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We report the tuning of oxygen content of J4&£& MnO;_, and its effect on electrical transport and
magnetic properties. A small reduction of oxygen content leads to a decrease in sample resistivity, which is
more dramatic at low temperatures. No significant change is seen to occur in the magnetic properties for this
case. Further reduction in the oxygen content increases the resistivity remarkably, as compared to the as-
prepared sample. The amplitude of the ferromagn@i) transition at 225 K decreases, and the antiferro-
magnetic(AFM) transition at 130 K disappears. For samples wjith0.17, insulator-metal transition and
paramagnetic-ferromagnetic transition occur around 167 K. The results are explained in terms of the effect of
oxygen vacancies on the coexistence of the metallic FM phase and the insulating charge ordered AFM phase.
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INTRODUCTION from the small energy difference between them. Thus it is
also interesting to study the effect of the oxygen content on
The hole doped rare-earth manganites_,A,MnO,;,  the energy balance in the system, and thereby on the coex-
whereL andA are trivalent lanthanide and divalent alkaline- istence of these two phases.
earth ions, have become the subject of intense research be- In this paper, we report the electrical transport and mag-
cause of their importance for both fundamental issues imetic properties of La:Ca sMnO;_, with different oxygen
condensed-matter physics and the potential for applicacontents. Upon decreasing the oxygen content, the resistivity
tions~* It has been shown that spin, charge, and lattice ardecreases, especially at lower temperatures, while the mag-
strongly coupled in these compoufidsleading to various Netic property does not show an obvious change. When fur-
properties in the phase diagram bof ,A,MnO5.8 One of ther reducing the oxygen content, the resistivity of the

the most interesting features encountered in the phase digfrj‘éngree dlggrrialsssanddr?rr?eag(r:r?ul)i/tugz oﬁhmeplirl\icirz;r?si:igi daes-
gram for the ground state of lL.a,CaMnO; is the change prep p'e, P

. . : creases in addition to the disappearance of the AFM transi-
from ferromagnetidFM) to charge ordering antiferromag- tion. Insulator-metal and paramagnetic-ferromagnetic

netié: (AFM) insulator when the Ca doping amount Crossesansitions were observed around 167 K in the sample with
0.5 Clearly, the phase boundary compoun @& sMnOs  y_ 17, The results clearly reveal the crucial role played by

is very unique, and not surprisingly, is the focus of greatyyygen content on the coexistence of the FM metallic and
scientific interest-?° It has been shown that upon lowering charge ordered AFM insulating state.
temperature, this compound first undergoes a paramagnetic

(PM) to FM phase transition at.~225K and then to a
h EXPERIMENT
charge ordering AFM phase @t~ 155 K.21%2"The charge
ordering state can be destroyed by magnetic figfdx-ray The Lg sCa sMnO5; samples were prepared by solid state

irradiation®® and Mn site doping with 1% C***However,  reaction method using high purity k@;, CaCQ, MnO,

it is not known how robust is the charge ordef@D) state  powders with appropriate atomic ratio. The mixed powder
with respect to decrease of oxygen content. Decreasing thgas ground and calcined at 1050 °C several times. The cal-
oxygen content would increase the #MMn** ratio in the  cined powders were then pressed into pellets and sintered at
series Lg sCa MnO;_,, and fory=0.25, the sample would 1300 °C fa 8 h in airfollowed by slow cooling. In order to
have 100% MA". For intermediate values,<0y<0.25, the  reduce the oxygen content of the samples, we annealed the
Mn®*/Mn** ratio would vary inversely to that in samples in flowing B with graphite powder placed near the
La; _,CaMnO; as a function ok. Accordingly, in principle, samples. The oxygen contents of the samples were measured
one could expect to simulate the properties of theby titration method® and the oxygen content was found to
La; ,CaMnO; system in LgsCasMnO;_, by changing be reproducible within=0.005. The phase analysis of the

