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Large magnetoresistance in antiferromagnetic CaMnQ_
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CaMnO;_ s with §=0, 0.06, and 0.11 was prepared by the Pechini citrate gel process at 1100 °C. Oxygen
defects were created by quenching the sample from high temperature. Chemical analysis and x-ray absorption
show that the formal valence of Mn in CaMp@® close to 4-, and that Milll) is created in the quenched
samples. Moreover the x-ray absorption near-edge spectra results support the creation of(li\ofivim
coordinate sites for each O vacancy. CaMn§X(6=0-0.11) aren-type semiconductors and order antiferro-
magnatically with Nel temperatures close to 125 K. The activation energy decreases with incréaging
relatively large(~40%) negative magnetoresistan@dR) is observed for CaMng§)e This result shows that a
substantial MR can occur in the§etype antiferromagnetic materialsS0163-18209)02913-4

INTRODUCTION of A- andG-type manganites, we may shed some light on the
mechanism of GMR and CMR materials.

Recently, magnetoresistance materials have attracted
much attention both because of their interesting fundamental
structural, electronic, and magnetic properties and their po-
tential application for magnetic recording and sensimpBy CaMnQ;_s was prepared by a sol-gel method. (Wi©5),
far the La _,M,MnO; (M =Ba, Sr, Ca, Pbsystem has been Wwas purchased as a 49.7% w/w aqueous solu@#ddrich).
studied in the greatest detil® Three types of the magnetic Appropriate stoichiometries of MNO3), and CaCQ (Ald-
structures have been established in this system: LapmO  fich, 99+%) were dissolved in an excess amount of 35%
ders antiferromagneticalAF) with an “A-type” perovskite  Nitric acid. An excess of_ citric acid anq ethylene glycol were
structure, where the MHI) ions order ferromagnetically also added to the sol_utlon. The solution was slowly evapo-
(FM) in planes and AF between planes;,LaCaMnO; rated t(g aresin and dried. The sam_ple was then heated slowly
(0.1<x<0.5) orders FM with a B-type” structure, while in FO GO °C 10 decompose the organic cqmpounds_, and prgssed
CaMnO;, neighboring MiilV) ions order AF with a ‘G- mto'pellets at 1 Kbar. ;I'he‘>‘=0 material was sintered in

Y 10 : : flowing oxygen at 1100 °C for 24 h, and then slowly cooled
type” structure.” LaMnO; has been studied in great to room temperature. The oxygen-deficient samples were
detail*'*? The formal valence of Mn is near+3 for the P ' Y9 P

- . heated in air to 1100 °C for 24 h and then quenched from
stoichiometric compound. However, part of the (b can na au

- . " ) 1100 or 1000 °C to room temperature.
be oxidized to MV ) under suitable conditions due to either The powder x-ray diffractiofPXD) data were collected

or both Ln andfor Mn cation deficiency. This leads t0yith 3 SCINTAG PAD V diffractometer with monochroma-
Mn(l11)-O-Mn(lV) - double  exchange interactions ~ and tjzed CiK, radiation. Silicon powder was used as an internal
La;_xMn;_, O3 shows a semiconductor-to-metal transition standard. Lattice parameters were refined by a least-square
(SM) at ~200 K with colossal magnetoresistan@8MR)  method. The dc electrical resistivity and the magnetoresis-
near the SM transition temperature® In CaMnO;_5, the  tance measurements were carried out by a standard four-
other end of La_,CaMnO; system, the formal valence of probe technique from 400 % K in asuperconducting quan-
Mn is near 4+ (6~0). Mn(lll) should be created in this tum interference devicéSQUID) magnetomete(MPMS,
compound when oxygen defects are introdudéd., 5 Quantum Design Magnetic properties were also measured
>0). The introduction of M(ll)-O-Mn(IV) moiety would  with this SQUID magnetometer in the temperature range
be expected to decrease the resistivity of the compound, ant-400 K.

may lead to double exchangBE) interactions. In contrast The Mn K-edge XAS measurements were performed on
with the hole doped cation-defect LgMn,O;, oxygen- beam linesX-19A and X-18B at the Brookhaven National
defect CaMn@_; is electron doped with a G-type” mag-  Synchrotron Light Source using a double crystal®i1) and

netic structure. Several grodps® have investigated the channel cut S{111) monochromator, respectively. Electron
electrical resistance and the magnetic properties ofield, fluorescence mode, and transmission mode measure-
CaMnO,_s, however, magnetoresistance(MR) of  ments were made and checked for consistency. A standard
CaMnQ;_ s has not been demonstrated thus far. In this papemnvas run simultaneously with all the measurements for pre-
we report the x-ray absorption near-edge spe€KAS), cise calibration. The relative energies between various spec-
electrical, magnetic, and magnetoresistance properties d¢fa were established by careful comparison of the standard
CaMnQ,_swith =0, 0.06, 0.11. Comparing the properties spectra. In general the relative accuracy of the energy is
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TABLE I. Oxidation state and lattice parameters for CaMnQ)

