows mark the maximum of the derivati
FM resonance peak.
4-3
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tween 160 K and 220 K, whereas HF decreases fr
;0.35 T to;0.3 T when the temperature changes from 2
K to 160 K. Obviously, the two resonance fields correspo
to the contributions from the FM and the PM phases, resp
tively ~the slight decrease of HF is an effect of the sm
internal field from the FM region28!. The percentage of the
PM phase is proportional to the area of the resonance pe
HF. A direct calculation shows that the relative area of
PM line decreases from;100% forT5250 K to;15% for
T5160 K, and only a singlet with LF.0.2 T is required
to fit the spectra atT5150 K.

Corresponding to the simple magnetic transition in
temperature region from 100 K to 140 K~Fig. 2!, ESR study
reveals a much complex process. Further cooling below
K produces an evolution of the phases. A new phase w
higher resonance field first develops near;140 K, and it is
replaced gradually by another phase with an even high r
nance field (;0.22 T) at;120 K. The complex variation o
resonance field could be a sign of the rearrangement of
orientation and domain structure nearTc(H) noting a fact
that the resonance field is a combined result of demagne
tion field, anisotropic field, and internal field of the FM
phase. Marking the maximum of the ESR signal by arro
the systematic from 160 K to 120 K is obvious. These se
to be the common features of the phase-separated sy
for that similar behaviors are also observed
La0.503Bi0.167Ca0.33MnO3 ~not shown! though the PM popu-
lation of the LMS and the HMS, and the magnetization
crease atTc(H) are different for both compounds.

To get further information on the AFM structure and t
CO transition, neutron diffraction was subsequently p
formed for the samplex50.193 (l51.66 Å). Only the

FIG. 5. Integrated electron-spin-resonance spectra at sele
temperatureT5290 K, 220 K, 160 K, and 150 K, respectively
Solid lines are fitting based on the Lorentizan functions. Two re
nance lines are required in the caseT5220 K and 160 K. LF and
HF denote the resonance fields of the PM and the FM pha
respectively.
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nuclear reflections are observed above 250 K~labeled byN).
When the sample is cooled below 180 K, additional pea
that can be indexed based on an AFM superlattice app
Particularly, the appearance of the characteristic peaks
the CO and orbital ordering structure~labeled byC) indi-
cates that the sample is CE-type AFM at low temperatu
~According to Yoshizawaet al.29 and Kiryukhinet al.,19 the
(h,k,l /2) peaks, l odd, are associated with the Jahn-Te
distortions characteristic of the CE-type charge and orbita
ordered state!. This feature remains down to 8 K, the lowe
temperature of this experiment. In Fig. 6 we show three
lected powder patterns collected at 8 K, 180 K, and 250
respectively. The inset is a plot showing the variation of t
integrated intensity of the peaks~1/2,0,1/2! and ~1,0,1/2!
against temperature.

Combining the results of magnetic, ESR, and neutr
diffraction measurements, it is clear that the PM phase do
nates above 250 K, PM and FM phases coexist between
K and 160 K~the population of the former decrease rapid
with cooling!. Charge-ordered AFM phase appears
;180 K, and coexists with the FM phase down to the low
temperature of the present experiment.

The right panel of Fig. 4 displays the ESR spectra
La0.52Bi0.15Ca0.33Mn0.97Fe0.03O3. As expected, the introduc
tion of Fe suppresses the FM order greatly, and only the
spectra are detected down to 120 K. The analysis of the p
width indicates an abnormal change at;160 K ~not shown!,
however, the main features of the resonance remain PM

