Effects of Fe doping in the colossal magnetoresistive La 1-xCa,MnO,
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The effect of Fe doping(<20%) on the Mn site in the ferromagneticx€£0.37) and the
antiferromagnetic X=0.53) phases of La,CaMnO; has been studied. Upon doping, no
appreciable structure changes have been found in either series. However, conduction and
ferromagnetism have been consistently suppressed by Fe doping. Colossal magnetoresistance has
been shifted to lower temperatures, and in some cases enhanced by Fe doping. These results are not
due to the strong lattice effects commonly seen in doping of the La sites. Rather, replacement of
Mn3* by Feé* depopulates the hopping electrons, and weakens the double exchange. The effect of
Fe doping can be explained in terms of the band structure19@7 American Institute of Physics.
[S0021-89707)73008-

During the last few years, perovskite manganites havéeen bypassed. Our results are consistent with Jonker’s ear-
attracted broad research interest, because of their unusuir conclusior that Mr" is replaced by F& of the same
magnetic and transport properties, especially the colossaize. As a further verification, we have employed standard
magnetoresistand€MR)* phenomena. The prototype mate- ferrous sulfate and potassium permanganate titration
rial La; ,CaMnOs, with a rich phase diagram, has been method to determine the Mn valence. The titration results
studied extensively. Double exchan¢RE)? has been fea- show ideal stoichiometry.
tured prominently in the physics of the CMR materials. Dop- ~ The temperature dependence of the magnetizaéoat
ing the insulating LaMn@ material with the divalent ions H=0.01T and the resistivity atH=0 and aH =5 T for the
(Ca, Ba, etq.causes the conversion of a proportional number-80.6C8.3Mn; —,Fg,0; series are shown in Figs(a and
of Mn®* to Mn**. The electrons hopping between the mixed 1(b), respectively. The undoped sample undergoes a para-
Mn valence states then mediate ferromagnetism and conduglagnetic(PM) to FM transition, accompanied by a simulta-
tion. The DE, and consequently, the physical properties of€0us insulator to metal transition, consistent with the results

these materials, have been found to be particularly suscefePorted pfeviouslf’-AS Fe is doped into the sample, both
tible to lattice properties, such as theyMO—Mnbond angle the FM transition temperaturd {) andM are systematically
and bond length. lowered[Fig. 1(a)]. The sample resistivity, on the other

To date, much of the exploration of the CMR materialsNand. increases W'th Fe doplng,_ as shown in F@).lln
has been done through doping the La sites with rare eartHe/€rY case, a peak ip, characteristic of a metal—insulator
(Nd, Pr, etc. of different sizes, which bring about strong transition, occurs nedr, . It is also noted that the large nega-
lattice effects, and ultimately influencing the DE. However,
fewer studies have been conducted on doping the Mn sites,
which are at the heart of the DE. In this work, we have
undertaken a study on the effects of doping the Mn sites by L (a)
Fe in La_,CaMnO;,, with x=0.37 and 0.53. The starting . H =001 T
materials of Lg LCa 3 MnO; and Lg ,LCaq sqMNO; are the
FM and the AF phases, respectively, where CMR has been
previously reported. Early studies have shown that in this Fe
doping range, a direct replacement of Mrby F€* occurs®
Also unique to this doping, Mii and F&" haveidentical
ionic sizes* Consequently, the otherwise strong lattice ef-
fects can be bypassed, and the effects due to changes in the
electronic structure become accessible.

Samples were fabricated with conventional solid state
reaction methods. The chemical formula for the final com-
pound is La_ ,CaMn;_,Fg0O;, where y<0.20 with
x=0.37 andx=0.53. Powder x-ray diffraction shows single-
phase tetragonally distorted perovskite structure for all the
samples. For the series of { aCa, 5Mn, _,Fg,0;, no ap-
preciable changes in the diffraction patterns induced by Fe
doping has been observed. All the samples have the same
lattice parameters oh=b=5.45 A andc=7.72 A. Simi-
larly, the L& 4CasMn;_,Fg0; samples have the same
lattice parameters oi=b=5.42 A andc=7.63 A. These FIG. 1. Temperature dependence(af magnetizatiorM in a 0.01 T field,
results demonstrate the replacement of Mn by Fe without an)(nd(b) resistivity p in zero(solid curveg and 5 T(dashed curvesnagnetic
structural change, and that the lattice effects have indeefitld, for L c{CaysMn;_,Fg,0; with y=0, 0.08, 0.12, and 0.18.
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FIG. 2. Temperature dependence(@f magnetizatiorM in a 1 Tfield, and
(b) resistivity p in zero (solid curveg and 5 T (dashed curvesmagnetic