Composition T4 (°C)? Mn valence a(d) b (A) c(A) V (R

CaMnO, No quench 3.99 5.2643) 5.27822)  7.45461)  207.132)
CaMnG; g4 1000 3.88 5.264(B) 5.27922) 7.46011) 207.342)
CaMnG; g9 1100 3.78 5.2644) 5.28021) 7.46222) 207.421)

8T, temperature of quenching.

about=+0.05 eV’ All spectra were normalized to unity step Mn (i1l )-LaMnO, spectrum. The additional structure on the
in the absorption coefficient from well below to well above |ow-energy side of the difference spectruin the energy
the edge. range labeled) is not unreasonable in view of the distorted
Chemical analysis were made with a Baird Atomic Modelfijve-coordinate defect environment. Such a distorted envi-
2070 inductively coupled plasma emission spectrometefonment typically leads to splittings in thep4eatures at the
(ICP). The oxidation state of Mn was determined by ak edges of transition metat§:*° This identification of a dis-
chemical titration in which the samples were dissolved intinct Mn(lll) site spectral component in the MW) back-
dilute sulfuric and phosphoric acids with an excess ofground stands in contrast to the ;LgCaMnO; system

Fe(NH,)5(SQy),, and titrated with KMnQ solution. where a continuous shift of the MK- edge spectra from
Mn(IV) to Mn(lll ) was observed’
RESULTS AND DISCUSSIONS Before discussing the expanded-energy-scale pre-adge

o _ o feature, it is worth noting the behavior of tha* feature,
Oxidation State of MnChemical titration shows that the shown in Fig. 1. In the previous XAS study of the

formal oxidation state of Mn is near4for the sample pre- | 5  caMnO, system thiD* feature is systematically en-
pared in oxygen atmosphef@able ). The formal oxidation  hanced with increasing Mn valence. However, discussion of
state of Mn decreases with increasing temperature of quenchyis p* feature was omitted in the previous wdrkin Fig. 1

ing. The results of the titration measurements can be intefe p* feature can be seen to be degraded with O deficiency
preted in terms of the titration-Mn-valenag(Mn) and/or  ang this is again consistent with the reduction of the(IMi

the O-vacancy conten (i.e., CaMnQ_,) with v(Mn)=4  gntent.

—246. For the Q prepared and 1100°C quenched materials  Figyre 2 shows an expanded view of the pre-edge spectra,
values of 6=0/v(Mn)=3.99 and 6=0.116((Mn)=3.78 e  the region labeleda) in Fig. 1. Comparison of the
were found. Thus the titration results indicate that about 20%aMmn0,_,;, §=0 ands=0.11 spectra clearly shows that a
of the Mn sites are reduced to MH) in the CaMnQ_,; (6 sybstantial decrease of thaefeature resolution and spectral
=0.11) material. The results of the MA-XAS, below, sup-  weight accompanies the increased O deficieriEhe larger
port the formation of two M(lIl) sites associated with each apsolute magnitude of the spectral intensity in #ieature

of these O defects. . region of thes=0.11 curve is due to the much larger back-
The MnK edges of the CaMnQ s with 6=0 and 6

=0.11 along with that of the Mitll) compound LaMnQ, .
are shown in Fig. 1. The most inten&efeature at these 15F LaMnO .
edges is related tostto-4p transitions. The systematic up- :
shift of this feature with increasing Mn valence has been well Mn-K edge Y
established in studies of the .3 CaMnO; system(illus-
trated in Fig. 2 by the end point spedtfd Comparing the
CaMnQ;_;s (6=0.11) spectrum with that of CaMnQOone
notes that, although the features peak at the same energy,
there is substantial excess intensity in the O-deficient spec-
trum on the low-energy side of th&peak. Indeed the place-
ment of the excess intensity is suggestive of a new compo-
nent in the spectrum with &8 feature close to that of
LaMnGs.

