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Irreversible electronic and magnetic transformations in colossal magnetoresistance compositions
close to charge ordering
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We report the measurements of resistivity and ac susceptibility in two colossal magnetoresistanace compo-
sitions (Lg _,CaMnO;,x=0.50, 0.52) close to charge ordering, which have been prepared in air. With time
and thermal cycling T<300 K) there is arnrreversibletransformation of the low-temperature phase from a
partially ferromagnetic and metallic to one that is less ferromagnetic and highly resistive. The time changes in
the magnetization are logarithmic in general and activation energies are consistent with those expected for
electron transfer between Mn ions. The data suggest that oxygen nonstochiometry results in mechanical strains
in this two-phase system, leading to the development of metastable states which relax towards the more stable
charge-ordered and antiferromagnetic microdomains.
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[. INTRODUCTION an insulator to a metallic state for compositions on the bor-
derline of charge ordering. These transformations have been
The unusual properties of the colossal magnetoresistan&een to be field and temperature induced and are cleatly
(CMR) manganites involve, in general, a combination ofversible After thermal cycling to above the charge ordering
charge, lattice, spin, and orbital degrees of freedofrA  regime, subsequent cooling reproduces the initial states.
typical formula for the perovskite-type CMR compounds is ~ Our recent experiments reported here on charge-ordered
A;_,B,MnO; whereA represents a rare-earth atoeng., La ~ COmpositions X=0.50 and x=0.52) of La_,CaMnO;
andB an alkaline eartle.g., Ca. For 0.2<x<0.5 the mate- manganites prepar_ed in air anq at sllghtly Iow_ temperatures
rials undergo an insulator-to-metallic and paramagnetic-to{ T <1400 °C) provide clear evidence fareversibletrans-
ferromagnetioc FM) transition. Forx>0.5 the materials are, fo_r.matlons W't.h'r.] _the low-temperature phase. Our suscepti-
however, insulating and antiferromagnet&FM), and dis- bility and resistivity measurements show the as-prepared

play a variety of charge and orbital ordering configurations samples initially exhibiting a ferromagnetic component at

. . . : . B low temperatures, in addition to the antiferromagnetic and
In the intermediate-doping regimgypically nearx=0.50) insulating component expected to be dominant in this com-

the comppunds can display both ferromagnetip and antifer'osition range. However, with time and/or thermal cycling
romagnetic and charge-ordered states, depending on the ety samples relairreversibly into a highly resistive state
mal and magnetic history and preparation conditions, €.gyith a pronounced decrease of the ferromagnetic-metallic
oxygen or air ambient and preparation temperatlf&slt  component. Our primary results show the presence of a two-
has been observed that those prepared in oxygen show strgfhase system which has a metastable ferromagnetic and me-
ger antiferromagnetic and insulating characteristics at lowajlic part.
temperatures while the same compositions prepared in air These results are unique in that no sucteversible
show relatively more ferromagnetic and metallic effects. Thechanges from one magnetic phase to anotbefrom metal-
exact oxygen concentration affects both the*Mn* ra- lic to insulating have been reported in the manganites until
tio as well as the prevalence of Jahn-Tell&T) distortions. now and they allow insight into the dynamics of the conver-
These latter have the effect of stabilizing the antiferromagsion of one phase into the other.
netic and charge-ordered configurations.
Phase separation in the manganites between hole-undoped Il. EXPERIMENT
AFM and hole-rich FM regions was theoretically predicfed
and a variety of measuremeHts® have lent support to this ~ The samples were prepared by the standard solid-state
scenario. For thex=0.50 composition both electron and reaction method. Powders of }@;, MnO,, and CaCQ
x-ray diffraction measuremerit§'®have shown the coexist- were finely ground and initially reacted at 1000°C. The
ence of ferromagnetism and charge ordering in the form opowders were reground and heated up to 1100 °C for 17 h in
microdomains. The FM-to-AFM transition is characterizedair. A final heat treatment was given to the pellets at 1275°C
by an evolution of the charge-ordered domains. Recenfor 17 h, again in air. The same procedure was adopted for
measurements have also shown the presence of metastabléhe preparation of various compositions of the type
states in the two-phase region of these compositions and tHea; - ,CaMnO;, for x=0.35, 0.48, 0.50, 0.52, and 0.55. The
conversion of one phase into another when pertusbedr-  x-ray patterns were studied for all the compositions. At room
nally. temperature all the compositions could be indexed to a te-
There is considerable literatdfeon the transformation tragonal unit cell, as reported previoudlyThe in-plane lat-
from a ferromagnetic to an antiferromagneanted and/or  tice constants decrease from 5.460 to 5.409 A svaried
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from 0.35 to 0.52, while decreases from 7.730 to 7.662 A resistivity between 81 and 160 K is evident from cufegin

over the same range. No unidentified peaks could be seen the figure. The final value of the resistivity was38 () cm.

