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We have studied the structural and magnetic phase coexistence/competition derived from the partial random
substitution of 3d0 nonmagnetic Ti4+ ions for Mn in Pr0.50Ca0.50MnO3, and their evolution with the doping
level in Pr0.50Ca0.50Mn1−xTixO3 �x=0, 0.01, 0.03, and 0.05� manganites. Combining high-resolution synchro-
tron, neutron powder-diffraction, and muon techniques we describe with great detail the coexistence of two
different structural phases below �240 K �charge-order transition temperature, TCO� with different cell dis-
tortion, antiferromagnetic order, and strain characteristics. The evolution of all these features with Ti substi-
tution level is thoroughly described. Ti4+ �3d0� ions do not favor the stabilization of ferromagnetic/metallic
�FM/M� islands/regions in the antiferromagnetic/insulating �AFM/I� orbital-ordered matrix. The absence of
short- and long-range ferromagnetism in zero field has been confirmed by different techniques. The proportion
of microdomains exhibiting pseudo-�CE�-type magnetic order �CE: charge exchange� increases with the Ti
content at expenses of the CE-type regions. Differences in the stability of competing phases against magnetic
field have been found by neutron-diffraction measurements under application of external fields. The phase
coexistence exhibits strong anisotropic strain effects that have been thoroughly analyzed as a function of the Ti
content x. We have found very remarkable changes in the strain characteristics of the AFM segregated phases
on going from 1% to 5% Ti. Large anisotropic strains develop mainly in the minority phase of the material. The
magnitude of strains is discussed in comparison with anisotropic strain values recently determined in the case
of substitutions �such as Co� that favor FM/M domains.
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I. INTRODUCTION

In recent years many investigations have addressed com-
plex perovskite-type manganites, in which chemical tuning
of competing energies leads to a rich variety of complex
states and remarkable properties such as charge and orbital
order, colossal magnetoresistance, magnetic field-induced
insulator-to-metal transitions, bicritical competition, etc.
Slight modifications in the composition, doping level, struc-
tural distortion, bandwidth, quenched disorder, or external
electric or magnetic fields are, in many cases, able to modify
the energy balance producing huge changes in these systems
with strong tendency to adopt complex inhomogeneous
states.

Many studies so far have dealt with the properties of
half-doped manganites with Mn3+ /Mn4+ ratio close or
equal to 1. The effects of impurity doping onto Mn sites
have attracted strong interest.1–6 Various appealing phenom-
ena related with the partial metallization of the material
and phase competition confirm a remarkable complexity in
these compounds: among others, the observation of persis-
tent magnetoresistive memory,7,8 the appearance of ul-
trasharp steps �avalanches� in the low-temperature resistivity,
magnetization, the specific-heat isothermal curves under
magnetic field,1–9 etc. Most of these effects have been
extensively studied in Pr0.50Ca0.50Mn1−xMxO3 manganites

�M: transition metal�. Only a few percent substitution of Cr,
Ru, Co, or Ni for Mn �1–3 %� produces dramatic ef-
fects: it suppresses the homogeneous charge/orbital-ordered
state �CO/OO� and drives the material strongly ferromag-
netic �FM� and metallic.10–13 The relevance of the intrinsic
chemical disorder for the promotion of phase separation
at the microscopic scale was investigated, e.g., in Refs. 14
and 15. Simulations performed in Ref. 15 provide an
explanation of the dramatically fast metallization with x in
Pr0.50Ca0.50Mn1−xMxO3 when the electronic configuration of
M ions induces locally a FM state that destabilizes the long-
range CO/OO order. Numerical simulations have demon-
strated that macroscopic conduction can be explained from
the formation of ferromagnetic and metallic regions in the
close vicinity �one or two lattice parameters� of the substi-
tuting ions.15

It has been suggested that M cations with d electrons
would favor FM-metallic islands/regions in the antiferro-
magnetic �AFM�-insulating OO/CO matrix, in contrast to
cations having empty or closed d shells.5 More recent inves-
tigations �e.g., Refs. 16 and 17� have evidenced the key role
of the strain: the coexistence of two differently distorted
phases below TCO/OO seems to take place through the accom-
modation of huge strain in the less distorted metallic phase.
Strain effects could be the responsible for some nonlinear
features related to the substitution level: for instance, a 2%
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substitution with Co �with d electrons� drives to the coexist-
ence of two types of AFM domains without spontaneous
magnetization and two insulating cells �none of them FM�,
although 5% of Co substitution stabilizes long-range FM and
metallic state.16

For a comparison with previous studies using M cations
with d electrons, we have investigated in this work
the complex ground state of Ti substituted half-doped
Pr0.5Ca0.5Mn1−xTixO3 manganites within the interval
�0�x�0.05�. Detailed and thorough studies about the struc-
ture, microstructure, and magnetism of coexisting phases,
combining synchrotron and neutron techniques, and varying
the doping level in the case of nonferromagnetic substitu-
tions are very scarce. Relevant specific properties of the Ti
substitution are that �i� the charge of Ti is 4+ and this valence
is very stable; �ii� Ti4+ ions do not have unpaired d electrons
�d0�; �iii� the size of the Ti4+ cation falls between Mn3+ and
Mn4+ cationic sizes �roughly at the mean value�. �iv� The
empty d shell makes this substitution nonmagnetic. Hence,
Ti introduces random disorder without introducing Mn-Ti
magnetic interactions.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Pr0.5Ca0.5Mn1−xTixO3
�0�x�0.05� were prepared as detailed elsewhere.18

