Studies of Mn valence conversion and oxygen vacancies
in La;_,Ca,MnO;_, using electron energy-loss spectroscopy
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Using the white line intensities, electron energy-loss spectroscopy in a transmission electron
microscope has been employed to characterize the valence conversion and oxygen vacancies in
La;_,CaMnO;_, . For a nominal doping composition=0.33, the ratio of MA" to Mn®* is
determined to be more than 0.25 but less than 0.5, and the content of oxygen vadsumoymore

than 0.065(equivalent to 2.2 at. % of the oxygen contert y,,.,=0.065, 60% of the residual
charge introduced by Ca doping is balanced by the conversion dfteliMn**" and 40% by oxygen
vacancy. ©1997 American Institute of Physid$S0003-695(97)03725-X

Colossal magnetoresisti'€MR) has been observed in Mn®" onto &~ and from G~ onto Mrf*", thus interchang-
a new class of oxideglLa,A)MnOz(A=Ca, Sr, or Ba'™  ing Mn*" and Mr#*), calleddouble exchang&The electron
A very large magnetoresistance ratio AR/R(H)  hopping away from the Mt remembers the spin state it has
>—100,000%) was reported in epitaxially grown on the ion as determined by Hund’s rule, and the electron
Lag 6/Cap 3MNO; films.* The new types of intrinsic magne- hopping onto the M# must have the same spin state. This
toresistive oxides offer exciting possibilities for improved js only possible, without violating Hund’s rule on the
magnetic sensors, magnetoresistive read heads, and magngn**, if the net ion spins of the neighboring Mh and
toresistive random access mem@MRAM). The potential  Mn** are in the same spin direction. In fact, the likelihood of
for integration with silicon technology makes these oxideselectron hopping between two magnetic ions turns out to
particularly attractive for applications in advanced tech-depend on the spinor transformatiot?, which is character-
nologies® ized by atransfer integral(analogous to the transfer prob-
The CMR magnetic oxides have a perovskite-type crysability)
tal structure with ferromagnetic ordering in the-b planes
and antiferromagnetic ordering along theaxis. The ferro- tij=bjjcoq6;;/2), @
magnetically ordered Mn—-0O layers of tlee-b planes are

: . . ! whereb;; is a constant depending on the isolation between
isolated by a nonmagnetic [&)—O monolayer. This spin-

the ions, andy;; is the angle between the direction of the spin

coupling  structure '3 h|ntr|n5|%. 'iaXAXMnCI)S and ions. Thus, the electric resistance of the material is a function
L3 — «A«Co0; compounds having the extreme valves0, 1 of its intrinsic magnetic order. The angle between the spins

are neither ferromagnetic nor good electrical conductors(')f two ions will be changed under an external magnetic field.

they are semiconductors. Only compounds with intermediaterhus the electron transfer probability across the itms
values ofx are ferromagnetic, with the strongest ferroma\g-equiv'aIently the conductivityis affected according to Eq.
netism occurring in the range G<X<0.4. Within this same (2), possibly leading to the observed CMR effect.

range, the materials are electrically conductive for the fol- From Eq.(1), the local charge induced by the doping of

lowing reason. The partial substitution of trivalent®Laby A?" is balanced by the conversion of Mn valence states from
divalent element A" is balanced by the conversion of Mn Mn3* to Mn** and the creation of oxygen vacancies. As

+ + +
valence states betwe_en Rinand Mrf* (or C(.f’ and Cd . discussed following Eq2), the CMR effect may be entirely
for Co) and the creation of oxygen vacancies as well. Th|sdetermined by the valence conversion between®Mnd
valence state conversion of Mn was proposed by Jonker an,gln4+_ Thus, the creation of oxygen vacancies may reduce

van Santerf,and the ionic structure of s, AMNO;_y is the double exchange effect, resulting in a decrease in the
Larffo)zfMnfszyMnﬂfzyO%: VO (1 CMR_ rat_io. In practice, howe_vgr, quz_;mtifying of oxygen va-
cancies is a challenge to existing microscopy techniques al-
Wherevf,’ stands for the fraction of oxygen vacancies. When-though x-ray and neutron diffuse scattering can be used to
ever a Mi* and a MrA™ are on neighboring Mn sites, there determine vacancies in large bulk single crystalline speci-
exists the possibility of conductivity by electrons hopping mens. Moreover, for thin films grown on a crystalline sub-
from Mn®* to Mn*"with the assistance of the oxygen anion. strate the diffraction analysis may be strongly affected by the
That this hopping current should be spin polarized was redefects at the substrate-film interface and the surface disor-
quired for a process of two simultaneous electron H@esn  dering. In this letter, an alternative technique is introduced to
determine the role played by oxygen vacancies in balancing

dCorresponding author. Electronic mail: zhong.wang@mse.gatech.edu the local charge in LlaxC_a;(MnO3,y (I.'CMO)' ..
Ypresent address: Motorola, Inc., 3501 Ed Bluestein Blvd., MD: K-10 Aus- Lalfx_Ca(Mnosfy (with  a nqmmal compositionx
tin, TX 78721. =0.33) films were grown on polished LaA}®01) sub-
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FIG. 2. Manganese.,; edge spectra acquired from RiFe 03,
Mn?*(COy)?", Laj’,Ce *Mn3t, ., Mni*, 05~ , and Mrf* 03", show-

ing the dependence of the relative intensityLgfto L, on the valence state

of Mn. The spectra were processed using the Fourier ratio method for re-
moving the plural scattering effeRef. 13, and they are displayed after the
FIG. 1. [100] HRTEM image of LCMO and the corresponding electron subtraction of background. Each spectrum is shifted upward for comparison.
diffraction pattern.