any of the compositions, testifying to the structurally single-It is apparent that the low-temperature state becomes increas-
phase nature of the materials, at least at room temperaturégly insulating and the peak in the resistance shifts to lower
Forx<0.50 the samples exhibit the usual, i.e., paramagnetidemperatures, with time and thermal cycling. It may be noted
to-ferromagnetic and insulator-to-metal, transition, while forthat these changes in the conducting behavioiregeersible
x=0.55 the material is insulating and there is a clearin the sense that subsequent cooldowns from room tempera-
paramagnetic-to-antiferromagnetic transition. Thus, while alture to low temperatures do not recover the initial low resis-
the compositions are prepared under identical conditions ani@nce state of Fig. (8. Hence it is clear that the effect of
there is a smooth change of lattice constants with composthermal cycling has been to convert at least part of the me-
tion, it is only the compositions on the borderline of chargetallic microdomains into insulating or highly resistive ones,
ordering, viz.x=0.50 and 0.52, that display the anomalousleading to an overall increase of the resistivity.

transient or irreversible behavior described below. lodomet- The x=0.52 samplesee inset of Fig. Jldisplayed insu-

ric titration experiments were also performed to determindating behavior in the entire temperature range>(77 K)

the oxygen content of the compositions. We find that botreven in the as-prepared state, and the resistivity was
compositions have an excess of oxygen. For both composi=4000 () cm at 80 K. The changes in the resistivity with
tions La_,CaMnOs, 5 (x=0.50 andx=0.52) we obtain time and thermal cycling in this composition, though present,

6=+0.015. were much less pronounced-(+10%) as compared to the
dc resistivity was performed by the usual four-probex=0.50 composition.
method, in the temperature range<7¥<300 K. For all The dc magnetizationM (H) ] of these compositions was

measurements, resistive as well as magnetic, it is importaratlso studied. At 77 K anii=10 kOe we obtained for the

to distinguish between the response of the fresh samples axa=0.50 sample a moment of 2.44g/Mn while the 0.52

the samples that have been thermally cycled. They will besample had a moment of 0.94g/Mn. The same samples
referred to as as-prepared and thermally cycled, respectivelgfter repeated thermal cycling showed a pronounced de-
Figure 1 shows the resistivity of the=0.50 sample in vari- crease (25% and 18%, respectivelg the magnetic mo-
ous conditions(a) is for the as-prepared sample and is takenments. dc magnetization measurements as a function of tem-
while cooling down. Here the peak @&t-141 K is evident, peraturefM(T)] for the x=0.50 composition are shown in
below which temperature the decline is consistent withthe inset of Fig. 2. The field-cooled00 Og measurements
weakly metallic behavior. On waiting at the lowest tempera{Figs. 2g) and 2h)] showed a ferromagnetic transition at
ture 81 K, the resistance was observed to be increasing witround 220 K and a slight decrease in the moment starting at
time. The data labeledb) in Fig. 1 show the subsequent about 125 K. Zero-field-cooled measuremdirigs. 2k) and
resistive behavior on heating. The increased value of resi2(l)], on the other hand, showed a very clear transition into
tivity in (b) (at, e.g., the maximujof 23 ) cm compared to the antiferromagnetic state at low temperature, with