Samples were well crystallized and free from impurities.
Structural characterization included neutron and synchrotron
x-ray powder-diffraction �NPD and SPD�. NPD data were
collected between 1.5 and 300 K on D2B ��=1.594 Å�,
D1B ��=2.52 Å�, D20 ��=1.88 Å�, and D16 ��=4.5 Å�
neutron diffractometers at the Institut Laue-Langevin �ILL,
Grenoble�, and E6 diffractometer ��=2.44 Å� of the
BENSC reactor �Hahn Meitner Institute, Berlin�. NPD mea-
surements under applied magnetic fields were performed up
to 50 kOe. SPD data were taken at ultrahigh-resolution ID31
diffractometer ��=0.500111�12� Å� of the European Syn-
chrotron Radiation Facility �ESRF, Grenoble� at different
temperatures. The short wavelength, to reduce the absorp-
tion, was selected with a double-crystal Ge �111� monochro-
mator and calibrated with Si NIST �a=5.43094 Å�. Opti-
mum transmission was achieved by enclosing the finely
grounded sample in a 0.5 mm diameter borosilicate glass
capillary, and appropriate spinning of the capillary in the
beam ensured for a good powder averaging. Low-
temperature patterns down to 5 K were recorded placing the
capillary in a continuous liquid-helium flow cryostat with
rotating sample rod.

Muon-spin-relaxation ��+SR� measurements were con-
ducted at the ISIS pulsed muon facility �Rutherford Appleton
Laboratory, Chilton, U.K.� using the EMU instrument. �+SR
provided additional information on the magnetic inhomoge-
neity in these oxides. Magnetization measurements were per-
formed using a superconducting quantum interference device
magnetometer, ac susceptibility, and magnetotransport data
�by the four-probe method� were recorded using a commer-
cial physical properties measurement system in the tempera-
ture range 2�T�350 K.

III. RESULTS AND DISCUSSION

A. Magnetic and magnetotransport characterization

Figure 1�a� shows the isothermal magnetization of
Pr0.5Ca0.5Mn1−xTixO3 with x=0.01, 0.03, and 0.05 under ap-
plication of magnetic field at 2 K. These three d0-substituted
specimens present field-induced magnetic steps �or ava-
lanches� at this temperature as reported for other substituting
species. The ferromagnetic moment induced by the external
field at the first avalanche monotonously increases with the
substitution level. On the contrary, the value of the field
needed to induce the first step is not monotonously depen-
dent on x.

We stress the small slope of the first magnetization curves
in their low-field part. Although this slope slightly increases
with x, this indicates the complete absence of spontaneous
ferromagnetic order at 2 K in these Ti �3d0�-substituted man-
ganites. This strongly contrasts with the isothermal M�H�
curves for other substituting ions such as Cr, Fe, Co, or Ni,
all of them presenting open shell d orbitals.10 To illustrate

FIG. 1. �a� Isothermal magnetization versus applied magnetic
field measured at 2 K. The curves for Pr0.50Ca0.50Mn1−xTixO3 with
x=0.01, 0.03, and 0.05 are shown. �b� Comparison of M�H� in
Ti-3% and Ni-3%. �c� Thermal dependence of the resistivity nor-
malized at RT.
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this, Fig. 1�b� shows the isothermal magnetization obtained
for Pr0.5Ca0.5Mn0.97M0.03O3 with M =Ni and Ti. The first
magnetization curve corresponding to Ni-3% presents a high
slope at low values of the applied field in contrast with
Ti-3% case. Of interest also in this figure is the different
value of the final magnetization after the steps. In Ti-3%, the
final magnetization is around 2 �B /Mn in comparison with
3.3 �B /Mn for Ni-3% that is very near the saturation ex-
pected �about 3.5 �B /Mn�. According to Fig. 1�a� the mag-
netization achieved for Ti-3%, is just slightly smaller than
for Ti-5% and much smaller for Ti-1%.

Figure 1�c� shows the resistivity of the three Ti com-
pounds measured under zero field on heating. In accordance
with the absence of ferromagnetic order at low temperature,
the three Ti compounds are semiconducting and very resis-
tive at low temperature. The very high values of the resistiv-
ity prevented us from measuring it below T�65 K. Ti dop-
ing leaves electrical resistivity almost unaffected. In fact, the
small anomaly that can be observed in resistivity curves at
about 240 K is very similar for the three cases studied here.
Thus, Ti4+ �3d0� substituting cations do not favor local en-
hanced conductivity, metallicity, or ferromagnetism. For that
reason their influence on the AFM matrix presents more dif-
ficulties to be investigated than the case of substituting cat-
ions with partially filled d orbitals, known to promote
ferromagnetic/conductive clusters. In this work we address
the local effects leading to the disruption of the CO/OO state
of the parent Pr0.50Ca0.50MnO3 �PCMO� compound in the
present case.

B. Synchrotron x-ray and neutron diffraction

1. Synchrotron x-ray diffraction study of phase coexistence

The three specimens exhibit single-phased characteristics
at RT. As an example Fig. 2�a� shows the refinement of the
RT SPD pattern of Ti-3%. SPD patterns taken at RT were
very well reproduced using a single Pnma phase. Results of
these refinements at RT are gathered in Table I. Addition of
Ti produces a growth of the cell parameters and an expansion
of the cell volume �see Fig. 3�, keeping the cell essentially
pseudocubic, as monitored by the cell-distortion parameter
��103� ���a+c� / �b�2��−1� ���3 at RT�. If any, a possible
very tiny elongation of Mn-O bonds is within error bars. At
RT, these small substitution levels do not modify the struc-
tural features, apart from cell dimensions, beyond experi-
mental errors.

