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Magnetic properties and colossal magnetoresistance of (@a)MnO ; materials doped with Fe
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The effect of Fe doping<20%) on the Mn site in the ferromagnetig=0.37) and the antiferromagnetic
(x=0.53 phases of La_,CaMnO; has been studied. The same ionic radii of Fand M cause no
structure change in either series, yet 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. Doping with Fe bypasses the usually dominant lattice effects, but depopulates the hopping electrons
and thus weakens the double excharj§9163-18206)09545-9

Recently, perovskite-based oxides have been the subjecése the FM and the AF phases, respectively, where CMR has
of intense research effortsThey exhibit a variety of trans- been previously reported. Early studies have shown that in
port and magnetic properties that sensitively depend on thehis Fe doping range, a direct replacement offMby Fe**
stoichiometry and structure of the materials. Most of the atoccurs® Also unique to this doping, Mti and Fé" have
tention to date has been focused on doping the parent conidenticalion size® Consequently, the otherwise strong lattice
pound of LaMnQ with divalent alkaline earthé.g., Ca, Ba, effects can be bypassed, and the effects due to changes in the
Sn, such as the prototype materials of ;LaCaMnO;,  electronic structure become accessible.
which exhibit a very rich phase diagraat low Ca doping Samples were fabricated with conventional solid-state re-
(x<0.2), the materials are ferromagneti€M) insulators, action methods. Stoichiometric mixtures of,03, CaCQ,
whereas at high Ca doping>0.5), the materials become Fe,0;, and MNnCQ were pressed into pellets and heated in
antiferromagneti€AF) insulators. In the intermediate doping an oxygen atmosphere for 144 h with two intermediate
range of 0.2x<0.5, one observes both FM and metallic grindings. The temperature for the first two sinterings was
behavior, which leads to colossal magnetoresista(@HR) 1200 °C, and 1300 °C for the last one. The chemical formula
near the onset of FM ordering. Interestingly, in the AF insu-for the final compounds is La,CaMn,_,Fg0;, where
lating phas€x~0.5), CMR with a large magnitude has also y<0.20 withx=0.37 andx=0.53.
been observeti.The observation of CMR has generated a Powder x-ray diffraction shows single-phase tetragonally
surge of interest in these materials, which are often referredistorted perovskite structure for all samples. For the series
to as the CMR materials. of Lag ¢LCa 37Mn; _yF&,05, no appreciable difference in the

Double exchande(DE) has been featured prominently in diffraction patterns has been observed among the Fe-doped
the discussion of the fascinating properties of the CMR masamples; all having the same lattice parametersast
terials. Doping the insulating LaMnOmaterial, in which =545 A and c¢=7.72 A, Similarly, the
only Mn®* exists, with the divalent ion&a, Ba, etd.causes Lag 4LC& 5N, Fg0; samples have the same lattice pa-
the conversion of a proportional number of finto Mn**. rameters oh=b="5.42 A andc=7.63 A. These results dem-
Because of the strong Hund’s coupling, the electronic conenstrate the replacement of Mn by Fe without any structural
figurations are Mi" (t,5%e,") and Mrf*(t,4%e,%). The pres-  change and that the lattice effects have indeed been by-
ence of Mi#", due to the doping, enables thgelectron ofa  passed. Our results are also in agreement with Jonker’s ear-
Mn>* ion to hop to the neighboring M ion via DE, which  lier conclusion that MrP" is replaced by the same size’fe
mediates ferromagnetism and conduction. The DE, and conA/e have employed the standard ferrous sulfate and potas-
sequently, the physical properties of these materials, are pasium permanganate titration metdo determine the Mn
ticularly susceptible to the lattice effects brought on by dop-valence. The results show ideal stoichiometry.
ing. Very strong lattice effects have been realized when the The temperature dependence of the magnetizatloat
La ions are partially replaced by trivalent or divalent ions ofH=0.01 T and the resistivity at H=0 (solid curve$ and
differentsize. Any deviation from the ideal cubic perovskite H=5 T (dashed curvgdor the FM Lg L& 3Mn,_,Fg,0;
structure can lead to either a reduction in the Mn-O-Mn bonds shown in Figs. (a) and Xb), respectively. The undoped
angle from 180°, or a change in the bond length, both disample undergoes a paramagnéRB®/1) to FM transition at
rectly affecting the DE. T.~260 K, accompanied by a simultaneous insulator-to-

To date, much of the exploration of the CMR materialsmetal transition, consistent with the results reported
has been done through doping of the La sites, which bringpreviously? As Fe is doped into the sample, both andM
about lattice effects, and ultimately influences the DE. How-are systematically lowerefFig. 1(a)]. The value ofT, is
ever, far fewer studies have been conducted in doping theuppressed to about 170 K for the sample with0.08, fur-

