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Transition-element doping effects in La0.7Ca0.3MnO3
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The influence of transition element~TE! doping on the magnetotransport properties of La0.7Ca0.3MnO3 is
studied for the entire transition element series~TE5Cr, Fe, Co, Ni, Cu, Zn! for a fixed~5% at Mn sites! dopant
concentration. The systematics of different properties such as the metal-insulator transition temperatureTp , the
Curie temperatureTc , r(Tp),r(5 K), and the maximum value of magnetoresistance~MR!, with respect to
lattice parameter and the ionic radii of dopants, are examined. The important findings include an interesting
correlation between the maximum MR, the lattice parameter, and the ionic radii, and some distinct features
exhibited by Fe, Cu, and Zn dopants.@S0163-1829~98!01146-1#
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Observation of colossal magnetoresistance~CMR! in the
perovskite manganite systems of the form RExA12xMnO3

(RE5rare earth,A5Ca, Sr, Ba! ~Refs. 1–4! has spurred
considerable interest in the study of these compounds du
the past few years. The early work on the structural, m
netic, and transport properties of these compounds was
ried out in the fifties.5–7 These and other subseque
studies8–10 had revealed the significance of th
Mn31-O-Mn41 network in an unusual interplay of transpo
and magnetism displayed by these materials. Specific
Zener6 had proposed the double exchange model to exp
the concurrent occurrence of ferromagnetism and meta
transport in these compounds. The recent detailed resear
the properties of these compounds has, however, shown
much still remains to be understood about the structu
property correlations in these materials, especially the c
plex nature of the interplay of the spin, charge, and latt
systems.1–4,11–17These studies have highlighted the comp
ing role of the Jahn-Teller distortion associated with t
Mn31 ion as well as charge ordering effects in the attend
phenomena. There is growing evidence to suggest that
so-called double exchange model is insufficient to expl
the rich variety of phenomena found in these compoun
Among other issues, it is now clear that lattice strain a
deformations, which affect the Mn31-O-Mn41 bond angle
and length, have dramatic consequences for the propertie
these systems.18–22

An interesting way to modify the crucial Mn31-O-Mn41

network is to dope at the Mn site itself.23 Some such studie
have been undertaken during the past few years.24–31Blasco
et al.24 studied the structural, magnetic, and transport pr
erties of the La2/3Ca1/3Mn12xAl xO32d compounds, wherein
the Al doping at the Mn site was shown to decrease the C
temperatureTc and the metal-insulator transition temperatu
Tp rapidly with the Al concentration forx,0.05 without
affecting the MR significantly. At higherx values spontane
ous loss of oxygen was found with a concurrent enhan
ment of MR. Several authors have studied the effects of
doping at the Mn site on the properties of CM
PRB 590163-1829/99/59~1!/533~5!/$15.00
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perovskites.25–31 Righi et al.25 examined a 5% Fe-dope
La0.7Ca0.3MnO3 compound and found a 50-K decrease inTc
and a 10–15% decrease in the average moment measur
1 T. Pissaset al.26 studied the lightly ~2%! Fe-doped
La0.75Ca0.25MnO3 compound by Mossbauer spectroscopy a
suggested the existence of ferromagnetic clusters in
sample with a size distribution. Ahnet al.27 observed that
replacement of Mn by Fe favors insulating character a
antiferromagnetism opposing the effects of double exchan
These authors argued that the nonparticipation of Fe31 in the
double exchange results purely due to the electronic struc
considerations. The absence of any signatures of Fe41 and
Fe51 in the Mossbauer spectra in Fe-doped samples fur
supports this conclusion. Consequently the Mneg1 band
alone is electronically active, with the carrier hopping occ
ing between the Mn31 and Mn41 ions. Caiet al.28 examined
the properties of La0.67Ca0.33Mn0.9Fe0.1O3 and confirmed the
occurrence of spin-glass behavior therein. Their data a
suggested the presence of, and competition between, fe
magnetic and antiferromagnetic clusters in the syste
Gayathri et al.29 also studied the properties of th
La0.7Ca0.3Mn12xCoxO3 system for 0.05,x,0.5. They sug-
gested that substitution of Mn by Co dilutes the double
change and transforms the long range ferromagnetic orde
a cluster-glass-type FM order.28 M. Rubinsteinet al.30 stud-
ied the effects of Gd, Co, and Ni doping in La2/3Ca1/3MnO3
for high dopant concentrations~.10%!. These authors
pointed out that on the basis of the Goldschmidt tolera
factor considerations and the phase diagram of Hw
et al.18 one would expect an increase ofTc by almost 100 °C
for a dopant concentration of;10%. However, the results
showed thatTc dropped by;30 K for this dopant concen
tration. They attributed this drop to the absence of dou
exchange interaction between the dopant~Co, Ni! and the
Mn ion leading to the dominance of the antiferromagne
superexchange interaction. Ogaleet al.31 studied the Fe con-
centration dependence of the properties of
La0.75Ca0.25Mn12xFexO3 compound and discovered the o
currence of a localization-delocalization transition in the s
533 ©1999 The American Physical Society
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534 PRB 59K. GHOSHet al.
tem at a critical dopant concentration. Based on their ob
vations, these authors argued that a quasiparticle of a fi
dimension~few unit cells! should be associated with the ca
rier transport in CMR materials.