The presence of an O vacancy, at the shared corners of ok ‘ , ‘ ‘ ‘ ‘ |
adjacent Mn octahedra, would be expected to induce two 6540 6550 6560 6570 6580
adjacent MAlll) sites into the MAV) lattice of CaMnQ. Energy (eV)

With this in mind, one can extract an estimate of the Mn- -5 1 Mnk edge for the Mdll) perovskite LaMnG, the

defect site spectral component by assuming that#88% ¢y oxygenated MiiV) perovskite CaMn@(referred to as)| and
Mn(1V) compc.)n'ent of the spectrum is unchanged from thag,e oxygen deficient CaMnQ; (5=0.11) (referred to as )l Mo-

of the fully oxidized CaMn@Q. [Note the 22% M(IIl) con-  tiated by the titration results, which estimate that about 20% of the
centration has been rounded to 20% since the method is onfyn, sites may be reduced to M) in the CaMnQ_; (6=0.11)
approximatel. The approximation of the defect-sitbS)  material, the defect sitéDS) difference spectruni(11-0.81)/0.2]
spectrum, by a weighted, renormalized difference spectrunwas plotted. Also the disparity betweds=0.11 (~22% reductioh

is shown in Fig. 1. One should note that the peak of theand the 20% reduction is neglected due to the approximate nature of
DS-difference spectrum is at the same energy as that of thée difference spectrum calculation.

DS=(II-.81)/.2)

Absorption Coeff.

'-iae CaMnO3 -i

[=}

5- |
1-4— CaMnO_, (5=0.11HI
4
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FIG. 2. MnK pre edge for the M@l ) perovskite LaMnQ, the . . .
fully oxygenated MIV) perovskite CaMn@ (1), and the oxygen Lattice parametersCaMnQ;_; crystallizes in orthorhom-

deficient CaMn@_, (5=0.11) (Il). The DS difference spectrum biC perovskite structure in space groBpm,.*’ The unit cell
[(11-0.81)/0.2] estimate is as discussed above. The three compoParametec and the volume increase with increasing quench-
nentsa,, a,, anda; of the CaMnQ pre-edge should be noted.  ing temperature, and henddsee Table)l This is consistent
with the increase of M(ill ) content and the increased effec-
tive ionic radius of Milll) (0.72 A relative to that of
Mn(IV) (0.67 A).%

Electronic properties.Figure 3 shows the variation of
upon O depletion. |Og1qp with 1/T for QaMnQ,S. All the compounds are

Inspection of Fig. 2 also reveals a distinct change in thesemlconductlng. Qualltatlve_Seebeck measurements fqr_these

samples shown-type behavior. The electrical conductivity

a-feature energy distribution in these materials. The;

Mn(IV)-CaMnO; S5=0 a feature can be seen to contain Ncreases and the activation energy decreases with decreas-
- s 0= I

three identifiable subfeatures,, a,, and a;. (Previous, |(r_1r%tc)>|>éyﬁ)enl:c;ﬂéercl)txovg:]tzgﬁr;g%? s;rtﬁTepse:ﬁgjrerse;iiseug?d
lower resolution work only identified thea, and a, Mn(lll)-d—Mn(lV) si%/e?s reduces the acﬁvation er:ler sub-
features’) The Mn(ll)-LaMnO; a feature consists of a gy

broad, much weaker, and apparently unresolved bimod ﬁtantlally. However, the XAS results indicate that the

structure. The LaMng) a-feature onset also has a modestetnéluglzl)hsa'f/ees fgaiéogﬁtggigsgicog%%?ln \(;?;recl)?]mr?o& ﬂorléegr?_e
but distinct shift to lower energy relative to the CaMnO X b bpIng

i - —Ea/kT — Ea/kT
a-feature onset. The DS-difference spectrum, in Fig. 2, manigUCtIVIty of the formo=(A/T)e (orp=TIAe ) to

fests this same distinct shift to lower energy, characteristic Ogdequately describe the resistivity of the,LaCaMnO;

the Mn(lll) character of the defect induced sites. Interest->YSteM forx=0-1.0 in the range 300-1000 K. The resuits

ingly the DS also shows a quite robust peddbeleda, ). presented here for théfo sample follow the same form'at
The enhancement of thig -feature intensityrelative to that the temperatures studied, however, gw0 materials devi-

of LaMnGQy) is consistent with the square-pyramidal environ-ate strongly at lower temperatur_es. There is a change in the
ment at the defect sité8.Namely, the enhancement of the slc(;pae_o(f) tlhle logo l\é(eFr.SUSS)lTTF;]IPt in the ?O._S?hK ran_g$ f_(:r
pd mixurs o such noncenvosymmer stes has bee 70 15 SIS, 5. TS shomay e e,
established to consistently enhance such transition metal prg- : 9 P y
edge featured! Seen near the same temperat(Fi. 4).