Mn sites, which are at the heart of the DE. In this work, wether lowered to 60 K fory=0.12, and to 40 K fory=0.18.
have undertaken a study of the doping of the Mn sites by F&he sample resistivity, on the other hand, increases with Fe
in La;_,CaMnO; with x=0.37 andx=0.53. The undoped doping, as shown in Fig.(h). In every case, a peak ip,
starting materials of LggCa 3 MnO; and Lg ,CasdMNO;  characteristic of a metal-insulator transition, occurs fear
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FIG. 1. Temperature dependence(af the magnetizatio in FIG. 2. Temperature dependence(af the magnetizatioM in

a 0.01 T field, andb) the resistivityp in zero(solid curvesand 5 3 1 T field, and(b) the resistivityp in zero (solid curves and 5 T
T (dashed curvesnagnetic field, for Lge{Ca sMny1-yFgO3 With  (dashed curvesmagnetic field, for Lg4Caysdvin; _,Fe,0; with
y=0, 0.08, 0.12, and 0.18. y=0, 0.09, 0.13, and 0.19.

It is also noted that, upon Fe doping, the large negative magsolid curve$ and at H=5 T (dashed curves of
netoresistance, or CMR, is dramatically enhanced. For thea, ,Ca sdVin; _Fg,05 is shown in Fig. 2b). All samples
undoped sampléy=0), CMR of 120% is observed nedi,.  are insulating in nature at all temperatures, even uade T
Fory=0.08 a 5 Tfield reduces by one order of magnitude. field, while the magnetization has a rich temperature depen-
For y=0.12, the CMR effect increases to three orders ofdence as shown in Fig(&. The temperature dependence of
magnitude. However, further doping yo=0.18, shows insu- p for various samples is qualitatively similar. The resistivity
lating behavior in the whole temperature range, with or with-p increases with decreasing temperature, leveling off at 60 K.
out a 5 Tfield, although a sizable MR still remains. Although Fe doping generally increases the resistivity, the
The L& 4,LCasMn;_ Fg0; series, on the other hand, initial Fe doping(y=0.09 actually lowersp. As for the mag-
shows more complicated behavior in the undoped samples atoresistance, the undopgg=0) and the lightly dopedy
well as those doped ones. The magnetization data it =0.09 samples show negative MR by as much as two orders
T are shown in Fig. @). The undoped sampley=0) first  of magnitude at low temperatures. As the doping is further
undergoes a PM to FM transition at about 250 K. As theincreasedy=0.13 andy=0.19, there is virtually no MR.
temperature is further loweredyl begins to decrease to Magnetic hysteresis loops with field up & T have been
lower values when FM ordering reverts to AF. This is in measured ta5 K for all samples. The magnetizations, nor-
agreement with the reported results in,k8a MnO;,>  malized to the value at 5 T, are shown in Fig. 3. For the
where an intermediate FM state was observed between thes, ¢LCa, 3 Mn, _ Fg 05 series, shown in Fig.(d), samples
PM state at high temperatures and the AF state at low tenwith y=0 andy=0.08 show virtually the same FM behavior,
peratures. The intermediate transition between FM and AF isach exhibiting saturation magnetization and square hyster-
first-order in nature, accompanied by large thermal hysteresis loop. However, the magnetization of the samples with
esis. Upon Fe doping, the intermediate FM phase rapidly=0.12 andy=0.18 cannot be saturated. The resultant mag-
diminishes. Aty=0.09, the FM state disappears and only thenetization curves are essentially a superposition of both the
PM to AF transition at about 50 K remains. Further dopingFM and AF components, indicating a canted spin state. The
with Fe has a less effect on the PM to AF transition. It issaturation magnetization of the FM component can be deter-
noted that for they=0.09 sample, an additional broad extre- mined by extrapolating the linear part of the magnetization to
mum in M at about 210 K is observed, possibly due toH=0. These values displayed as saturation moment per for-
charge ordering. mula unitug are shown in the inset of Fig(8. The dashed
The temperature dependence of the resistigigt H=0  line in the inset represents the maximum valueugfwhen
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H (T) ions are known to stay in the same spin state, due to the