The transformation of the single phase on cooling basi-
cally occurs between 240 and 180 K in all cases. High-
resolution SPD data collected below 200 K ��TCO� confirm
the occurrence of mesoscopic phase segregation �Fig. 2�b��.
Two structural phases were enough to correctly reproduce
the experimental profile. We thus discard the possibility
of three segregated phases. The angular region of the
�202�/�040� reflections in the synchrotron patterns is shown
for Ti-3% in Fig. 4. The figure compares the profile of inten-
sities recorded and calculated at RT and 5 K. Figure 4�b�
displays the contribution of the low-temperature phase to the
pattern. Table II shows the results of the refinements.

Both structural phases present the type of deformation
typical of CO/OO manganites �see Fig. 5�. The parameter �
quantifies the distortion of the cell. Independently of x, we
call Phase-1 to the more distorted phase, and Phase-2 the less
distorted phase. Figure 5 shows the evolution in temperature
of cell parameters and phase fractions determined for Ti-3%
from refinements of SPD data collected on cooling. It is
shown how the single set of a, b, c parameters above TCO
splits into two differentiated unit cells that appear well-
defined below �180 K. Despite the small differences in cell
dimensions, they could be detected thanks to the high angu-
lar resolution of the synchrotron x-ray diffractometer. More-
over, looking at the evolution with temperature of the two
phase fractions below 200 K �right axis of Fig. 5�, there is a
progressive transformation of Phase-2 regions into more dis-
torted Phase-1 that takes place along a large temperature in-
terval �more than 100 K�. On cooling this phase transforma-
tion process is observed down to �50 K, when the two
phases have practically achieved their final relative fractions.

Figure 6 plots the evolution of the � parameter values with
x �given in Table II�. The values of � at the lowest tempera-
ture are plotted for Phase-1 �more distorted� and Phase-2
�less distorted�, together with the RT values in the same fig-
ure. A strong reduction in the distortion �quasilinear� charac-
terizes the evolution of Phase-2 with increasing Ti content.

FIG. 2. �Color online� Observed �circles�, calculated, and
difference SPD patterns ��=0.50011�1� Å� for Ti-3% at �a� RT and
�b� 5 K, respectively; RT data were refined with a single Pnma
phase and 5 K data with two Pnma phases �synchrotron x-ray data�.
The insets show in detail the high-angle region.
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This evolution is in contrast with Phase-1, which only exhib-
its a marked reduction in the distortion for substitution levels
x	0.03. Below that value, the slope d� /dx is very small in
Phase-1 and much smaller than for Phase-2. For higher x

values �x	0.03� the degree of reduction in � in both phases
becomes similar. Extrapolating the data, the total suppression
of the distortion in Phase-2 is attained with only a 6% of Ti
�total disruption of orbital order at the mesoscale�. Besides
the fact that a Ti atom represents a defect in the OO pattern,
adding Ti4+ ions produces a charge unbalance that rises the
Mn3+ /Mn4+ ratio �	1�. The absolute number of ideally Mn3+

ions is preserved but not the ratio Mn3+ /Mn4+ in the Mn-O
subsystem. This suggests that Ti must favor a sizeable num-
ber of Mn3+ ions �which do not form part of Mn3+-Mn4+

pairs� having the dz2−r2 orbital along the b direction, leading
to an extra reduction in �. Figure 6 strongly suggests that
Phase-2 is basically formed around Ti atoms.

In Fig. 3�a� we show the evolution with Ti content of the
relative fraction of the two coexisting structural phases at
5 K. The more distorted phase �Phase-1� is dominant in
Ti-1%, occupies a volume similar to Phase-2 in Ti-3%, but
has been widely substituted by less distorted Phase-2 in the
Ti-5% specimen �Fig. 3�a��. At this point, it is worth men-
tioning that, according to the simulations reported by us in
Ref. 15, these values of the relative fractions indicate that the
region altered by each isolated Ti ion �region of influence�
must extend up to the third coordination sphere.15 In contrast
with ferromagnetic/metallic substitutions, in the present case
�3d0� the region around an isolated Ti atom probably pre-
serves partially the cell distortion of the CO/OO matrix. The
importance of the associated strain below TCO is analyzed in
the following section �see Ref. 16 for a comparison with the
case of ferromagnetic substitutions�.

TABLE I. Structural details and reliability factors found by Rietveld refinement of SPD data. All refinements have been done using
Pnma space group. O�1� stands for apical oxygen in Wyckoff position 4c and O�2� for basal oxygen in 8d. The cell distortion
��1000� ���a+c� / �b�2��−1� Mn-O bond distances and Mn-O-Mn bond angles, and strain parameters are also given.