y. Recently, it has been shown that metallic FM phase coexsamples was performed using a Rigaku D/max-RB x-ray dif-
ists with the insulating CO AFM phase in the low- fractometer with Cuka radiation. The electrical resistivity
temperature state of LaCagMnO; at the microscopic was measured by the four-probe method. The ac susceptibil-
level 101113.15The coexistence of these two phases originatesty was measured from room temperature down to 77 K. A
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() FIG. 2. Temperature dependence of resistivity for different
Lag s<Ca sMNO;_, samples(A) as-preparedB) annealed at 600 °C
0Ok »«_Ju_JUM"LAJJLM in flowing N, for 12 h with the graphite powder neark) an-
L T nealed at 800 °C in flowing Nfor 12 h with the graphite powder
20 40 60 80 nearby. The inset gives the temperature dependence of resistivity
20 ( © ) for samples annealed at 800 f€urve Q and 850 °C(curve D for

12 h in flowing N, with the graphite powder nearby, respectively.
FIG. 1. X-ray-diffraction patterns of the kaCasMnO;_,
samples of(a) as-prepared(b) 850 °C annealed, an¢t) 900 °C

Below 800 °C, the resistivity of the samples decreases with
annealed.

the increase of the annealing temperature, especially at low

ducti . d temperatures; while the resistivity for the 850 °C annealed
superconducting quantum interference devQUID) mag-  gsympe increases dramatically. An upturn of resistivity is

netometer was used to measure the temperature dependen&q:@aﬂy observed for all the samples around 130 K, which

of magnetization with samples mounted in a plastic s0dgresponds to the charge ordering temperature. This tem-
straw. The magnetic field was parallel to the sample surface,qatyre for resistivity upturn corresponds well to the tem-
Both zero-field-cooling(ZFC) and field-cooling(FC) data  eratyre at which the ac susceptibility drops due to the AFM
were recorded. transition(Fig. 4). In Fig. 2, it can also be seen that a shoul-
der appears at 175 K for the annealed samples, and is promi-
RESULTS AND DISCUSSION nent for the 850 °C annealed sample.
) ) ) Figure 3 gives the temperature dependence of resistivity
Figure 1 shows the x-ray-diffraction patterns of @  \yith warming and cooling for the as-preparéshmple A,

as-prepared(b) 850 °C annealed, antt) 900 °C annealed ggg-°c annealedsample G, and 850 °C annealetsample
Lag 5Ca sMnO;, samples. It can be seen that the x-ray-p) samples, respectively. A hysteresis is clearly observed
diffraction pattern of the 850 °C annealed sample is similaty ound 130 K for all three samples, and this hysteresis is
to that of the as-prepared sample, indicating that no structurggnsjstent with the first-order charge ordering phase transi-
change occurs, although the oxygen content for the 850 °Gon. Even for the shoulder at 175 K, a small hysteresis is
annealed sample is reduced remarkably as shown be|0‘ﬁresent.
However, the x-ray-diffraction pattern of the 900°C an-' shown in Fig. 4 is the temperature dependence of ac sus-
nealed sample shows dramatic change as compared to that&fptibility for the as-preparetsample A, 600 °C annealed

the as-prepared sample, suggesting that a structure change(ggmme B, 800°C annealedsample G, and 850°C an-
decomposition of LgsCa, sMnO;_,, occurred due to the re-

duction of the oxygen content. The oxygen content of the
as-prepared, 800 and 850°C annealed samples are 3.013,
2.996, and 2.785, respectively, as determined by the titration
method. Therefore annealing at 800 °C does not reduce the
oxygen content of the sample very much, however, annealing
at 850 °C dramatically reduces the oxygen content of the
sample.

Figure 2 shows the temperature dependence of resistivity
for different samples. Sample A is the as-prepared
Lag sCa sMnO;_, sample, sample B is the sample annealed o
at 600°C for 12 h in flowing N with graphite powder L . ' : . :
nearby, and sample C is the sample annealed at 800 °C for 12 0 50 100 15}(()K)200 250 300
h in flowing N, with graphite powder nearby. The inset gives
the temperature dependence of resistivity for the samples an- FIG. 3. Temperature dependence of resistivity with warming
nealed at 800 °Gcurve Q and 850 °C(curve D) for 12 hin  and cooling for the as-preparetsample A, 800°C annealed
flowing N, with the graphite powder nearby, respectively. (sample ¢, and 850 °C annealeample D samples, respectively.
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FIG. 4. Temperature dependence of ac susceptibility for the as- E I )
preparedsample A, 600 °C anneale(sample B, 800 °C annealed R sl
(sample @, and 850 °C(sample D samples, respectively. = H =500 Oe
0 L .'i—