D. Variation of phase constituent with Cr or Fe doping

If more than one phase exist in the manganites, we
affect their proportions via replacing Mn with Cr or Fe, an
estimate their volume fractions based on magnetic meas
ments. Figure 7 shows the isothermal magnetization aga
applied field ~H! for La0.474Bi0.193Ca0.33Mn12yCryO3. Re-

ted

-

s,

FIG. 6. Neutron-diffraction patterns fo
La0.474Bi0.193Ca0.33MnO3 at selected temperature 8 K, 180 K, an
250 K (l51.66 Å). Only the main peaks are indexed, and t
peaks corresponding to the nuclear reflections are marked byN, to
the AFM reflections byA. Two reflections corresponding to th
charge and orbital ordering are marked byC. The inset is a plot
showing the variation of the integrated intensity of the~1/2,0,1/2!
and ~1,0,1/2! peaks.
4-4
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sults atT55 K correspond to the HMS, while those atT
5150 K to the LMS. The saturation temperature of the LM
is set to 130 K fory50.009 taking into account the decrea
of Tc(L) ~vide infra!. As expected, the magnetization in
creases withH rapidly, and the first saturation is obtained
H;0.5 T. Further increase in magnetic field produces mi
effects until a critical fieldHc1, at which a significant mag
netization enhancement appears: the CE-type AFM phas
unstable under magnetic field, and converts into the
phase. The second saturation is reached at a higher
(Hc2) depending on sample, typically;5 T. Without Cr
doping, a full alignment of the core spins of the Mn io
requires much higher fields (.6 T). To obtain the magnetic
saturation, in this case we cooled the sample under a m
netic field of 5 T, which causes an overcooling of the F
order. The lower left inset of Fig. 7 demonstrates the va
tion of Hc1 and Hc2 vs y. The Hc2 value corresponding to
y50 is obtained by a simple extrapolation of the results
the upper left panel.

The FM volume fraction in the compound can be calc
lated via VF5M s1/M s2, whereM s1 andM s2 are the satura-
tion magnetizations before and after the CO collapse~Fig. 7!.
Results thus obtained are presented in Fig. 8. Without
doping, the dominant phase is the charge-ordered phase
the FM phase occupies only;27% and;16% of the total
for the HMS and the LMS, respectively. VF increases mo
tonically with the increase of the content of Cr, revealing
partial melting of the CO phase. The curvature of theVF-y

FIG. 7. Isothermal magnetization o
La0.474Bi0.193Ca0.33Mn12yCryO3 measured at 5 K, 130 K, and 15
K, respectively. Results represented by black circles were obta
by cooling the sample in the presence of a field of 5 T. The low
left inset displays the Cr-content dependence of the critical field
the onset (Hc1) and the end (Hc2) of the CO collapse. The lowe
right inset are calculated results demonstrating the melting of
charge-ordered phase under magnetic field.M s1 andM s2 denote the
saturation magnetization before and after the CO collapse. H
and LMS represent the high-moment and low-moment states
spectively. Solid lines are guides for the eye.
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curve is a sign of strong correlations between FM doma
The average VF-y slope is;7000/Cr fory<0.009, which
means that each Cr drives;100 neighboring cells into the
FM state. However, it appears that the efficiency of Cr d
creases when the FM fraction is high, and the VF-y slope
reduces to;1500/Cr after an obvious kink aty50.009
~where VF.88%). This is a value similar to;1600/Cr ob-
served in the Cr-doped Nd0.5Ca0.5MnO3 by Kimura et al.30

For the LMS, the FM VF is only calculated fory<0.009
because of the ambiguousness of the stepwise behavior i
specimeny50.014. It should vary along the thin line fory
.0.009 by a smooth extrapolation of the lowy values and a
comparison with the results under magnetic fields~see the
context!. A simple calculation gives the average VF-y slope
of ;5700/Cr for the LMS (;60 unit cells are affected by
each Cr ion!. It is obvious that the efficiency of Cr to me
the CO phase is significantly different for the HMS an
LMS.

One of the most striking observations of the present w
is the stepwise melting of the CO phase with the incorpo
tion of Cr. The volume fraction of the FM phase grows ra
idly with the increase of the content of Cr untily50.009
(VF;88%). After that, the efficiency of the Cr dopin
weakens significantly. Similar behavior is also observed
the case of Bi doping~dashed lines in Fig. 8!. This could be
a common feature of the phase-separated system suffe
from phase fluctuation as discussed later.