Pr0.5Ca0.5MnO3 Pr0.5Ca0.5Mn0.99Ti0.01O3 Pr0.5Ca0.5Mn0.97Ti0.03O3 Pr0.5Ca0.5Mn0.95Ti0.05O3

a �Å� 5.40772�1� 5.41284�1� 5.41727�1� 5.42028�1�
b �Å� 7.60711�2� 7.62442�2� 7.62871�2� 7.63356�2�
c �Å� 5.39752�1� 5.40169�1� 5.40411�1� 5.40614�1�
V �Å3� 222.039�4� 222.926�1� 223.335�1� 223.684�1�
� 4.3 3.0 3.0 2.9

RBragg �%� 3.1 2.5 2.9 7.1

RF �%� 2.6 1.9 2.2 4.9


2 3.2 4.3 4.0 4.1

dMn-O�1� �Å� 1.933�2� 1.942�1� 1.943�1� 1.944�1�
	dMn-O�2�
 �Å� 1.945�4� 1.946�2� 1.947�2� 1.946�3�
�Mn-O�1�-Mn �deg� 157.1�1� 157.8�1� 157.8�1� 157.9�1�
�Mn-O�2�-Mn �deg� 156.8�1� 158.0�1� 158.0�1� 159.0�1�

Strain parameters

S400 0.225�2� 0.168�3� 0.178�3� 0.248�4�
S040 0.054�1� 0.086�1� 0.087�1� 0.103�1�
S004 0.109�3� 0.152�5� 0.160�6� 0.180�9�
S220 0.134�4� −0.151�4� −0.134�5� −0.112�7�
S202 0.409�8� 0.89�1� 0.89�1� 1.09�2�
S022 0.049�4� −0.180�5� −0.165�7� −0.09�1�

FIG. 3. �Color online� �a� Upper panel: fraction of the two co-
existing phases determined at 5 K from synchrotron data as a func-
tion of the Ti content �x� in Pr0.5Ca0.5Mn1−xTixO3. �b� Lower panel:
evolution of the lattice parameters in the monophasic material at
room temperature increasing the Ti content.
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2. Microstructural analysis: Anisotropic peak shape broadening

A remarkable anisotropic peak shape broadening is appar-
ent in the x-ray data. In order to address the peak shape
broadening detected in the diffraction patterns, we benefit
from the very small instrumental contribution to the peak
width. We have determined this contribution to the profile by
recording data from a well-crystallized sample of
Na2Ca3Al2F14, which gives negligible sample contribution19

�giving a full width at half maximum FWHM�0.002°, if
broadening due to the axial divergence is neglected�. Then,
the contribution coming from the samples was analyzed fol-
lowing the Stephens formalism20 in which the contribution to
the broadening of �hkl� reflection due to strain is described
by

�hkl
2 = �

H,K,L

H+K+L=4

SHKLhHkKlL, �1�

where SHKL are the parameters refined from the peak shape
�in our case, using FULLPROF�. We used the orthorhombic
description, for which six different terms of this sum are
different from zero

�hkl
2 = S400h

4 + S040k
4 + S004l

4 + S220h
2k2 + S202h

2l2 + S022k
2l2.

�2�

Hence, the parameters shown in expression �2� can describe
the anisotropic peak shape broadening in our case. We have
analyzed experimental peak shapes following the Stephens’
formalism for microstrain at different temperatures. The val-
ues obtained are shown in Tables I and II for all the Ti
compositions investigated.

We observe that the strain parameter values refined at RT
are very low �Table I�. They are very similar to the values
reported for other chemical substitutions �M �Ti� and simi-
lar substitution levels.16,21,22 We do not observe differences at
RT with respect to the introduction of cations with partially
filled d orbitals.16 The values are similar but comparatively
slightly lower than for the case of the larger M =Ga3+ ion.21

We remark that the S202 strain parameter is larger than the
rest, already at RT. S202 accounts for correlated fluctuations
of a and c lattice parameters simultaneously. Its value in-
creases systematically with Ti content, and for Ti-5% it is
four times larger than the second largest strain parameters
�S400 or S004�.

At RT the improvement of the reliability factors by intro-
ducing anisotropic broadening parameters is very small. The
situation is very different at low temperatures. In Fig. 4 we
showed a comparison of the angular region at RT and 5 K
that includes �202�/�040� and �212� reflections. Only includ-
ing remarkable anisotropic strain effects in the calculated
profile it is possible to reproduce the experimental intensi-
ties. Next we will focus on the anisotropic strain broadening
parameters gathered in Table II for the different composi-
tions and phases at 5 K.

Figure 7 shows the evolution of SHKL parameters with Ti
content. Several conclusions can be drawn. First, Phase-2
regions are characterized by enormous microstrains, which
are gigantic compared with the anisotropic broadening of
Phase-1. Second, there is a peculiar evolution of microstrains
with Ti content. To be emphasized here is a remarkable con-
tinuous enhancement of the anomalous broadening of the
less distorted phase up to x=0.03 �Phase-2�. Maximum strain
values are found for Phase-2 of Ti-3%, for which the relative
phase fraction is �50%. Third, increasing the substitution
level �x	0.03� a very strong drop of the strain is detected in
this Phase-2, which is concurrent with the transformation of
that phase from minority to majority in the material �75% in
Ti-5%�. The presence of very large clusters with the Phase-2
structure for x	0.03 was predicted in Ref. 15. Fourth, inter-
estingly, Fig. 7�a� also illustrates that the strong relaxation of
strain in the less distorted phase �Phase-2, open symbols
from 0.03 to 0.05� is accompanied by a clear increase in the
anisotropic microstrain in Phase-1 regions �filled symbols,
from 0.03 to 0.05 in Fig. 7�a�� when the more distorted phase
�Phase-1� becomes the minority phase in the material
�x	0.03�. We recall again that for x	 �0.03 �when Phase-1
becomes the minority phase� the distortion � of Phase-1 de-
creases notably in Fig. 6.