the corresponding value for the initial sta® of 18 A cm  ~170 K. On thermally cycling the sample a significant
is evident. The same sample was again cooled down frorfi~10%) decrease in the value of the low-temperature mo-
room temperature to 81 K and allowed to stay at the temment, compared to the initiéhs-preparedvalue, was notice-
perature for about 16 h. A very pronounced increase in thable. A decrease of the moment was noticeable when waiting
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for long periods of time. However, in the presence of antemperaturel.,. This would suggest that the magnetic and
applied dc field changes in the moment with time were toaresistive changes we observe are triggered by the onset of
slow to be accurately determined by us. We thus decided toharge ordering in the system.
investigate the irreversible changes taking place using weak The changes shown in Fig. 2 were an outcome of the
ac fields. combined effects of time and temperature. To separate out
ac susceptibility measurements were repeated on thrabe time dependence we measured the magnetic relaxation of
specimens for each of the compositions, starting from frestan as-preparex=0.50 sample, which was cooled down rap-
as-prepared samples for each one. The behavior reportédly by inserting it into the cryostat, precooled to 90 K. The
here was observed consistently in each of the specimens. Thiata were recorded for a period of 2 h, omitting the data for
ac technique has been described by us elsewfiéneFig. 2  the first 50 s, during which the sample may not be in equi-
(main figurg we show the data for the in-phase part of thelibrium. The ac susceptibility was observed to decrease sys-
susceptibility for thex=0.50 sample measured successivelytematically with time and the fit of the data to a logarithmic
over a period of 1 day. The initial dafé&ig. 2(a)] show a function
small plateau al ~200 K followed by a sharp rise down to
125 K below which there is again a small decrease in the
moment. The low-temperature decrease of the ac susceptibil- x' (V)= X0
ity is very similar to the dc magnetization behavior already
discussed. Also shown in Figs(8, 2(c), and 2d) are the o o
changes in the susceptibility as the=0.50 sample was IS shown in Fig. 3main figurg. Herey ) andt’ are param-
heated up to a particu|ar temperature below 200 K and theﬁters Obtai-nEd from the fit. It -Can be seen that the fit is in
cooled down again. It is apparent that with time and therma@eneral quite good. From the fit to Ed) we obtain the rate
Cyc"ng the|ow-temperaturgnoment decreases to about 55% of relaxationS=0.052. Logarithmic relaxation has been ob-
of its initial value while there is virtually no change above served in spin glass systems and a mixture of small ferro-
190 K. The ferromagnetic component of the total moment ig’nagnetic particleg(.) It has been attributed to the distribution
apparently substantially weakened and the antiferromagnetff energy barriers separating local minima, which correspond
regions expand, with concomitant decrease of conductivityto different equilibrium state$. For typical thermal activa-
as discussed earlier. The measurements in Fig. 2 were také&@n with relaxation timer= r, expU/kgT) and for the spe-
over a period of 10 h and it was noticeable that after thecial case of activation barrield distributed uniformly in a
temperature had been cycled several times to above 200 KangeU;<U<U,, one obtain& logarithmic relaxation in
there was no further change in the low-temperature behaviothe intermediate time regiom <t<r,. Here v, and r, are
Thus it is noted that similar to the case for the resistivitythe relaxation times corresponding to the activation energies
discussed above, the effect of thermal cycling has been t&/1 andU,, respectively. In this limit, the rate of relaxation
decrease the ferromagnetic component of this two-phase sys-
tem in an irreversible way. Subsequent cooldowns from high 1
temperaturé300 K) do not recover the initial state. As men-
tioned above there are no changes in the magnetization
above 190 K. Gongt al.'’ discuss the fact that the charge- herem, is the initial moment, approximatésto
ordered lattice begins to melt at around 160 K in this com-
position and the process is completed at around 200 K. It 1 kT
therefore appears that the changes we observe in the magne- S~ = B ]
tization are confined to the region below the charge ordering In(72/71) (Uz—=Uy)
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The relaxation rate can thus be u$etb obtain an ap- netic alignment at lower temperature. The occurrence of the
proximate width of the distribution of activation barriers, antiferromagnetic behavior is consistent with the sharp in-
W=U,—U,. From the value ofS measured at 90 K we crease in resistivity we observe below 200 K, as well as with
obtainW=149 meV. Thus the effective range of activation the reported charge ordering in this composition with,
energies corresponding to the observed relaxation of the-190 K (on warming. The nonmonotonic temperature de-
ferromagnetic-conducting part is seen to be comparable tpendence of the susceptibility in our as-prepared samples is
the values quotéd in general for activation energies re- very similar to that reported, e.g., by Goegall’ for the
quired for electronic rearrangements in oxides. low-field dc magnetization of their 0.50 sample. They do not