Since most of the work on doping at the Mn site is f
cussed primarily on the use of Fe as a dopant, there app
to be a need to explore and compare the effects of diffe
members in the family of transition elements on the CM
properties. The work reported here is intended to be a ste
this direction.

The ceramic samples (La0.7Ca0.3MnO3 and
La0.7Ca0.3Mn0.95TE0.05O3 with TE5Cr, Fe, Co, Ni, Cu, and
Zn! used in our study were prepared by the standard cera
route, employing sintering at a temperature of 1300 °C.30,31

Fine powders of the oxides of the required elements of h
purity ~.99.99%! were taken in stoichiometric proportion
The powders were mixed thoroughly using a mortar a
pestle for several hours. After dry mixing, propanol w
added to the mixture and again the mixture was ground
that the particle size was reduced and the mixture bec
homogeneous. The homogeneous mixture was put in a p
num crucible and heated for over 24 h in air at 900 °C. T
calcined powder thus obtained was reground and a s
quantity of binder poly vinyl acetate~PVA! was added to it.
The mixture was reground until it was completely dry. Aft
mixing the binder, the mixture was pelletized under a pr
sure of 5 tons/cm2. Such pellets were heated for over 48 h
air at 1300 °C. The resistivity and magnetoresistance~at
fields up to 8 T! were measured following the usual proc
dures. It was confirmed that our data for the undoped sys
compare very well with the best results reported by ot
groups. This ensures the quality of our sample proces
conditions and procedures.

Structural information was obtained from powder x-r
diffraction studies. To see the variation of the lattice const
we collected the x-ray data in the 2Q range of 10–90° with a
step size of 0.02°, and long exposure time~.24 h!. To elimi-
nate the error in theQ values we used standard silicon pow
der for all the samples. X-ray powder diffraction data co
firmed the monophase character with~pseudo!cubic structure
in all the samples. The individual lines showed structu
that reflect the presence of orthorhombic or tetragonal dis
tions as pointed out by Rubinsteinet al.30 However, within
the accuracy of the measurement and analysis available t
it is perhaps not appropriate to analyze and compare th
distortions in quantitative terms for different dopants. T
lattice constants were calculated using least-square re
ment of the powder diffraction data.