field, for L&, 4CasMn; _,Fe,0; with y=0, 0.09, 0.13, and 0.19. FIG. 3. Magnetic hysteresis loops measured & K for
A v La,,CaMn;_,Fg,0; with () x=0.37 and(b) x=0.53. The insets show

the saturation magnetic momegmg per formula unit vs Fe content for each
series. The dashed line indicates the values for full alignment of all the Mn

tive magnetoresistance, or CMR, is dramatically enhanced"d Fe moments.

from 120% for the undoped samplg=0) to three orders of

magnitude fory=0.12. However, further doping tp=0.18,

insulating behavior has been observed in the whole temperanalized to the value at 5 T, are shown in Fig. 3. For the
ture range, with or withala 5 Tfield, although a sizable MR Lag L& 3Mn;_,Fg,0; series, shown in Fig. (&), samples
still remains. with y=0 andy=0.08 show practically the same FM behav-

The Lg 4£Ca& sdMn,;_,Fg0; series, on the other hand, ior. However, the magnetization curves fgr=0.12 and
shows more complicated behavior. The magnetization datg=0.18 are essentially a superposition of both the FM and
with H=1 T are shown in Fig. @). The results for the AF components, indicating a canted spin state. The satura-
undoped sample (y=0) are similar to those of tion magnetization of the FM component can be determined
Lay Ca MnO; previously reporte,where an intermediate by extrapolating the linear part of the magnetizatiomits 0.

FM state was observed between the PM state at high tenFhese values, displayed as saturation moment per formula
peratures and the AF state at low temperatures. Upon Fenit ug, are shown in the inset of Fig(8. The dashed line
doping toy=0.09, the intermediate FM state disappears andn the inset represents the maximum valuewgf when all

only the PM to AF transition remains. Further doping with the Mn and Fe moments are aligned. The measured value of
Fe has a less effect on the PM to AF transition. It is notedug is nearly that of the fully aligned moment for thye=0

that for they=0.09 sample, an additional broad extremum insample, but steadily declines upon Fe doping. Clearly, the
M at about 210 K is observed, possibly due to charge ordempresence of Fe, instead of enhancing, actually suppresses fer-
ing. romagnetism.

The temperature dependence of the resistivigt H=0 The Lg 4LCa sMn,; _,Fg0O; samples, as shown in Fig.
and atH=5 T of L&y 4Ca sdMn,_,Fg 05 is shown in Fig.  3(b), do not show pure FM behavior for any composition.
2(b), which shows a qualitatively similar behavior among Canted spin AF state has already set in for the samples with
differently doped samples. With or without a magnetic field,y=0 andy=0.09, both showing small FM components. The
the resistivityp increases with decreasing temperature, lev-determined values gk are only about 0.3, about a fac-
eling off at 60 K. Fe doping generally increases the resistivior of ten smaller than those shown in FigaB Upon further
ity, although the initial Fe dopingy=0.09 actually lowers Fe doping, no FM component but AF behavior can be ob-
p. As for the magnetoresistance, the undoped0) and the  served.
lightly doped (y=0.09 samples show negative MR by as It is well known that double exchange mediates ferro-
much as two orders of magnitude at low temperatures. As thenagnetism and metallic conduction. The transport and mag-
doping is further increasefy=0.13 andy=0.19, there is netic results shown above clearly demonstrate that the partial
virtually no MR. replacement of Mn by Fe favors insulating and AF behavior,

Magnetic hysteresis loops with field up 5 T have been opposing the effects of the double exchange. Since Fe dop-
measured @5 K for all samples. The magnetizations, nor- ing is the direct replacement of Mh by Fe*, the experi-
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mental results suggest that the sites that are now occupied by Fe Mn Fe Mn
Fe** can no longer effectively participate in the double ex-
change process. The mechanism that Feerminates the

double exchange process arises purely from the electronic tzt et
structure of the materials as we describe in the following. I

In perovskite oxides, thedlevel of the Mn and Fe ions ot 1.71-1.86 eV ot
are known to splitintd2,, , e, , t24, , andey, (in the order N
of increasing energy due to the octahedral crystal field and et SR et

retiy o Tor P hah for P and M- andth for mE- . t
t2g % i

Mn**, respectively. In a solid, these orbitals form bands. For
these ions, thé,y; bands are fully occupied, tttg,, andegy,
bands are empty, and tieg, bands, which can accommodate
a maximum of two electrons per ion, play a crucial role. In a
mixed system of Fe and Mn, the widths and energies of their
€y bands dictate the electron distribution of the Fe and Mn (a) (b)
ions.