Figure 4(inse) shows the in-phase part of the suscepti-refer to any transient behavior, however.
bility x' for one of the as-preparex=0.52 samples. The Figures 4a)—4(f) are the changes in the susceptibility as
data are taken during warming up from 80 K. The susceptithex=0.52 sampldas preparedwas heated up to a particu-
bility peaks at about 216 K, followed by a decline until aboutlar temperature below ., and then cooled down again. It is
160 K, which is followed by another increase in the momentapparent that the low-temperature moment, in the ferromag-
At 81 K the moment has increased by about 50% over thaetic region, decreases successively until the uptury' irs
minimum value attained at 160 K. This is consistent with ancompletely eliminated and an almost temperature-
antiferroalignment starting at 126 K and continuing until independent behavior is seen. It was again noticeable that
160 K, which is followed by redomination of the ferromag- after the temperature had been cycled to above 200 K there
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was no further change in the low-temperature behavior. Furtortions which are understood to stabilize the charge-ordered
ther no thermal cycling or relaxation effects were observedtate. The magnetic relaxation experiments give further con-
for T>170 K. Magnetic relaxation of an as-preparegd firmation of the relation between the passage through the
=0.52 sample at 83 Kinset of Fig. 3 yielded the activation temperature region close f.,, on the one hand, and the
energy distribution widthwW=106 meV. It is noticeable initiation of the transformations, on the other.
looking at the activation energy rany¥ measured in these We note that there have been a number of studies on
compositions that they are comparable to the energy dap 2 50-50 compositions which have not shown the behavior we
measured opticalfy (82 me\) as well as to the typical acti- report. We believe that the unusual behavior of our samples
vation energies measured resistietyr thex=0.50 compo- may stem from the relatively low-temperature annealing
sition. It would thus appear that the electronic rearranget1275 °Q. This is understood to result in excess oxygen re-
ments between Mn ions, at least at low temperatures, occuention. The presence of excess oxygen is borne out by io-
over energy barriers with a distribution width comparable todometric titerations on our samples. The effect of excess
the gap in the electronic density of stafés. oxygen is to create cation vacanctés? The effect of these

We recall that the structural studfest low temperatures vacancies is both to create an excess of'Mtholes in the
clearly show the development of static JT distortion of thesamples and also to develop mechanical strains in the lattice.
oxygen octahedra fof <220 K and the lattice parameters These combine to inhibit the prevalence of the antiferromag-
change significantly down td~150 K. Our magnetic re- netic and charge ordering usually seen in these compositions
laxation experiments establish an interesting connection beand the system develops phase seperation with the coexist-
tween the magnetic relaxation and the creation of a metaence of the ferromagnetignetallic) and charge-ordered do-
stable state on passing through the temperature region @fains, initially. The question then is what causes the meta-
pronounced Jahn-Teller activityT&220 K). After anx  stability of the ferromagnetic phase in this two-phase
=0.50 sample had apparently relaxed to equilibrium at 12%ituation. We believe that the presence of mechanical strains
K (relaxation was no longer measurabiewas reheated to is crucial to understanding the behavior. Podzoemal!®
250 K. On cooling down to 125 K again, renewed relaxationhave argued that a metastable phase arises in the two coex-
was noticeable. What is very significant here is that cyclingstant phase compositions due to the strain induced by the
of temperature through the region of high Jahn-Teller activitylattice mismatch between the two phases. These strains are
apparently initiates further instability. Thus the conclusionfurther enhanced by the Jahn-Teller distortion which occurs
we draw is that each time the sample is cycled through thigvithin the charge-ordered regions but is absent within the
region it produces additional microstructural changes and théerromagnetic ones. Milligt al*® showed that biaxial strain
consequent instability further triggers a relaxation towardslue to the Jahn-Teller distortion could lead to the localization
the eventual stable state, which is more antiferromagnetiof charges and a decrease of the Curie temperature. Thus a

and insulating. plausible explanation is that upon thermal cycling, the Jahn-
Teller distortion of the MA™ Og octahedras increases the in-
IIl. DISCUSSION AND CONCLUSIONS terfacial elastic energy between microdomains of the two

phases, and the system relaxes to lower energy by growth of

It is clear that the changes in the magnetic and resistivghe charge-ordered and antiferromagnetic regions. This is
state of our samples show a metastable condition in the tentonsistent with our results where the sensitivity of the ferro-
perature region where charge ordering and antiferromagnetigagnetic to antiferromagnetic and insulating behavior is
behavior would be dominant. This is in line with the phasec|ose|y linked to cycling through the Jahn-Teller region, as
separation scenariowhere the ferromagnetignetallic) and  discussed above. In conclusion we have seen that in the two-
antiferromagnetic(insulating phases coexist. Our experi- phase systems there can be a spontaneousraweérsible
ments show the conversion of one of the phases into thandency for the conversion of one of the phases into another
other. With increasing time the increase in the resistivity an(ﬂue’ most probab|y’ to the presence of strains associated with
the decrease in the ferromagnetic part, as well as the meghe mismatch of the two phases. Further experiments are in
sured activation energies of the changes, are consistent wiltogress to observe if the initial metastable state can be re-
the transfer of electrons from some of the Mrions to some  attained after high-temperature thermal annealing in an oxy-
of the Mrf*" ions such as to make more of the system charggyen or air ambient.
ordered and insulating. In other words, more of the ferro-
magnetic microdomains convert into antiferromagnetic and
charge-ordered regions. It is noticeable that the changes in
the susceptibility only occur for the region beloWw We would like to thank M. Akhtar for providing the x-ray
~200 K, where the Jahn-Teller effects create the lattice disdiffraction data.
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