nealed(sample D samples, respectively. It shows the FM 0 00 200 300
transition around 225 K and the charge ordering AFM tran- T(K)

sition around 130 K. Below 800 °C, the amplitude of the FM

transition increases with the increase in the annealing tem- FIG. 6. Temperature dependence of magnetization for the
perature, while the drop of ac susceptibility, which is relateds850 °C (sample D annealed sample with different magnetic fields.

to the AFM transition, does not change. Surprisingly, both
the FM and AFM transition temperatures remain unchange

Far th_e 8.50 °C annealed sample, the amplitude of the F hifts to lower temperature for the ZFC curve measured with

transition Is sm_aller than that of f[he as-prepared sample, as00 Oe, and becomes less prominent. It is also noted that the
though T, remains the same, while the drop of ac suscepti-

- . . ZFC and FC curves show a large difference for the data
bility related to the AFM transition disappears. It should beob'[ained under 200 Oe, and this difference decreases for the

pointed out that charge ordering transition exists in theZFC and FC curves obtained under 500 Oe. The irreversible

850°C annealed samp[e as shown in the resistivity data. Tht%mperature, defined as the temperature at which the ZFC
absence of AFM transition and the presence of charge orde ind FC curves begin to separate, also decreases from 239 to

ing in the 850°C annealed sample may indicate that AF 02 K. The behavior is similar to that of a canted AFM or a

transition and charge ordering do not necessarily occur si- ; ; ;
. . cluster glass, which can be described as ferromagnetic clus-
multaneously. We also got a sample wiyh=0.17. This g g

le sh insulat tal t " q i ters embedded in a spin-glass matrix. Oxygen vacancies in
sampie shows insuator-metal transition and paramagneliGpe sy ctyre could produce competing magnetic interactions

frer:_romagr?et}c trlgnsmhon at aroun,\(/lj 1§7 Kas shlown n Fi;,g' 5as well as ferromagnetic clusters, making the sample mag-
is result implies that LgCa sMnO;_, samples can be netically disordered.

driven into the CMR region by tuning their OXygen Contents. ., orger to show that the effect of annealing on the elec-
In order to further check the magnetic property of theyo| yansport and magnetic properties is really due to the

850°C _anr_1ea|ed sample, the temperature dependence duction of oxygen content rather than the thermal effect,
magnetization was measured using a SQUID magnetomet e also annealed the samples in flowing oxygen without

\?vgtrg fgég}f(;(aelg-clgioILIJT’S(S%;C;nadn(%)flsel!]?)-vc\:loglglgtéfn(:)e?;t:re graphite powder _ngarby. Figure 7 shows the temperature de-
- lguresid P endence of resistivity for the as-prepared sample, and the

dependence of magnetization for the 850 °C annealed samp, &mple annealed at 850 °C in flowing @r 12 h. The inset
(sample ) with different magnetic fields. The ZFC curve shows the temperature dependence of ac susceptibility for
the two samples. The results suggest that annealing in flow-

easured under 200 Oe shows a very broad peak. This peak

sl 140 ing oxygen does not change the electrical transport and mag-
netic properties of LggCa sMnO;_, in contrast to the re-
6f 130 _ sults on samples annealed in flowing nitrogen with graphite
@ £ nearby. Therefore it can be concluded that the variation of
E 4 120 o the electrical transport and magnetic properties of
= 110 = Lag sCq sMNnO;_, annealed in flowing nitrogen with graph-
ite nearby is caused by the reduction of oxygen content in the
of {0 samples.