Cell fluctuations mainly consist on simultaneous expan-
sions �contractions� of a and c, and contractions �expansions�
of b. This is inferred from the characteristic negative sign

FIG. 4. �Color online� Selected angular region showing recorded
and calculated intensities of �202�/�040� reflections at �a� RT �one
phase� and �b� 5 K �two phases� for Pr0.50Ca0.50Mn0.97Ti0.03O3

��=0.50011�1� Å�. At 5 K, the contributions of the two phases are
shown.
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found for S220 �and S022� and the positive values observed in
S202 �an expansive fluctuation of b is in average associated to
a compressive fluctuation of a and c, while these last two
parameters vary in the same direction�. Namely, main fluc-
tuations responsible for the anisotropic strain broadening ob-

served in the phase-separated state can be perfectly described
as local fluctuations of the distortion parameter �. Although
twinning effects can also introduce correlations between the
distribution of d spacings for �0k0� and �h0h� planes, they
are not responsible of the high values of S202 in Fig. 7�b�.
The correlations and signs of Stephens parameters shown in
Fig. 7 unambiguously confirm that main fluctuations are due

TABLE II. Cell parameters and relative fraction of the separated phases at 5 K �from synchrotron x-ray data�. The cell distortions ��, see
Table I caption�, Mn-O bond distances and Mn-O-Mn bond angles, and strain parameters are also printed.

Pr0.5Ca0.5MnO3

Pr0.5Ca0.5Mn0.99Ti0.01O3 Pr0.5Ca0.5Mn0.97Ti0.03O3 Pr0.5Ca0.5Mn0.95Ti0.05O3

Phase 1 Phase 2 Phase 1 Phase 2 Phase 1 Phase 2

a �Å� 5.4362�2� 5.44332�4� 5.4420�2� 5.44518�3� 5.4338�1� 5.43983 �6� 5.42429 �5�
b �Å� 7.4828�3� 7.50313�4� 7.5330�4� 7.51714�3� 7.5645�3� 7.5539 �1� 7.60287 �7�
c �Å� 5.4339�2� 5.43861�6� 5.4299�2� 5.43714�3� 5.4197�1� 5.42556 �6� 5.40698 �5�
V �Å3� 221.04�4� 222.12�3� 222.59�2� 222.55�3� 222.77�3� 222.947�5� 222.985�4�
� 27.2 25.5 20.5 23.6 14.5 17.1 7.4

Fraction �%� 100 66 34 55 45 28 72

RBragg �%� 4.6 3.0 4.2 2.7 3.3 3.5 3.6

RF �%� 5.2 2.9 3.3 2.7 3.0 3.0 2.8


2 2.2 3.9 3.8 3.7

dMn-O�1� �Å� 1.911�6� 1.917 �1� 1.923�3� 1.915�1� 1.927�3� 1.951�2� 1.934�1�
	dMn-O�2�
 �Å� 1.957�10� 1.945�3� 1.945�8� 1.944�2� 1.945�4� 1.943�8� 1.951�3�
�Mn-O�1�-Mn �deg� 156.5�1� 156.0�1� 156.5�1� 157.7�1� 157.9�3� 151.0�1� 158.6�1�
�Mn-O�2�-Mn �deg� 158.0�4� 158.1�2� 158.3�5� 158.3�5� 158.2�1� 164.3�4� 155.5�1�

Strain parameters

S400 0.118�3� 0.148�9� 1.18�9� 0.175�9� 2.17�6� 0.38�2� 0.82�2�
S040 0.027�2� 0.190�4� 2.50�6� 0.239�4� 3.02�6� 0.53�2� 0.79�2�
S004 0.188�8� 0.61�2� 1.7�1� 0.33�1� 4.3�1� 0.83�5� 1.19�4�
S220 0.08�2� −0.07�2� −0.9�2� −0.02�2� −2.9�1� −0.76�4� −0.77�4�
S202 0.38�2� 1.38�4� 1.9�2� 1.32�3� 7.8�2� 0.99�9� 4.30�8�
S022 −0.03�2� 0.60�3� 0.3�3� −0.02�2� −4.5�2� −0.77�5� −1.46�5�

FIG. 5. �Color online� Left axis: temperature dependence of the
cell parameters in the two segregated unit cells �Phase-1 and
Phase-2� in Pr0.5Ca0.5Mn0.97Ti0.03O3, obtained from high-resolution
synchrotron data. Right axis: thermal evolution of the refined frac-
tions for Phase-1 and Phase-2 �in percent of the total volume� below
TCO.

FIG. 6. �Color online� Evolution of the cell distortion � param-
eter at 5 K in the two separated phases of Pr0.50Ca0.50Mn1−xTixO3.
Phase-1: more distorted phase. Phase-2: less distorted phase. The
values at RT �single phase, open circles� are also plotted for
comparison.
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to variations in the apical compression of the octahedra.
In Ref. 16 we applied the Stephens’ analysis to the coex-

isting phases at low-temperature in phase-separated Co-5%
�Pr0.5Ca0.5Mn0.95Co0.05O3�. Co cations �with d electrons� pro-
duce in Co-5% a majority �82%� of FM-metallic regions
in the AFM-insulating matrix �in contrast to Ti4+ with an
empty d shell�. Comparing both substitutions, we observe
that strain values of the majority phase �70–80 %� of Ti-5%
�p-CE,AFM� and Co-5% �FM metallic� present clear differ-
ences: the ferromagnetic majority phase in Co-5% is consid-
erably more strained than the p-CE antiferromagnetic major-
ity phase in Ti-5%. Hence, this is an experimental
confirmation that in order to stabilize ferromagnetic metallic
islands/regions in the CO/OO matrix a more intense micros-
trains fields must be generated compared to those required to
stabilize an antiferromagnetic p-CE as second phase. As ex-
pected, in these systems the strength of the microstrain fields
is related to the difference in separated phases of the apical
compression/expansion of the octahedra.