Different from Cr doping, the incorporation of Fe de
presses the FM order, which can be observed from ei
the ESR or the magnetic measurements. Figure 9 ex
plifies a gradual decrease of the saturation magn
zation at 5 K (Ms2) with the content of Fe in
La0.52Bi0.15Ca0.33Mn12zFezO3. The dashed line is a calcula
tion assuming an AFM coupling between Fe and host M
Obviously, Fe does not influence the magnetic order exc

ed
r
r

e

S
e-

FIG. 8. Volume fraction of the FM phase as a function of t
content of Bi/Cr. LMS and HMS represent the low-moment st
and the high-moment state, respectively. Arrow in the figure ma
the kink that leads to a VF saturation. Solid and dashed lines
guides for the eye.
4-5
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for diluting the Mn ions forz<0.02. However, the magneti
fraction drops suddenly from;90% to ;50% at z50.03
~inset to Fig. 9!, indicating a fact that large number of Fe w
influence the FM order of the phase-separated compou
strongly. The remaining phases can be either charge ord
AFM or PM phase. An estimate of their respective volum
fraction is unable based on the present data.

E. Variation of Tc with Cr or Fe doping

It is generally believed that the two magnetic transitio
at Tc(L) and Tc(H) are different in nature. The former in
herits all the characters of an ordinary PM-FM transitio
while the latter is a result of the percolation of magne
phase in the CO background.19 It would be interesting to
examine the behavior ofTc(L) andTc(H) under the Cr and
Fe doping. Figure 10 presents the thermal magnetizatio
La0.474Bi0.193Ca0.33Mn12yCryO3. A direct consequence of th
incorporation of Cr is the depression of the two-step mag
tization: the stepwise behavior is clear fory <0.006, weak
but identifiable fory50.009, and completely invisible fo
y50.014. This behavior is relevant to the variation of pha
constituent, but the apparent reason is the variation ofTc(L)
andTc(H). The inset in Fig. 10 illustrates the effects of C
doping on the two Curie temperatures. It shows a linear
crease ofTc(L) at a rate of;7 K per 1% Cr fory<0.006.
This could be an ordinary doping effect noting a fact that
modest change ofTc is ;8 K for La0.7Ca0.3MnO3 when 1%
Mn is replaced by Cr.31 It is a consequence of the imped
ment of the double exchange process by Cr, and the eff
associated with the reduction of the CO fraction are not
vious at this stage. Wheny exceeds 0.006, however, a
abrupt drop ofTc(L) from ;220 K to ;185 K takes place.
It is interesting to note thatTc(L)'185 K for y50.009 is

FIG. 9. Magnetic moment of the Mn ions before (M s1) and after
(M s2) the change of magnetic structure fo
La0.52Bi0.15Ca0.33Mn12zFezO3. Dashed line is a theoretical predic
tion of the saturation magnetization assuming an AFM coupl
between Fe and host Mn. Inset is a plot showing the FM volu
fraction in the compounds. Solid lines are guides for the eye.
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approximately the value predicted by lattice effec
(;190 K), and the;5 K lower of the former could be a
result of the presence of Cr ions, which, in addition to me
ing the CO phase, depress the magnetic coupling in the
phase.31 Therefore, the discontinuous variation ofTc(L) may
indicate a sudden return to the conventional lattice effect
a critical doping level. In contrast,Tc(H) increases slowly
and smoothly withy, and a simple estimate gives the avera
temperature change of;12 K per 1% Cr.

When Fe is introduced into La0.52Bi0.15Ca0.33MnO3, we
observed a decrease ofTc(L) of ;23 K per 1% Fe~Fig. 11!
for z<0.02. This is a rate similar to that observed in t
Fe-doped La0.7Ca0.3MnO3 (;22 K per 1% Fe!,23 which in-
dicates that the FM phase behaves as an ordinary FM p
in spite of the presence of other phases. Whenz exceeds

g
e

FIG. 10. Thermal magnetization o
La0.474Bi0.193Ca0.33Mn12yCryO3 measured under a field of 0.2 T
Stepwise behavior fades away gradually with the incorporation
Cr. The inset is a plot ofTc(L) andTc(H) against the content of Cr
Dashed lines denote the assumedTc(L).