Currently, evidences about inhomogeneity in both the
CMR and the charge ordered samples are accumula-
ting.142334-3¢ pairing of charge ordering stripes in

FIG. 5. Temperature dependence of resistivity and magnetizatLa,Ca)MnQ was reported by Moret al** It was shown
tion for sample withy=0.17. that pairs of MA* Oy stripe with associated large lattice con-
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J A-m T T T TABLE I. Resistivity at 280 and 100 K, ane(100 K)/p(280 K),
16 & 1 for different samples.
5 20
Ke)
12 ¢ 8 19l . Sample p(100 K)/p(280 K) p(280 K) (2cm) p(100 K) (2 cm)
E ol % 18 ] A 29 0.399 11.749
) < 17 B 25 0.312 7.800
o g4l C 1T5(°K§0° 250 300 | Cc 16 0.307 4.896
) S D 17 4.800 80.410
Or 4
50 1(')0 150 260 250 3(')0 sample with y=0.17, insulator-metal and paramagnetic-
T(K) ferromagnetic transitions occur at around 167 K. Moreover,

the AFM transition disappears. These results can be under-

FIG. 7. Temperature dependence of resistivity for the as-stood more naturally in terms of the phase-separation model.
prepared sample and the sample annealed at 850 °C in flowing O For the as-prepared sample, both the FM phase and the CO
The inset shows the temperature dependence of ac susceptibility f{FM phase are present. The former is more conductive than
the two samples. the latter. Annealing below 800 °C results in a small amount

of oxygen content reduction, as shown by the titration mea-

tractions due to the Jahn-Teller effect were separated periodsurements. Oxygen content reduction has two effects. One is
cally by stripes of nondistorted M Og octahedra. The pe- decreasing the ratio of MiA/Mn®" to drive the system to
riodicity adopts integer values between two and five timeshe CMR region, since LgCa sMnO is the phase boundary
the lattice parameter of the orthorhombic unit cell, corre-compound. Another effect is to introduce oxygen vacancies
sponding to the commensurate doping levels with:, 2, in the Mn-O network, which is important for conduction, and
3 andi. Mori et al. also got the coherence lengths of the results in the local distortions in the structure. The oxygen
charge ordering stripes for La,CaMnO; with differentx. content reduction destroys some part of the CO AFM re-
Moreover, small regions without charge ordering were alsayions. As a result the fraction of the FM regions increases,
found in the sampléS and these regions may be related toleading to the decrease of resistivity, and the increase of the
the ferromagnetic metallic clusters. Uehataal>* system- FM regions for the samples. For the sample wjts 0.17,
atically studied the Lgg ,Pr,Ca;sMnO; compounds and the insulator-metal and paramagnetic-ferromagnetic transitions
results show that these compounds are electronically phasecur. For the sample with=0.215, the dramatic reduction
separated into submicrometer-scale mixture of insulating reef oxygen content induces strong distortion in the structure
gions (with a particular type of charge orderingnd metal- of the sample. As a result, the AFM transition is suppressed,
lic, ferromagnetic domains. Very recently, it was shown thatand the FM magnetic structure changes to canted AFM or
the CMR effect can also be explained by the phase separapin glass. It is noticed that for the samples annealed above
tion model®” Levy et al. studied the electrical transport and 800 °C, the AFM transition is suppressed, however, the CO
magnetic properties of laCa, sMNnO; with different grain  state still exists. Therefore the system becomes charge or-
sizes, and the results show that the fraction of the ferromagdered and spin disordered. This implies that the AFM and
netic phase gradually decreases as the grain size increasebarge ordered states may not necessarily occur concurrently.
while the amount of the antiferromagnetic charge ordered It has been shown that oxygen content reduction has a
phase increasés.The results are explained in terms of the similar effect on the electrical and magnetic properties as the
influence of the defective structure at the grain surfaces odecrease of Mh"/Mn3" ratio via decreasing the Ca doping
the phase separation, because the defective structure at thén La;_,CaMnOs for x<0.3338 Very recently, we showed
grain surfaces results in the formation of the ferromagneti¢hat the electrical resistivity of LaCa ¢gMnO;_, increases
phase, and the effect is gradually removed with increasingipon oxygen content reductidf.In the present work, the
grain size. resistivity of Lg sCa sMnO;_, first decreases with oxygen