Magnetization of all the samples was measured with
SQUID ~Quantum Design Inc., model MPMS! magnetome-
ter. To determine the magnetic transition temperature
temperature dependence of the magnetization data were
tained with small applied magnetic field~2 Oe!. The mag-
netic field was applied well above the magnetic transit
temperature. The samples were field cooled from 300 to 5
Then during heating, the temperature dependence data
collected. We have taken theTC to be the midpoint of the
transition.

In Fig. 1~a! are shown the data for the dependence
resistivity on temperature for the undoped and the differ
transition element doped samples. It can be readily noted
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the case of Fe doping stands out clearly from the rest of
data for a significant downward shift inTp as well as a
broadening of the temperature dependence on the ferrom
netic metallic side. The cases of Cu and Zn doping also st
out for remarkably sharp drops in resistance on the ferrom
netic side~large temperature coefficient of resistance!. We
shall discuss the special features about these three elem
~Fe, Cu, Zn! in the context of the transport problem in th
course of the analysis of the entire data. In Fig. 1~b! are
shown the data for the dependence of magnetization on t
perature measured in a field of 2 Oe for the undoped and
different transition element doped samples. The lower s
in TC is small for Cu- and Zn-doped samples, slightly larg
for the Cr-doped sample, significant for the Ni- and C
doped samples, and very large for the Fe-doped sample

In Fig. 2 are shown the nature of the dependence of
metal-insulator transition temperatureTp and the Curie tem-

FIG. 1. ~a! Dependence of resistivity on temperature for u
doped and transition element doped La0.7Ca0.3Mn0.95~TE!0.05O3

samples.~b! Dependence of the magnetization measured in a m
netic field of 2 Oe on temperature for undoped and transition
ment doped La0.7Ca0.3Mn0.95~TE!0.05O3 samples.
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peratureTC for La0.7Ca0.3MnO3 doped with different transi-
tion elements. It can be seen that there is a sharp valley a
location of Fe dopant and the values for the Cr-, Cu-, a
Zn-doped samples are close to that for the p
La0.7Ca0.3MnO3~LCMO! sample. The values for Co- and N
doped samples are intermediate between the lowTp ,TC val-
ues for the Fe-doped sample and the highest values for
LCMO.

In Fig. 3 are shown the systematics of the depende
of the resistivity value at the metal-insulator transiti
temperaturer(Tp) and at low temperaturer~5 K! for
La0.7Ca0.3MnO3 doped with different transition elements.
is interesting to note that these data have an almost e
inverse correlation to the data shown in Fig. 2.

In Fig. 4 is shown the nature of the dependence of
percent departure of the lattice parametera(Å) from the

FIG. 2. Dependence of the metal-insulator transition tempe
ture Tp and the Curie temperature.Tc on TE for
La0.7Ca0.3Mn0.95~TE!0.05O3 samples doped with different elemen
in the transition metal series.

FIG. 3. Systematics of the dependence of the resistivity valu
the metal-insulator transition temperaturer(Tp) and low tempera-
ture r~5 K! for La0.7Ca0.3Mn0.95~TE!0.05O3 doped with different el-
ements in the transition-metal series.
he
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e
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value for undoped LCMO, and the maximum value of ma
netoresistance~MR! obtained at a field of 8 T for
La0.7Ca0.3MnO3 doped with different elements in th
transition-metal series. It is interesting to note that there
significant degree of correlation between these two qua
ties, although there appears to be a departure in the cor
tion in the case of Mn~which of course is the parent com
pound! and Co. The correlation between the lattice parame
~which is a function of strain and oxygen stoichiometry! and
MR ~which is a function of the the properties of th
Mn31-O-Mn41 bond! further emphasizes the coupling o
spin, charge, and lattice in this system. This can be brou
out with even greater clarity by examining the ionic radii
different transition element dopants. These are shown in
5. The Mn ionic radius is used as the average over the r
for Mn31 and Mn41 ions in the ratio 70:30. All other radi
are compared to thisr (Mnav) and are represented as perce
age departure from this value. Since it is demonstrated
Fe holds its valence state at 31 in the system because of th
absence of exchange with Mn ions in the matrix, we ha
used the radius of the Fe31 ion in the plot. From similar
considerations and for charge neutrality condition we ha
used 31 radii also for Cr, Co, and Ni for which such
charge state is known to exist. However, for Zn the 31 state
does not occur and for Cu it is rare; hence the radii for
21 state are used in the plot for these two ions. When
plot in Fig. 5 is compared to that in Fig. 4 one can see a v
clear correlation between the maximum MR and the io
radii. This undoubtedly brings out the fact that strain play
central role in controlling the magnetotransport in this s
tem. Note, however, that the scale for ionic radii for 21
species~Cu, Zn! is significantly different from that for the
31 ions. Thus the jumps in MR as we go from Ni to Cu an
from Cu to Zn do not strictly reflect the jumps in the ion
radii. These two ions are 21 and should affect the carrie
concentration as well, in addition to their implications f
strain.