3. Magnetic characterization using neutrons and muons

Regarding the magnetic ordering, two distinct sets of
magnetic reflections were identified at low temperatures

which correspond, respectively, to CE and p-CE magnetic
domains17 �the former, being the characteristic order of pure
PCMO�. Both types of magnetic domains coexist in the three
samples containing Ti. Figure 8 shows the low-angle region
of NPD patterns collected at 5 K. The most intense magnetic
peaks are shown together with corresponding indices �re-
ferred to Pnma cell�. The cell in both magnetic superstruc-
tures is �2a�b�2c�. They present FM zigzag chains AFM
coupled in the a-c plane but the coupling between these
planes along b is AFM in the CE and FM in the pseudo-CE
orderings.17 We did not detect any trace of ferromagnetic
order in any of the compositions. It can be clearly stated that
pseudo-CE magnetic domains progressively substitute CE
magnetic ordering as we increase the substitution level and
that CE magnetic order has almost disappeared in
Pr0.5Ca0.5Mn0.95Ti0.05O3.

Neutron patterns recorded at low temperature were re-
fined using a single structural phase because the resolution of
neutron data does not allow discriminating the two very
similar crystallographic cells. The amplitude of the ordered
moments for the two types of magnetic domains was refined
independently, referred to the whole sample volume. A de-
tailed description of the CE and p-CE-type magnetic struc-
tures �formed by two Mn sublattices, nominally Mn3+ and
Mn4+ sites� can be found, for instance, in Ref. 17. CE reflec-
tions were well refined with magnetic moments parallel to a
axis. In all cases the best refinement of the p-CE structure
was obtained with an out-of-plane component very similar to
that in the a-c plane �mb�mac� The ordered moments found
relative to the complete volume in the samples are given in
Table III for the four compositions investigated. We found
that the refined magnetic moments at the two Mn sublattices
were very similar for all the compositions and phases con-
taining Ti atoms. With the exception of PCMO �x=0�, the
differences between the refined ordered moments at the two
Mn sites were insignificant. Moments at the two Mn sites
were undistinguishable within errors and a single value is
given in Table III for each magnetic phase.

In Fig. 9 the ordered moments found for the two magnetic
structures have been plotted as a function of Ti content. The

FIG. 7. Comparison of refined anisotropic strain parameters
SHKL, which monitor the fluctuations of distances between crystal-
lographic HKL planes and their correlations: �a� S400 and S220;
�b� S202 and S040. The values obtained for the more distorted
Phase-1 �filled symbols� and less distorted Phase-2 �open symbols�
are shown.

FIG. 8. �Color online� Low-angle region of the neutron-
diffraction patterns ��=2.52 Å� taken at 5 K. Main magnetic re-
flections are indicated.
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values shown with filled symbols in that figure refer to the
whole sample volume. The open symbols correspond to the
values refined under the assumption that Phase-1 zones are
CE type and p-CE order is originated at Phase-2 regions. We
will show below that this picture is also corroborated by
�SR results.

CE magnetic regions order below 150 K, whereas p-CE
magnetic peaks become apparent only below 80–90 K. In
addition, both types of magnetic regions �p-CE and CE� are
characterized by rather small magnetic domain sizes. Both
CE and p-CE reflections are significantly broadened. Their
broadening has been analyzed using isotropic size broaden-
ing Lorentzian approximations. We obtained a very similar
magnetic domain size of �200 Å for both types of magnetic
domains.

It is of interest to notice that the ordered magnetic mo-
ments in both phases are very low with respect to fully po-
larized Mn moments. This evidences a great degree of mag-
netic disorder in the whole system: in p-CE but also in CE
domains. These observations are in accordance with the pres-
ence of Ti in both phases. We carried out a careful examina-
tion of the thermal evolution of neutron data that unambigu-
ously rules out the presence of any ferromagnetic intensity.
Our impurity ions do not favor the formation of ferromag-
netic clusters/domains and only AFM intensity has been de-
tected. On the contrary, the main magnetic consequence of

adding Ti is the promotion of p-CE magnetic order at the
expenses of CE-type magnetic regions, which are quickly
removed. This behavior is not found in most of the substitu-
tions previously investigated, such as, e.g., M =Ru, Ni, and
Co.16 It contrasts with the large ferromagnetic fraction ob-
served in 3d, 4d, and 5d substituting cations with partially
filled d orbitals.

The sample with 1% Ti was also characterized by �SR. In
Fig. 10 we have plotted the temperature dependence of the
relative fraction of muons feeling a local static field at their
site �	Hl,�
�0�. This fraction, obtained from the evolution of
the initial asymmetry, is related to the relative volume frac-
tion exhibiting some degree of magnetic order, partial or
full.23 This figure illustrates the separate characteristic tran-
sition temperatures of the two coexisting magnetic domains
in the material �CE and p-CE�. In agreement with NPD data,
CE-ordered magnetic moments develop below �150 K. The
second transition, takes place near 90 K and it is associated
to p-CE magnetic domains in the sample.