Early study on the conductivity of FIG. 4. Band structure of Fe and Mn {a) La,_,CaFe _,Mn,O;, where

the bottom of the Mre,; band lies slightly below the top of the band,
LaO-SSBaO.lS'ynl*xel,:E(OB by Jorlke? has shown that for 9x and (b) Lal,XCa(Mnl,g;FeyO3, where the Feey; band is complftgély filled
<0.85, Fé", Mn®**, and Mrf" are present, and for 0.85 and (1-x—y)/2(1—y) of the Mne,, band is filled.
<x1.00, Fé*, Fé"", and Mrf" are present. The existence of
Fe", Mn®*", and Mt in the range of 8x<0.85, indicates _ _
that the Feeg, band is full and the Mreg; band is less than ONly vacant states are in the kg, band, lying above the Fe
half-filled. For 0.85:x<1.00, the existence of Mfi, Fé* €y band, as shown in Fig.(d). However, Chainanet al.
and F&" means an empty Mg, band and a more than has shown that LaFeQs an insulator with an intrinsic gap
half-filled Feey, band. From this, it can be inferred that the Of about 2.0 eV, which implies that the Fg,, band is lo-
bottom of the Mne,; band should be at the same level as, orcatéd about 2 eV above the top of the Eg band, or
higher than, the top of the F&,; band. Thereby, the Fe,; 1.71~1.86 eV above the Fermi surface for our system, as
band remains completely filled as long as the &jn band is shown in Fig. 4b). It is clear that electron hopping from Mn
partially filled. to Fe is energetically forbidden even at room temperature.
Banks and Tashima have reached a similar conclusiofronsequently, only the May; band is electronically active,
by investigating the structural and conduction properties of avhere electron hopping can occur between*Mand Mrf .
closely related system of La.CaFe_,MnOs.’ They Since F&" replaces MA", doping with Fe causes a depletion
found that most Fe is present as’Fand at least 97% of the ©f the Mr?*/Mn*" ratio, the population of the hopping elec-
amount(less than 3%of Mn3* and F&" to account for the ~double exchange is suppressed, resulting in the reduction of
conductivity behavior in their samples. This conclusionférromagnetism and metallic conduction.
agrees with the above band structure, where the top of the Fe [N summary, we have observed suppression of ferromag-
ey band is nearly at the bottom of the Mg, band, except netism and conduction in both the FM and the AF phases of
for a slight overlagiless than 3%between the two, as shown L& -xC8MnO; by doping Fe on the Mn sites. The usually
in Fig. 4a). dominant lattice effects have been bypassed due to the iden-
Our system of La_,CaMn, _,Fe,0; (x=0.37 and 0.53, tical size of Mt and F&". These results originate from the
y<0.20) is expected to have a similar band structure as thafeduction of double exchange due to the depopulation of
of La,_,CaFe_,Mn0;. The nominal stoichiometry is hOPPINg electrons by the Fe doping.
LaﬁfXCaﬁ(Mnﬁ*Mnfix_y)Feﬁ*O%‘, for which both the This work is supported by NSF Grant No. DMR 95-
Mn t,4, and Fet,q, bands are filled. For the all important 01195.
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filling factor is one half of the fraction of the Mn ions that Zhﬁs?ne;éhlieg1&;21?;15(#9:% i’ i;”'CL-e':- ;g‘mg‘;&ggﬁc'@ R.
are Mr**. The width of th_e Mreg_T ba”q has been. eSt!mated 2C.. Zener, Pr’1ys: Rew2, 4103 (19.51);. P.-G.’de Gennesbid. 118. 141
to be about 1 eW. Assuming uniform filling for simplicity, (1960.
and that the overlapped width of the Fe and &jp bands is ®G. H. Jonker, PhysicéAmsterdan 20, 1118(1954.
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La, ,Ca,Fe; ,Mn, O3 La, ,Ca,Mn, ,Fe O,
(0.17 < (1-x-y)/2(1-y) < 0.32)
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