-

at

FIG. 4. Dependence of the percent departure of lattice param
from aLCMO and the maximum value of MR obtained at a field of
T for La0.7Ca0.3Mn0.95~TE!0.05O3 doped with different elements in
the transition-metal series.
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536 PRB 59K. GHOSHet al.
The early indications that strain is a critical considerat
in the analysis of the properties of CMR manganites ca
from the work of Hwanget al.,18 who examined the lattice
effects on the magnetoresistance in doped LaMnO3. For a
fixed carrier concentration they found a direct correlat
between the Curie temperatureTC and the average ionic ra
dius of the La sitê r A&, which was varied by substituting
different rare-earth ions for La. These results showed that
changes in the Mn-Mn electron hopping parameter due to
changes in the bond angle must be incorporated in the do
exchange picture.

Neumeieret al.12 and Hwanget al.32 examined the effects
of hydrostatic pressure on the magnetoresistance prope
of manganite perovskites. Neumeieret al.12 found that pres-
sure strongly decreasesr and drivesTC up at rates as high a
137 K/Gpa for ax50.21 specimen of La12xCax2MnO3.
The effects are relatively weaker, though significant even
other concentrations. These authors emphasized that the
serveddTC /dP values in manganites are significantly larg
than in conventional ferromagnets, and that the Mn-O-
bond angleu, which upon its decrease from 180° is observ
to reduce the magnetic exchange and electron hopping
perhaps the most crucial factor in determiningTC . Hwang
et al.32 have compared the effects of external hydrosta
pressure and the internal chemical pressure caused by
substitution of La by a smaller Pr ion. In the latter case th
found a decrease inTC , which they attributed to the rotatio
of MnO6 octahedra leading tou,180°.

Rodriguez-Martinez and Attfield19 studied the cation dis
order and size effects in the CMR manganit
(A0.7B0.3MnO3, A5La, Pr, Nd, Sm,B5Ca, Sr, Ba! and
found evidence for large cation disorder effects originat
from the size differences between theA-site 31 ions and
B-site 21 ions. Their analyses indicated that the Jahn-Te
distortions assist electron localization near the me
insulator transition temperature. Yeh and co-workers20,21

studied the CMR properties of epitaxial La0.7Ca0.3MnO3 thin
films deposited on substrates with a range of lattice const

FIG. 5. Percentage departure of ionic radii of different transit
element dopants (Cr31, Fe31, Co31, Ni31, Cu21, Zn21) from the
Mn ionic radius averaged over Mn31 and Mn41 contributions in the
ratio 70:30.
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and compared the corresponding properties with those
La0.5Ca0.5CoO3 films. Based on the systematics reflected
the data these authors argued that lattice polaron conduc
associated with the Jahn-Teller coupling is essential for
occurrence of CMR, the lattice distortion causing a furth
enhancement of the CMR effect. Kwonet al.22 have also
emphasized the role of lattice effects in the context of
CMR properties based on their analysis of the me
nonmetal transition data on mixed valence manganites
terms of the tolerance factor (t5dA-O /&dMn-O) and the
standard deviation~s! of the rare-earth site cation radius. A
these studies collectively indicate that the CMR properties
manganite systems are closely related to the topological
tures of the Mn31-O-Mn41 network and their influence on
the carrier transport.