o ) ) intensity is normalized atLj, the intensity of L, for
strates by liquid source metalorganic chemical vapor depOSMnFezO4 is the same as that of MnGOwhile theL, line

tion (MOCVD)_ technique. Details of the liquid SOUrCe jntensity for LCMO is higher than that of Mnk®, or
MOCVD technique have been reported elsewtiertigh- MnCOs but smaller than that of Mng This is the principle
resolution transmission electron microscoyRTEM) and 14 pe ysed for determining the mean valence state of Mn
electron energy-loss spectroscaiBELS) experiments were using EELS.

performed at 200 kV using a Hitachi HF-2000 field emission Figure 3 shows a plot of the experimentally measured
gun TEM equipped with a Gatan 666 parallel-detection;niensity ratio of white lined (L3)/1(L,), calculated using

EELS. the double-step background fitting procedure with the step at

Figure 1 shows an HRTEM image and an electron dif-he peakl® This curve is nonlinear because the corrections
fraction pattern recorded from the LCMO film. In contrast to

the La __,Sr,Co0; films reported previouslyt!?no tetrago-
nal domain structure is observed in the LCMO system. The

grown film is single crystalline and no strong diffuse scatter- 43 -
ing features are observed in the electron diffraction pattern, 2 1: Mn2+(093)
indicating the ordering in lattice substitution of La by Ca and 4 1 2 M“Z"& .
that the distribution of oxygen vacancies, if they exist, has no & M“g' Oa4
strong spatial correlation. From E@l), the mean valence . § ;5 | 4:Mny"03 "
state of Mn is =] 5: Mn4Op
(Mn),o=3+x—2y, @ 5 4.
wherex=0.33. The{Mn),s can be determined using EELS % 3
as described below. Therefore, the content of oxygen vacan- i 25
ciesy can be obtained. g 4
For transition metals with unoccupiedl&nd 4 states, 2 5
white lines are observed in EEI!3Thel ; andL, lines are B 2 A
the transition of %2—3d%23d%? and 2p?— 3d%?, respec-
tively. The intensity ratio of the white linegL3)/I(L,) has 15 : : : :

been shown by numerous experimental studies to depenc
sensitively and strongly on the valence st@ethe occupa-
tion number of thel state of the element*~23This indicates Valence State of Mn
that the valence state of the element can be determined eéfe 3. A plot of white line intensity ratio(Lo)/1(L,) ve the val ot

H H H . H H s . O. plot of wnite line Intensity rati 3 2) VS (he valence state
penmentally using the Whlt_e line Intensity ratio in referencec)f Mn for several standard specimens. A nominal fit of the experimental
to the E_ELS spectra.acquwed from Severa}l ?tandard. SPEGata is shown by a solid curve. The valence state of the LCMO film is
mens with known cation valence states. This is the principlebtained from the measuregL;)/1(L,) data, where a range including the
of our analysis. Figure 2 gives a group of EELS Spectraexperimental error is indicated, and the average valence state in LCMO is

acquired from several compounds containing Mn with diﬁer-<Mn>”5: 3.2-3.5. Asterisk*) indicates the data adopted from Ref. 17 after
applying the same background subtraction procedures. It must be pointed

ent Val?nce states. The relative intensityLgfto |—_2 changes oyt thatl (L3)/1(L,) is a property of the inelastic excitation matrix elements
dramatically as the valence state of Mn varfied If the and it is independent of the acceleration voltage of the electron microscope.
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vacancy is equivalent to supph2 charge and the conver-
sion of Mr** to Mn** gives a+1 charge; thus, the maxi-
mum concentration of oxygen vacancies required to balance
the local charge is half of the doping amount at any circum-
stance, €.9.Ymax=X/2, which isy,.,=0.165 in our case.
From the diffraction pattern shown in Fig. 1, the distribution
of Ca in LCMO is likely to be ordered since the diffuse
scattering generated by short-range order is not present in the

b) L, () diffraction pattern. On the other hand, no superstructure re-
‘@. ‘@- flections are observed, indicating that the model proposed in
@5@8@3@:@ '@‘%%%%VA‘ Fig. 4(b) is likely to represent the Ca distribution in LCMO

St e 7 v X7 Mn if the atom ratio Ca:La1:2. For doping other tharx
pRe® A =0.33, a superstructure due to the long-range order of Ca

distribution is expected unless they are distributed randomly.
The intensity ratid (L3)/I1(L,) is almost independent of the

specimen thickness and the deconvolution procedure and it is
believed to be reliable for determination of valence states, as

o _ _ demonstrated by numerous exampte$® Studies of
FIG. 4. (&) Three-dimensional unit cell of La,CaMnO; perovskite struc-

ture. (b) and(c) are the(111) (La,Cg—0O and the Mn close-packing layers, Lag 5510.5C00; o5 crystal structuré! a,ndm situ redl',lg%)ons of
respectively, of the structure for=0.33, whereV indicates an oxygen C030s MnO, and FgOs-Mn,0; solid state solutio have

vacancy. also shown consistent results.
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