Thus both the main- and pre-edge XAS results provide(,vl)'vl""gnet'fC prtgpert|$stF|gure ;1' shO\;vsththe maglnetlz?thqn d
evidence of M(lll) behavior for the defect sites in the as a function ot temperature ot the samples studied.
CaMnQ;_; system. As noted, this stands in contrast to th
behavior of the La ,CaMnO; s, Mn-K XAS results
where distinct site behavior was not discernitfiénterest-
ingly, structural studies have shown that the highly
O-deficient CaMn@_;, 6=0.5 material forms a structure
where all sites are equivalent with this five coordinati®n.
Studies of the crossover to this ordered structure should be
quite interesting and are being pursued. It is worth noting

ground) In view of the established increasadeature inten-
sity with increasing Mn valenct, these observations are
again consistent with the reduction of ) to Mn(lll)

Between 150 K and room temperatuhé,follow the Curie-
SWeiss lawy=C/(T— 6,) (where a lineayy=M/H has been
assumefl The Weiss constant, are large and negative for
all of these phases, indicating AF interactidiiable Ill). As
noted previoush?® the magnitude of the, parameter, even

TABLE II. Electrical properties of CaMng@ 5.

i —2 -2

that the O-defect structure in this system stands in contrast to Composition Ea (10 "eV) Ea (10 "eV)
that in the SrCo@_ s system where the5=0.5 material CaMnQ, 7.07 (above 80 K

forms the Brownmillerite structure. Indeed ®0XAS stud- CaMnG; g4 3.38(above 65 K 2.46 (below 65 K)
ies show the segregation of four-coordinated|QeO defect CaMnO, gg 2.20 (above 60 K 1.33 (below 60 K

and six-coordinated Gb/)-O sites in this Co cas@.
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FIG. 4. Magnetization as a function of temperature for FIG. 5. Zero field and field cooled magnetization as a function
CaMnQ;_;. of temperature for CaMng ;.

in the §=0 material, is too high to be explained Brtype  Susceptibility atTy indicates that the anisotropy energy,
AF interactions. In CaMn@ , the O-Mn-O angle is 158° holding 'Fhe spms_along Fhe preferred dlre_ctlo_n, must have a
(not 180° as in the ideal perovskite structufBhis distortion 10w barrier for spin canting away from this direction. At
leads to AF order at 125 K, which exhibits spontaneous or~ O_K a _ZFC ceramic _CaMIjQSample will have many do-
low field spin canting and hence a weak FM component. Thénains with random orientations of the AF easy axes. When
Curie constant¢C) are larger than the expected values andthe field is increased, those domains for which the AF polar-
increase with decreasing oxygen contéfable Ill). This is  ization is perpendicular to the field, for which the canting
attributed to the occurrence of Mii )-Mn(IV) clusters with perpend|cular susceptibility is Iarge,. W_|II dominate the mag-
a ferromagnetic intracluster interactithAgain, however, Netic response. As the temperature is increased, the AF order
the continued largé), values do not evidence a longer range Parameter decreases, and some domains will reorient to an
FM component. axis pe_rpendlcular_ to _the a_ppl_|ed flel(_j, thereby yielding an
The local maxima in théVl(T) curves of the O-deficient INcreasing magnetization with increasing temperature. Even-
materials motivate consideration of magnetic frustration effually (with increasingT), most of the domains will be reori-
fects such as seen in spin-glass or mictomagnetic systems. fft€d and the decreasing AF order parameter will yield
Fig. 5 the field-cooled(FC) and zero-field-cooledzFC) ~ Smaller static spins to be canted, thereby leading to a de-
magnetization behavior of thé=0 and 0.11 materials both Creasing magnetization with increasing temperature. This is
show disparities. Specifically the ZFC for the fully oxygen- consistent with the broad maximum observed in the ZFC
ated CaMnQ first increases then tracks the FC curve de-Magnetization vs temperatuge-0 curve in Fig. 5.
creasing, as the temperature is raised. A similar, but larger N the FC case the AF domains develop beldy with
effect is seen in the O-defect materiéig. 5. Such behav- their AF pollarlz.at|on axes as cIo_se as possible to the trans-
ior is seen in spin glass and mictomagnetoncentrated Verse polarization anq with thelr canted moment parallel
spin-glass type materialsystems where it is attributed to With H. Thus the domains grow with the energetically favor-
magnetic frustration introduced by random competing mag@ble orientation of the high spin canting perpendicular sus-
netic interactions. Although it is reasonable that such effect§€Ptibility. The increasing temperature FC magnetization
may be present in the O-deficient materials, their rather rol #=0) therefore manifests only the weakening transverse
bust persistence in the fully oxygenated material makes suciSPonse that accompanies the AF order parameter decrease
an explanation more difficult. An alternate interpretation, (i-€-, N0 maximum occurs as the domains were grown trans-
based on irreversible AF domain spin canting effects, is preVerse- o , o
ferred at present. In the O-deficient material the ZFC mag_neuzatlon is still
The fact that theFC) magnetization of thiss-type AF ~ More strongly suppressed &&=0. Moreover in thes=0.11
material manifests a FM type increase bel@y indicates material even the FC magnet|zat!on .exh|b|ts. a local maxi-
field-induced spin canting in the AF phase aided by the spon?Um (as do thed =15kOe curves in Fig. ¥ This would be