FIG. 11. Temperature-dependent magnetization
La0.52Bi0.15Ca0.33Mn12zFezO3 measured under a field of 0.2 T. Th
inset displays the Curie temperature as a function of the conten
Fe: black symbols for La0.52Bi0.15Ca0.33Mn12zFezO3 and white sym-
bols for La0.7Ca0.3Mn12xFexO3.
4-6
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DOPING EFFECTS ON THE PHASE SEPARATION IN . . . PHYSICAL REVIEW B67, 144414 ~2003!
0.02, however,Tc(L) drops rapidly (;85 K per 1% Fe!.
This is in sharp contrast to La0.7Ca0.3MnO3, for which the
Curie temperature decreases smoothly with the content o
until z50.1, and there is no discontinuous change. This
fect can be ascribed to the coexisted CO phase, which
presses the FM order when the instable balance betwee
FM and AFM phases is disturbed by the incorporation of
Fe also affects the second magnetic transition. Fascinatin
Tc(H) exhibits an enhancement with Fe doping forz50.01
and 0.02, which indicates that this is not a simple PM-F
transition considering a fact that the presence of Fe disfa
the FM order.

IV. DISCUSSIONS

~i! Stepwise magnetic behavior is only reported in Nd-
Pr-doped manganites before. Observation of this behavio
the Bi-doped compounds reveals the generality of this k
of phase separation. Based on the present study, we expe
appearance when appropriate amount of La
La12xCaxMnO3 (x50.33-0.4) are replaced by atomA that
shows a tendency to CO, which can be measured by,
example, theTCO of A0.5Ca0.5MnO3, and the threshold dop
ing level (xc) depends on A. It seems that the stronger
tendency is, the smaller the threshold doping will be. F
instance,TCO is ;240 K, ;250 K and ;315 K, respec-
tively, for Nd1/2Ca1/2MnO3, Pr1/2Ca1/2MnO3, and
Bi1/2Ca1/2MnO3, and the correspondingxc is ;0.25,27 ;0.2
~Ref. 14! and;0.14.

~ii ! Our results without Cr/Fe doping are compatible w
those obtained by Ueharaet al.18 and Kim et al.27 for
La0.6252xPrxCa0.375MnO3 in that phase separation takes pla
after a threshold doping, and it leads to two subsequ
magnetic transitions at two Curie temperatures inse
tive to the content of the dopants. In another syst
Pr0.65Ca0.352xSrxMnO3, however, Niebieskikwiat and co
authors reported a slight but visible decrease of the C
temperature with lattice distortion even when the phase s
ration occurred.32 It is worth noting that a different paramete
(TS) was used in their work, which is defined as the infle
tion point of the ln(M)-T curve, and may correspond to th
onset of short-range FM order. In fact, a sign of local F
correlation is also shown in our samplesx50.167 and 0.193,
exhibited as a cusp in the low-field side of the PM signal
the ESR spectra at 250 K. This agrees with thatTS;250 K
observed by Niebieskikwiatet al. in Pr0.65Ca0.25Sr0.1MnO3.