strong Hund’s coupling. The vacant state with opposite spin
lies higher in energy due to exchange interactions. Both oc-
cupied and unoccupied spin states are further split iggo
La; - ,CaMn; _,Fg,0; with (a) x=0.37 andb) x=0.53. The insets  and e, orbitals by the octahedral crystal field. In increasing
show the saturation magnetic momen¢ per formula unit vs Fe  energy, these states argy;, €4, tpq, andey . The elec-
content for each series. The dashed line indicates the values for fulfonic configurations ar@zms eng for Fe’, tngS eng for
alignment of all the Mn and Fe moments. Fe'", and Mri*, andt,g;* for Mn**, respectively. In a solid,
these states form bands. For these ions,tie bands are
all the Mn and Fe moments, 4/ for Mn**, 5.0ug for  fully occupied, thet,, andey bands are empty, and tleg,
Mn®", and 5.9 for F€*", are aligned. The measured value bands, which can accommodate a maximum of two electrons
of wg is nearly that of the fully aligned moment for tlye=0  per ion, play a crucial role. In a mixed system of Fe and Mn,
sample, but steadily declines upon Fe doping. Clearly, théhe widths and energies of thegy, bands dictate the elec-
presence of Fe, instead of enhancing, actually suppresses féren distribution of the Fe and Mn ions.
romagnetism. Early study on the conductivity of
The L& 4Ca sdMn,;_ Fg05 samples, as shown in Fig. LaggBag 19V, _FO; by Jonke? has shown that for @x
3(b), do not show pure FM behavior for any composition. <0.85, Féﬂ Mn®*, and Mrf* are present, and for 0.85
Canted spin AF state has already set in for the samples witkc1.00, Fé", F&*", and Mf™ are present. The existence of
y=0 andy=0.09, both showing small FM components. The Fe®*, Mn®**, and Mrf* in the range of 8:x<0.85, indicates
determined values qi are only about 0,3, about a factor  that the Fegy, band is full and the Mrey; band is less than
of 10 smaller than those shown in FigaB Upon further Fe  half-filled. For 0.85<x<1.00, the existence of M, F€*",
doping, no FM component but AF behavior can be observedand F&" means an empty Mre,,; band and a more than
From the results shown in Figs(é3 and 3b), it is evident  half-filled Feey, band. From this, it can be inferred that the
that Fe doping enhances AF ordering. bottom of the Mney; band should be at the same level as, or
It is well known that double exchange mediates ferromaghigher than, the top of the F&;; band. Thereby, the Fey,
netism and metallic conduction. The transport and magnetiband remains completely filled as long as the &jnband is
results shown above clearly demonstrate that partial replacgartially filled.
ment of Mn by Fe favors insulating and AF behavior, oppos- Banks and Tashinfahave reached a similar conclusion by
ing the effects of the double exchange. Since Fe doping imvestigating the structural and conduction properties of a
the direct replacement of Mh by Fe'*, the experimental closely related system of La,CaFe, _,Mn,O,. They found
results suggest that the sites that are now occupied BYy Fethat most Fe is present as*eand at least 97% of the Mn
can no longer effectively participate in the double exchangexists as MA".2 They proposed the presence of a small
process. The mechanism that’Feerminates the double ex- amount(less than 3%of Mn®" and F&" to account for the
change process arises purely from the electronic structure aonductivity behavior in their samples. This conclusion
the materials as we describe in the following. agrees with the above band structure, where the top of the Fe
In perovskite oxides, the electrons of the Mn and Fe ey band is nearly at the bottom of the My, band, except

FIG. 3. Magnetic hysteresis loops measured 5a K for
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for a slight overlafless than 3%between the two, as shown insulator with an intrinsic gap of about 2.0 eV, which implies
in Fig. 4(a). that the Fet,,, band is located about 2 eV above the top of
Our system of La_,CaMn,_,Fg O, (x=0.37 and 0.53, the Feey; band, or 1.71-1.86 eV above the Fermi surface
y<0.20 is expected to have a similar band structure as thalor our system, as shown in Fig(. It is clear that electron
of La,_,CaFe _,MnO;. The nominal stoichiometry is hopping from Mn to Fe is energetically forbidden even at
|_a3+1_XCa2+X(|\/|n)‘i+x|\/|n +1_x_y)F€3+y02_3, for which room temperature. Consequently, only the gy band is
both the Mnt,; and Fetyy; bands are filled. For the all electronically active, where electron hopping can occur be-
importantey, bands, the Fe,, band is completely filled, tween Mt and Mrf*. Since Fé&" replaces Mﬁ , doping
and (1-x—y)/2(1-y) of the Mn ey, band is also filled. with FQ causes a de_pletlon of the RMiMn** ratio, the _
The latter filling factor is one half of the fraction of the Mn population of the hopping electrons, and the number of avail-
ions that are MA". The width of the Mne,; band has been able hopping sites. Thus double exchange is suppressed, re-
estimated to be about 1 éVAssuming uniform filling for ~ sulting in the reduction of ferromagnetism and metallic con-
simplicity, and that the overlapped width of the Fe and Mnduction.
ey; bands is 3%, the Fermi surface would lie at {{&—y)/ In summary, we have observed suppression of ferromag-
2(1-y)—0.03] eV above the top of the Reg; band. Using netism and conduction in both the FM and the AF phases of
the composition values of andy for our series, the Fermi La; ,CaMnO; by doping Fe on the Mn sites. The usually
surface will lie 0.14 to 0.29 eV above the top of the &g dominant lattice effects have been bypassed due to the iden-
band, as shown in Fig.(8). This energy diagram clearly tical size of M#* and F&". These results originate from the
illustrates that electron hopping between Fe and Mn is imfeduction of double exchange due to the depopulation of
peded by the lack of available states in theeeband. The hopping electrons by the Fe doping.
only vacant states are in the kg, band, lying above the Fe
ey band, as shown in Fig. (d). However, Chainani, This work was supported by NSF Grant No. DMR 95-
Mathew, and Sarmtd have shown that LaFeQis an 01195.
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