Notice that the total fraction presenting local magnetic
order �long or short range� in the sample represents 80% of
the volume. CE regions occupy �69% of the volume, p-CE
regions the 11%, and the remaining 20% present paramag-
netism or local spin disorder at the lowest temperature. It has
interest to corroborate that the sample volume without CE
magnetic order represents the 31% of the sample, the same
fraction attributed from Rietveld refinements to Phase-2
��34%� in Ti-1%. A result that strongly confirms the asso-
ciation of Phase-1 ��66%� with CE order ��69%� and
Phase-2 ��34%� with p-CE and spin disorder �consistent
with the low-ordered p-CE moments in Fig. 9�. We recall
that muon data refers to 	Hl,�
�0 �finite static local-field�
regions, not to full-moment ordered regions. Therefore muon
results do not preclude significant disordered spin compo-
nents in CE or p-CE regions �ordered moment below theo-
retical value�.

Two important conclusions can be drawn from muon re-
sults: first, the p-CE magnetic transition in Ti-1% �Fig. 10�

TABLE III. Refined ordered magnetic moments and their depen-
dence with Ti4+ content in Pr0.5Ca0.5Mn1−xTixO3 �in �B /Mn, re-
ferred to the whole sample volume�.

Ti-0% Ti-1% Ti-3% Ti-5%

CE magnetic order �Mn3+� 3.08�4� 2.35�4�a 1.90�6�a 0.85�9�a

�Mn4+� 2.64�6�
p-CE magnetic order 0.54�15�a 0.94�8�a 1.13�8�a

aThe same refined moment was obtained, within errors, at �nomi-
nally� Mn3+ and Mn4+ sites �m�Mn3+��m�Mn4+��.

FIG. 9. Evolution with x of the ordered magnetic moment in the
sample at 5 K �for both magnetic structures�. Normalized to the
total volume �filled symbols� and to Phase-1 �CE� and Phase-2
�p-CE� regions, respectively �open symbols�.

FIG. 10. Temperature dependence �warming� of the fraction of
muons sensing a static magnetic field in Ti-1%. Fractions shown,
obtained from the �SR initial asymmetry, are related to the relative
volume fraction exhibiting some degree of magnetic order. The fig-
ure illustrates the characteristic transition temperatures of the two
magnetic domain types and their respective fractions in the
material.
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must be ascribed to magnetic domains within Phase-2
regions. From our neutron-diffraction data it was not pos-
sible to discriminate which is the cell responsible of each
set of magnetic reflections. Second, beyond the absence of
long-range ferromagnetism from neutron data, we did not
observe any sign of short-range ferromagnetism from �SR
data. The lack of short-range ferromagnetism was corrobo-
rated as well by small-angle neutron-scattering �SANS� mea-
surements carried out on D16 �ILL� using �=4.5 Å. The
small-angle region between 0.03�Q�0.6 Å−1 �resolution
Q=0.005 Å−1� was explored varying temperature down to
5 K for most of the compositions. We did not detect SANS
intensity coming from ferromagnetic clusters or short-range
ferromagnetic domains in any composition.

4. Neutron study of magnetic field effects

Regarding the sharp steps in the isothermal M�H� curves
depicted in Fig. 1�a�, it is observed that the amplitude of the
first abrupt jump �vs field� increases as the Ti fraction be-
comes larger. Ferromagnetic domains appear only after the
avalanches have been induced by the external magnetic field.
With the aim of giving a microscopic description of the mag-
netic phase transformation behind Fig. 1�a�, we carried out
neutron-diffraction measurements on a Ti-3% pellet at in-
creasing values of the applied magnetic field �after a zero-
field-cooled process�. Isothermal �2 K� neutron data were
recorded up to 50 kOe, keeping the magnetic field constant
during data collection.

In Fig. 11 we show the low-angle diffraction patterns ob-
tained at 2 K at four external magnetic fields: 0, 30, 42, and
50 kOe. Big sharp changes are seen in the NPD patterns
between 42 and 50 kOe �the critical field is quite similar in
the two portions of the same pressed bar used for Figs. 1�a�
and 12�. Largest changes in the figure correspond to the in-
tensity loss of AFM p-CE �1/2 0 1/2� �Q�0.85 Å−1� and the
appearance of ferromagnetic intensity at the �0 2 0�-�1 0 1�
doublet �Q�1.7 Å−1�. In Fig. 12 we show a plot of the

evolution vs magnetic field of the principal magnetic peak
intensities representing the three magnetic orderings p-CE,
CE, and ferromagnetic.

We can conclude that at this first avalanche in
Pr0.5Ca0.5Mn0.97Ti0.03O3 bigger changes affect the p-CE-type
domains compared to the CE regions. From these findings
one must conclude that AFM p-CE ordered regions
formed by adding Ti are those that more easily melt
to give ferromagnetic metallic domains under application
of magnetic fields. A similar behavior was found in
Pr0.5Ca0.5Mn0.97Ga0.03O3 �2.5 K� under field.24 The lower sta-
bility of p-CE regions against the external field is in agree-
ment with the fact that the larger the Ti content the larger the
magnetization jump at the first step �shown in Fig. 1�a�� and
the larger the Phase-2 fraction �displaying p-CE magnetic
order�. We recall here that at 2 K the CO phase of pure
Pr0.5Ca0.5MnO3 requires �250 kOe to transform into the
FM metallic phase.25