The results of our present work can be summarized asontent reduction, and then increases dramatically with fur-
follows. The resistivity of the LgsCasMnO;_, samples ther oxygen content reduction. Therefore it seems that the
with small reduction of oxygen content decreases with thesffect of the oxygen content variation on the properties of
increase of the annealing temperature, however, the charde, ,CaMnO;_, really depends on the Ca dopingor
ordering temperature remains unchanged. While the ferroMn**/Mn3* ratio before oxygen reduction, and the behavior
magnetic signal in the ac susceptibility measurements inean be quite different for different Ca doping. The resistivity
creases with the increase of the annealing temperature, tlier the polycrystalline samples is determined by two contri-
temperatures of FM and AFM transitions remain unchangedbutions, i.e., contribution from the intragrain regions, and the
In contrast, the resistivity of the samples with further reduc-contribution from the intergrain regior(grain boundaries
tion of oxygen content increases dramatically compared tdhe effect of oxygen reduction may first occur around the
that of the as-prepared sample, and the charge ordering tergrain boundaries and the surface layer of the grains. Further
perature remains unchanged. Correspondingly, the ferromageduction extends the effect to the inner part of the grains.
netic signal in the ac susceptibility measurement decrease$able | shows the resistivity at 280 and 100 K, gnd00
although the FM transition temperature does not change. Fa()/p(280 K) for Lay <Ca sMnO;_, samplesA, B, C, and D
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as defined in Fig. Rwith different oxygen contents. From This clearly shows that besides the M#Mn*" ratio, other
sample A to sample C, both the resistivity and the resistivityfactors, such as the electron-phonon interaction and spin in-
ratio p(100 K)/p(280 K) decrease, which indicates that the teraction are also important in the control of the various
electrical transport property of the percolation route of theproperties of manganites. It should be pointed out that a dif-
current changes upon oxygen reduction. While from samplég ent phase diagram can be obtained fof L&aMnO;_,

C to sample D, the resistivity increases, but the resistivityyii |ess oxygen content if one anneals LaCaMnO;_, at
ratio p(100 K)/p(280 K) remains unchanged, this suggests, certain temperature in flowing,Nwith graphite powder
that the electrical transport property of the percolation rOUteﬁearby.

of the current does not change, however, the amount of | summary, we have studied the electrical transport and

the conductive phase or routes decreases. Thus the reducti%gnetic properties of l,aCa, gMnO;_, with different oxy-
of oxygen content changes the coexistence of the conductivean contents. The resistivity of the samples decreases with

FM phase and the insulating charge ordered AFM phase. Emq)| reduction of oxygen content, while the magnetic prop-
should be menﬂgned Tf‘t for iﬁmp'e D 6]5@30-5'\"202-785)_' erty does not show obvious change. Further reduction of
the ratio of Mrf*/(Mn*" +Mn*") is close to 93%, which oxygen content leads to a dramatic increase in resistivity,

is comparable to that of ladCaMnO;. However, gecrease in the amplitude of the ferromagnetic transition at
La.9dCa,0MNO; should be a ferromagnetic insulator ac- 225 K, and the disappearance of antiferromagnetic transition

cording to the phase diagram with, about 125 K, charge 4t 130 K. Insulator-metal transition and paramagnetic-
ordering temperaturé, about 60 K, ang(100 K)/p(300 K)  ferromagnetic transition occur around 167 K for the sample
larger than 900° These property features are quite differentyit y=0.17. The results are explained in terms of the effect
from those of sample D, whose MVMn*" ratio is compa-  of oxygen content on the coexistence of FM metallic and

rable to that of LgodCayoMnO;. For LaysCasMnO,e3,  charge ordered insulating AFM phases.
the ratio of Mr*/(Mn*"+Mn3") is close to 84%,

comparable to that of L@gLCa1MNO;. However,
Lag gLa 1IN0 is a ferromagnetic insulator, in contrast to
the electrical transport and magnetic properties of
LagsCa sMNnO, g3, which shows insulator-metal transition  The work at Maryland was supported under NSF-MRSEC
and paramagnetic-ferromagnetic transition around 167 KGrant No. DMR-00-80008.
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