The nature of the low-temperature transition is an issu
debating. It has been naturally ascribed to a CO-FM tra
tion since the discovery of the presence of the CO phase.
first suspicion about this explanation comes from Kiryukh
et al19 after the failure to detect the variation of the CO pha
acrossTc(H) by synchron x-ray diffraction. Though th
work of Niebieskikwiatet al. on Pr0.65Ca0.352xSrxMnO3 is
rather comprehensive, the main techniques utilized there
magnetic and resistive measurements, for which it is so
what difficult to distinguish the CO-FM transition from th
PM-FM transition. We hope the neutron diffraction and ES
techniques can provide us further information on the proc
of phase separation considering their respective sensitivit
14441
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the AFM and PM phases. One of the most striking results
the present work is the absence of the PM phase below
K. According to Fig. 8, the FM fraction increases fro
;16.4% to;26.6% for the samplex50.193 when the sys-
tem transits from the LMS to the HMS, which implies th
the PM component, if exists, could be;10% of the total
based on a rough estimate. Considering the enhanceme
the PM resonance at low temperatures, the PM phase sh
be visible for the ESR technique. With this in mind, th
disappearance of the PM signal in the low-temperature
gion indicates that the magnetic jump in our samples m
not be a simple PM-FM transition.

We further studied the neutron-diffraction spectra ca
fully, and found a smooth increase of the integrated inten
of the ~1/2,0,1/2! peak~it corresponds to the contribution o
the AFM phase! with cooling ~inset in Fig. 6!. The absence
of any anomalies aroundTc(H) indicates that the low-
temperature transition may not be a CO AFM-FM transiti
either.

We also studied the structure of La0.672xBixCa0.33MnO3
(x50.167) as a function of temperature. A sudden chang
the lattice parameters froma55.456 Å, b55.450 Å, and
c/A255.436 Å to a55.466 Å, b55.451 Å, and c/A2
55.422 Å is observed when the sample is cooled throu
Tc(L)5220 K ~not shown!. a andb increase whereasc de-
creases, which is a typical feature of the systems underg
a CO transition.33 The relative change ofc is ;0.3% around
Tc(L), and the difference betweena andc is ;0.8%. Con-
sidering the coexistence of the FM and CO phases be
Tc(L) in this compound and a fact that the structure variat
of the former is negligibly small, the actual lattice change
the CO phase may be even large. In fact, we have foun
reduction of;0.9% of c in Bi0.5Ca0.5MnO3 around the CO
temperature~not shown!. It is easy to image that if an FM
domain and a CO domain or two CO domains with differe
orientations appear in the same grain, considerable str
would occur near the FM-CO or the CO-CO interface, resu
ing in a behavior deviating from that of the bulk. The appe
ance of the martensitic accommodation strain in the
phase reveals the importance of the elastic energy assoc
with the strains.34 In fact, a lattice mismatch of 0.5–0.7%
may be enough to modify the behavior of the interfac
phase. It is found that the CO phase of the Pr0.5Ca0.5MnO3
film on (100)-LaAlO3 ~thickness 1100 Å!, for which the
film-substrate lattice mismatch is;0.7%, is much more un-
stable compared with the bulk material: its melting field r
duces from 20 T to 5 T.35–37 Meanwhile, the satellite peak
corresponding to the CO structure become weak and di
sive, and no lattice images with the CO modulation can
obtained. All these can be attributed to the effects of stra
which prevents the full development of the lattice distortio
accompanying the CO transition. Actually, there is a rep
that the underlying substrate can fix the lattice of the fil
thus depress the CO transition.38 On analogy, the CO in
strained regions of the phase-separated compound ma
imperfect, and possibly only charge-ordered fragments
formed, which could be the reason for that the neutron
synchron x-ray diffraction failed to capture them effective
With the decrease of temperature, the short range CO p
4-7
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becomes unstable, and transits into the FM phase, while
to the distribution of structure relaxation the magnetic tra
sition is diffusive and of percolation origin in nature. Th
interfacial phase is nodoubt an important factor affecting
magnetic behavior of the manganites. Recently, Mahend
et al. studied the effects of thermal history i
Pr0.5Ca0.5Mn0.985Cr0.015O3, and found that the magnetizatio
decreased by;35% after repeated thermal cycling, whi
the electron diffraction and the x-ray diffraction indicate
obvious change in the CO structure.39 The authors have as
cribed these observations to the change of the magnetic o
in interfacial regions.