IV. CONCLUSIONS

In this work we have introduced weak and moderate sub-
stitutional disorder at the B site �3d0 centers� that modifies
the long-range CO and OO order without creating nano-
scopic or mesoscopic ferromagnetic clusters in the pristine
insulating matrix. This has been confirmed by magnetization,
NPD, SANS, and muon measurements, which showed the
absence of long- but also short-range ferromagnetic clusters
in absence of external magnetic field. We assume that Ti

FIG. 11. �Color online� Evolution of diffracted magnetic inten-
sities at 2 K upon application of increasing magnetic fields. The
figure illustrates the changes in the two types of AFM domains at
the first avalanche �martensitic melting� shown in Fig. 1. The larg-
est intensity lost corresponds to pseudo-CE domains ��1/2 0 1/2��.
The gain of FM intensity is apparent at Q�1.7 Å−1 ��0 2 0�-�1 0 1�
doublet�.

FIG. 12. �Color online� Evolution of the integrated intensity
under magnetic field at 2 K of selected magnetic reflections:
�i� AFM: pseudo-CE �1/2 0 1/2� and CE �1/2 1 1/2�. �ii� FM:
�101�/�020�. The intensity of the latter before applying magnetic
field is of structural origin. The figure illustrates the changes in the
two types of AFM domains at the first avalanche �partial CO/OO
melting� shown in Fig. 1.
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cations do not participate in the eg band formed by the eg
orbitals of the two Mn species that characterize the CO/OO
pristine matrix.

Despite the pronounced changes produced in the material,
Ti doping leaves electrical resistivity of PCMO practically
unaffected. Addition of Ti produces a very slight elongation
of the cell parameters and single-phased features at RT that
severely transform below TCO. SPD experimental profiles are
excellently reproduced with only two crystal cells that retain
the characteristic deformation of the OO matrix. Their emer-
gence is not sharp but takes place along a large temperature
interval �50–150 K� signaling strong interactions before
adopting the low-temperature configuration. Differences in
the � distortion values associated to Phase-1 �more distorted,
Ti poorer15�, and Phase-2 �less distorted, Ti richer15� get
higher increasing Ti content �x�. A quasilinear ��x� strong
shrink in the distortion with Ti content is a distinctive feature
of the second phase, whereas the Phase-1 cell distortion is
very similar to PCMO for x�0.05. In Phase-2, ��x� has de-
creased to the typical value in absence of OO ���4� for
x�0.06 �suppression of orbital order at the mesoscale�.

Concerning magnetic order, addition of Ti promotes
pseudo-CE magnetic regions at the expense of the CE-type
magnetic order of the matrix. Namely, a FM coupling be-
tween adjacent a-c planes is preferred. In addition, Ti atoms
induce a great degree of magnetic disorder. The presence of
Ti4+ cations produces a charge unbalance that rises the
Mn3+ /Mn4+ ratio �	1�, favors the density of magnetic do-
main phase boundaries and likely creates discommensura-
tions, disruption, and shifting of Mn4+ rows.

Microstrain is negligible only above TCO. Below, phase
coexistence develops jointly with strong anisotropic strain
effects that have been described in great detail. A peculiar
evolution of microstrains with Ti content was observed.
Maximum strain values in Phase-2 �Ti richer� are achieved
when the relative fraction of that phase reaches �50% �as
Phase-1�. A strong reduction in the strain has been observed
when Phase-2 becomes the majority phase and very large
percolating clusters of that phase are presumably formed in
the material. Simultaneously, the more distorted phase
�Phase-1, Ti poorer� experiences large strains when it be-
comes the minority phase. For all doping levels investigated,
the observed microstrains are strongly anisotropic: mainly,
distances associated to �101� and �010� planes vary strongly
coupled �inversely�, confirming that main fluctuations are

due to variations in the apical compression/planar extension
of the octahedra. Comparing present results with those cor-
responding to FM substitutions �such as Co�, the ferromag-
netic majority phase in Co-5% is much more strained than
the pseudo-CE antiferromagnetic majority phase in Ti-5%. In
conclusion, it can be said that in order to stabilize ferromag-
netic metallic islands/regions in the CO/OO matrix with 3dn

dopants a more intense microstrains field is generated than in
the case of dopants with empty d shells �such as Ti4+� induc-
ing a second phase antiferromagnetic p-CE. In relation to
this second type of dopants, we can compare the cases of Ti
and Ga. We have observed that the cell parameters of the two
separated phases are much more similar in Ti4+-3% �Fig. 5�
than in Ga3+-3% samples,21 revealing that, with Ti, the �
distortion of the pseudo-CE phase is notably larger. Hence,
in the pseudo-CE regions the charge/orbital-ordered state is
clearly more defective or imperfect around larger Ga3+ ions
than Ti4+ ones. The different ionic size or/and the different
charge of both ions must be the responsible of these differ-
ences. Moreover, the characteristic critical fields at which the
avalanches were observed are comparatively higher for Ti4+

than the reported for Ga3+.21 Interestingly, according with the
larger � distortion of the minority phase with Ti4+ �less de-
fective than with Ga3+�, we observe that strain parameters are
systematically larger in Ga-3% than in Ti-3% samples.
Namely, as in the case of FM doping, the smaller the � dis-
tortions in the phase favored by the substitution the larger the
strains. NPD under applied magnetic field evidences that Ti-
rich regions with largest strain, smaller structural distortion
and AFM p-CE order easily melt to give ferromagnetic me-
tallic domains.
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