While the present study confirms the importance of str
on the nature of transport across the Mn31-O-Mn41 network,
it is important to distinguish between the effects caused
indirect means, such as substrate-induced strain or strain
to doping at the rare-earth site, from the effects caused by
direct incorporation of the dopant in the Mn31-O-Mn41 bond
itself. The manifestation of strain could be entirely differe
in the case of doping at the Mn site, which may be the rea
for an apparent inapplicability of tolerance factor based c
siderations in the case of Co and Ni dopant effects at h
concentrations as examined by Rubinsteinet al.30 The depar-
ture from the average Mn radius@r ~Mn!av# at the dopant site
would subject the neighboring Mn-O bonds to a centric pu
or pull thereby causing local distortions leading to uneq
Mn-O bond lengths in the surrounding unit cells. This d
tortion would lift the degeneracy of theeg electron states
leading to a lowering of one of the twoeg levels and thereby
causing trapping of the carrier. This should lead to a decre
of Tc and increase of resistivity. Among the 31 ions, the
departure is highest for the case of Fe doping; hence
reduction inTp ~or Tc) and enhancement ofr is also seen to
be maximum.

The case of 21 ions~Cu and Zn! is distinctly different for
some specific reasons. First, there would be a local chang
the lattice constant caused by the incorporation of a sign
cantly bigger ion. This is similar to the internal pressu
situation discussed by Hwanget al.32 except for the fact that
in their case the pressure resulted via doping at the rare-e
site. While a bigger ion at the Mn site should compress so
Mn31-O-Mn41 bonds radially, it would also lead to bon
angle distortion. Thus the transport will be radially hasten
and tangentially impeded in the neighborhood of the io
Secondly, there is a possibility that the presence of a 21 ion,
which is unable to acquire higher valence, would induce
higher residence time of the higher valence state of M
namely, Mn41 in its immediate neighborhood. Since Mn41 is
a smaller ion, the suggested local charge ordering wo
straighten out the Mn31-O-Mn41 bonds releasing the strai
in the system. This appears to be the cause of an impro
quality of transition~TCR! in the Cu- and Zn-doped sample

It may further be noted that the resistivity for the C
doped sample is lower as compared to all the other sam
over the entire temperature range. The origin of this eff
may possibly lie in the electronic nature of the grain boun
ary in the Cu-doped case being distinctly different with r
spect to that in the other samples, in addition to the releas
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strain within the grain due to local charge ordering, as in
cated above. Since Cu and Zn have substantially large i
radii as compared to the average Mn radius, such ions in
proximity of the grain boundary may be attracted towards
boundary in order to release the local strain; thereby mo
fying the electronic states responsible for grain bound
conduction. Whether the decorating ion poisons or heals
grain boundary electronically depends upon the details of
electronic structure, which is unknown at this time. It see
that Cu (d9) improves the grain boundary conductio
thereby reducing the overall resistivity, while Zn (d10)
does not.
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In conclusion, transition element doping effects
La0.7Ca0.3MnO3 have been investigated. It is observed th
dopant-size-induced local strain effects are dominant in c
troling the magnetotransport in this CMR material. The ca
of Fe stands out among the 31 dopants due to the larges
departure of its ionic radius fromr (Mnav), the radius of Mn
ion averaged over the Mn31 and Mn41 radii. The cases of
21 dopants, namely, Cu and Zn, appear to yield consid
ably higher TCR in the system presumably due to str
relief caused by local charge rearrangement.

This work was supported by the NSF-MRSEC und
Grant No. DMR-9632521.
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