According to Prellieret al., significant lattice relaxation
exists even when the thickness of the Pr0.5Ca0.5MnO3 film
exceeds 1000 Å.36 This may be a special case. However,
any case a structure relaxation within 200–400 Å is expec
for the manganite films.40 Though the lattice mismatch be
tween different phases in our samples could be somew
smaller, the presence of a strained layer with considera
thickness is possible. To obtain the;10% magnetization
increase atTc(H) observed in samplex50.193, the width of
the interfacial layer outside the CO core is estimated to
;120 Å if the average size of the CO domains is;3000 Å.
This seems to be reasonable. Unfortunately, an outside l
much thicker than 200–400 Å must be assumed to exp
the large magnetization increase in other samples if the s
domain size is used. For example, to accommodate the l
thickness to 200–400 Å, a domain size of;1000 Å should
be postulated for La0.672xBixCa0.33MnO3 (x50.167), in
which the magnetization increment atTc(H) is ;60%. It is
obviously smaller than the observed;2000–5000 Å in a
similar compound La0.6252xPrxCa0.375MnO3 (x50.375).18

Though we may argue that cases in La0.672xBixCa0.33MnO3
could be somewhat different from La0.6252xPrxCa0.375MnO3
due to the different properties of Bi and Pr, different sint
ing conditions and different contents of anionic or cation
vacancies of the two series, which may influence grain s
then possibly domain size of the coexisted phases~it has
been reported that the replacement of Cr for Mn can sm
the CO domains in La0.325Ca0.675MnO3),41 a final explana-
tion for the nature of the low-temperature transition based
the present data is difficult, and we would like to leave it
more detailed studies.

~iii ! Noting a fact that;1.7% Cr ions are required to me
the CO phase in the present sample~it occupies;74% of
the total phases!, then;2% Cr may be needed if the samp
is composed of a single CO phase. In contrast, to destroy
CO in Nd0.5Ca0.5MnO3, ;0.06 Cr are enough.30 Therefore,
Cr doping is much more effective for the multiphase coe
isted compounds. In addition, Cr/Fe affects the CO/F
phase in a manner as if the another phase is not present
the doping level is low, and only the conventional Mn-s
doping effects are produced in this case. When the conte
dopants is so large that the introduction of these dopa
influences the FM-CO competition significantly, a deviati
from the conventional doping effects appears. The sharp d
of Tc(L) from ;220 K to;185 K in the case of Cr doping
and from;200 K to ;120 K for Fe doping are reflection
of this process.
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In Fig. 8, the VF of the FM phase as a function of th
content of Bi in La0.672xBixCa0.33MnO3 is also presented
The similarity of the VF(x) and VF(y) curves, even the
detailed features, manifests the exactly opposite effects
the Bi doping and the Cr doping. Compared to Bi, howev
Cr doping is much more effective, and a simple estim
indicates that 1% increase in Cr is equivalent to;4.6%
decrease in Bi. This observation is consistent with the rep
that the effect of theB-site doping is much stronger than th
of the A-site doping. Meanwhile, the deviation ofTc from
lattice effects, due to phase separation, can also be ame
by Cr doping except for a small extra decrease ofTc
(;5 K). Therefore, effects of Bi doping can be counterac
by Cr doping effectively.

Similar to Cr doping, an applied field promotes the dev
opment of the FM phase, at the expense of the cha
ordered phase. Shifting theM -H curves of different Cr con-
tent in Fig. 7 along theH axis, as shown in Fig. 12, the
lifting part of the curves joins each other, forming a smoo

FIG. 12. A comparison of the effects of magnetic field and
doping. Solid lines are isothermal magnetization curves after pro
zero-point shifts along the horizontal axis. Black circles are res
due to Cr doping.
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curve that shows the melting process of the charge-ord
phase under magnetic field. It is interesting that all the m
netization corresponding to different Cr doping also collap
into this curve, manifesting the equivalence of Cr doping
magnetic field and the universality of the process of the
to FM conversion. A simple estimate gives that 1% Cr
equivalent to;4.5 T for the LMS and 6 T for the HMS
Denote the energy difference between the CO and FM st
by D ~per Mn ion!, and considering a fact that an applie
field depresses this energy by;0.213m0H ~vide infra!, it is
easy to derive that 1% Cr reducesD by ;0.96 meV.