taneous canting moment. The absence of an AF peak in tHeonsistent with the Mell)-O-Mn(IV) clusters having their
net spin aligned with the overall AF polarization axis. In an

external field, the preferred alignment of these clusters would
be along the external field direction. Thus the clusters would
hinder the field-induced transverse reorientation of the AF
domains thereby increasing the Icwdown turn in magne-

TABLE lll. Magnetic properties of CaMng 5.

Composition Ty (K)  C (emu/mol K) Mt 0, (K)

CaMnQ, 125 2.25 4.24 —472 tization, due to incomplete transverse polarization. The sup-
CaMnQ, ¢4 125 2.46 4.44  —494 pression of the small spontaneous cantiagH=0) in the
CaMnO; gg 125 2.99 489  —462 O-deficient materials probably also occurs. Moreover, the

breaks in the slope of the FC magnetization of the0.11
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5 materials the field flips selected spin layers. In these
[ CaMnQ,_; materials AF domain reorientation appears to be
important belowTy. The O vacancies appear to substan-
tially modify these domain effects. The MR could therefore
be related to AF domain scattering effe¢®mewhat remi-
niscent of GMR materia)s Further work is clearly required
to establish the exact mechanism of MR in CaMnQ

MR (%)

CONCLUSIONS

30
350 Titration and MnK XAS indicate the reduction of
ol Mn(IV) to Mn(lll) with increasingd in the CaMnQ_ s sys-
A , tem by the creation of two five coordinate Kih) sites per O
20 40 60 80 10 120 140 vacancy. The resistivity of the electron doped CaMn§
TK decreases as increases but remains semiconducting in the

range 20-300 K. The superexchange interactions that lead to

G-type antiferromagnetic ordering in th&=0, Mn(IV) ma-

. - . . ... terial still dominate in the O-defect materials, however, the

material may |nd|cate actual reorlentat_lon pha§e trans't'ons;A\F—domain canting appears hindered. Evidence of FM intra-
MagnetoresistanceThe magnetoresistance is defined as.|,ster MH{IV)-O-Mn(IV/) interactions are found in the Curie

MR=(py—p)/po, Wherepy andp are the resistivities a0t enhancement with increasingh large ~40% MR
and zero applied magnetic field. Figure 6 shows the MR as & demonstrated in CaMnQo

function of temperature for the CaMpO; materials. A
negative MR effect is observed below thg. However, MR
of CaMnGQ; is negligible. The concentration of Mihl) in-
creases with decreasing oxygen content and with it the pos- The authors thank Professor K. V. Ramanujachary and
sibility of local double exchange. The MR is, however, notDr. J. E. Sunstrom IV for their suggestions with experimen-
related to that seen at the paramagnetic-ferromagnetictal problems and useful discussions. The ICP analysis was
semiconductor-metal transition in double exchange materiearried out in the Chemistry Department of Rider College
als, where the MR is sharply peaked arouhd The MR  with the help of Dr. W. H. McCarroll. This work was sup-
here is more analogous to GMR materials where the MRported by National Science Foundation-Solid State Chemis-
grows with the AF order parameter beld.% In the GMR  try Grant Nos. DMR-93-14605 and DMR-96-13106.

FIG. 6. MR as a function of temperature for CaMn@.
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