~iv! The two-step melting of the CO phase with the inco
poration of Cr may be universal feature of the comp
phase-separated system. The small energy difference
tween the CO and FM states in La0.672xBixCa0.33MnO3 is the
reason for the simultaneous occurrence of the two compe
phases for that, in this case,D can be overcome by the en
ergy gained from the random-phase fluctuation. The free
ergy of a phase-separated system can be simplified as42

F~X,H !5~D20.213m0H !X2hFX1/22hAF~12X!1/2

1g~0.52u12Xu!2/3, ~1!

where X is the volume fraction of the FM phase
20.213m0H is the average Zeeman energy per Mn ion w
a moment of 3.67mB , hF andhAF are parameters characte
izing the phase fluctuation that favors, respectively, the
and CO AFM states. Effects of domain wall are conside
in the last term.D can be depressed by doping Cr into M
site or by applying a magnetic field, and the CO phase tra
forms into the FM phase whenD20.213m0H<0. D may be
small in the present compounds considering a fact that a
of ;5 T can depress the CO completely. The right inset
Fig. 7 shows the calculated FM VF based on Eq.~1! with the
parametersD51 meV, hF50.96 meV,hAF50.6 meV, and
g50.2 meV. The FM phase becomes stable whenD is over-
come by Zeeman energy, resulting in a steep jump ofVF.
The upper kink in the calculated curve for the increas
field branch appears atH .D/0.213m0. Its resemblance to
the round corner atHc2 in the measured curve is evident. It
interesting to note that a full FM alignment is not reach
even whenD20.213m0H,0, which is obviously a conse
quence of phase fluctuation. For the present compound,
obvious that the CO→ FM conversion begins atHc1 and
ends atHc2. The observed slow and gradual increase of m
g,

e

B
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netization with magnetic field is a sign of a broad distrib
tion of D, which is clear from the wideHc1-Hc2 expansion
~left inset to Fig. 7!. By analogy, the apparent kink in theVF
~y! curve may correspond toD(y)50, while the following
long tail from ;0.009 to;0.017 for the HMS might be a
result of random-phase fluctuation that opposes a homo
neous magnetic state.

V. SUMMARY

Effects of Bi, Cr, and Fe doping on phase separation
La0.67Ca0.33MnO3 have been experimentally studied. A
proved by the electron-spin resonance and neutr
diffraction studies, partial replacement of La by Bi causes
simultaneous occurrence of ferromagnetic~FM! phase and
charge-ordered antiferromagnetic phase. As a conseque
two subsequent magnetic transitions at;120 K and;230 K
are resulted. A strong coupling between the coexisted ph
is assumed, which is responsible for the insensitivity
Tc(L), the higher Curie temperature, to Bi doping after t
appearance of phase separation, and consistent with the
continuous variation ofTc(L) with Cr doping. As expected
the substitution of Cr for Mn in this case promotes the F
order, but its effects are significantly different for the tw
magnetic states. Each Cr drives;100 neighboring unit cells,
for the high-moment state, and;60 unit cells, for the low-
moment state, into the FM state. Two definite processes
be identified for the melting of the charge-ordered phase.
FM fraction increases rapidly in the initial stage of Cr do
ing, then slowly when the FM population exceeds;90%.
This could be a common feature of the phase-separated
tem suffering from random phase fluctuation according t
theoretical analysis. Exactly opposite effects on phase c
stituent are produced by Cr doping and Bi doping, and
Cr are equivalent to;4.6% Bi. In contrast, both Cr doping
and magnetic field promote the FM order. 1% Cr correspo
to a field of;4.5 T for the low-moment state and 6 T for th
high-moment state, reducing the energy difference betw
the charge-ordered and FM states by;0.96 meV/Mn and
;1.3 meV/Mn, respectively.
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