PHYSICAL REVIEW B VOLUME 54, NUMBER 14 1 OCTOBER 1996-II

Thermopower and nature of the hole-doped states in LaMn@
and related systems showing giant magnetoresistance
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We have measured the thermopows) 6f hole-doped LaMn@ systems in order to see its dependence on
the Mn** content as well as to investigate other crucial factors that deterSiivée have carried out hole
doping(creation of Mrf* by two distinct means, namely, by the substitution of La by divalent cations such as
Ca and Sr and by self-doping without aliovalent substitytidrne thermopower is sensitive not only to the
hole concentration but also to the process employed for hole doping, which we explain as arising from the
differences in the nature of the hole-doped states. We also point out a general trend in the deperf8ence of
hole concentration at high temperatur@s>(T.), similar to that found in the normal-state thermopower of the
cuprates[S0163-182606)52638-X]

Observation of giant magnetoresistaf@MR) in perov- S, It is the purpose of this paper to demonstrate that the Mn
skite oxides of the typ&,;_,A,MnO5 (whereR = La, Pr,  ** content is not the only factor which determir@snd the
Nd, etc., andA = Ca, Sr, Ba, etg.has created renewed method of doping also appears to be important leading to
interest in the structural, magnetic, and electronic transporjualitative differences.
properties of these materidis! The electrical transport and Samples used in the present study are polycrystalline ma-
magnetic properties depend on the fncontent® as well  terials prepared by the sol-gel technique. The ambient of
as on parameters such as the averAggte cation radius annealing(nitrogen, air, and oxygerwas varied to control
((ra)), here theA site refers to theA site of the perovskite the ultimate oxygen stoichiometrior the relative oxygen-
oxide? ' Recent studig¢d~1° of thermopowerSeebeck co- cation ratig. The details of the sample preparation have been
efficient, S) show that the thermopower can have both signgiven elsewheré>*® All the samples were characterized by
depending on the temperature and the degree of substitutiofaray diffraction, resistivity, and ac susceptibility as well as
by the divalent cationX) which along with the oxygen sto- redox titrations for determination of the exact Kncontent.
ichiometry determine the Mh" content and hence the re- The Seebeck coefficienSf was measured by the standard
sulting carrier concentration. This observation clearly indi-dc technique. We will show that the exact determination of
cates that the carriers are of mixed typelectron and the Mn** content is extremely important and this will ex-
holelike) in these materials. plain the recent conflicting repottst of thermopower ob-

The Mn** content(referred to as hole concentratjoim served in films of these oxides which are mostly uncharac-
these materials can be controlled by two different meébs: terized as far as the determination of the Mncontent is
substitution by a divalent cation ari@) by the change in the concerned.
oxygen stoichiometry. While substitution of & by diva- In Fig. 1 we show the temperature dependenc& dér
lent cation increases the M content, a decrease in oxygen three materials which have the same nominal composition
content from the stoichiometry.e, oxygen contentc3) in-  (LagLCagMnO3) but differing Mn** content created by
creases the MH" content. Alternatively, creation of cation varying the annealing ambient. The materials, annealed
deficiency(i.e, an increase of the relative oxygen to cationat the same temperatut@273 K) for 24 h, have the same
ratio which is occasionally referred to as oxygen exgats  average grain sizéin excess of 1.5um). The as-prepared
leads to an increase of the Mih content. The creation of Sample (referred to as sample) lannealed in air has a
cation vacancyboth in the La and Mn siteéoccurs during  Mn** content of 34% implying that it has a higher oxygen-
the high-temperature annealing of these oxides. We term thigation ratio(or cation vacancigssince for exact stiochiom-
latter method to “self-doping.” Thus two samples of man- etry the Mrf** content should be 30%. Sample II, prepared
ganates can have the same average41\/|nontent but can by annealing in nitrogen has 26% Kih and a slightly lower
show differences depending on the method of doping whiclpxygen-cation ratio. Sample Ill, annealed in oxygen under
gives rise to the differences in the nature of hole-doped statdbe same condition has 37% Nih and hence a large
arising from differences in the microscopic details. This as-0xygen-cation ratio. In the inset of Fig. 1 we show the resis-
pect of the nature of the hole-doped states is not qualitativel§ivities (p) and the ac susceptibilitiegf. While the magni-
perceptible in other measurements like magnetization, resigude of p changes substantialy by changing the ¥n
tivity, or even magnetoresistance. However, as shown belowontent there is relatively little change both in tig and
this difference reveals itself clearly in the Seebeck coefficienthe temperature at whicp shows a maximumwhich is
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Lag /Cay MnO, with 34% Mn**. Inset: Thermopower of self-
FIG. 1. Thermopower data of lgCa;MnO; samples with doped rhombohedral l@d\ﬂno-%o?’, with 249 'XL”H (marked
varying Mn** content. The different Mii" contents are created by and LggCap MnO; (marked V) with 24% Mn™.
varying the annealing ambient. The inset shows the resistivities and
the ac susceptibilities. similar Mn** content. This is particularly severe at the low-
est temperatures where the self-doped samples show large
around 250-270 K The value ofS, however, is extremely positive thermopower which increases &sis decreased.
sensitive to the MA™ content and becomes more negative asAlso the peak near thd. is very prominent for these
the Mn** content is increased. The crossover from positivesamples. For sample | the sign 8fis negative while it is
S to negativeS occurs for M+ at around 30%. This is in always positive for samples IV and V. Thus the fncon-
agreement with previous observatibh¥where hole doping tent is not the only factor determinirg This observation is
had been carried out by substitution. Thus samples with aignificant and is useful to elucidate the nature of carriers and
similar Mn** content have qualitatively similé&8 as long as  charge transport in these materials.
the the doped states are created predominantly by substitu- The thermopower becomes negative as the'Moontent
tion. (There are a number of contributions which give rise toincreases in La ,Ca,MnO5;. We want to investigate if the
the rather complex temperature dependencs. dhe differ-  trend continues in the Ca-rich end where the sample
ent contributions which are likely to contribute ® have loses ferromagnetism and becomes an insulator over the
been discussed befor. entire temperature range. In Fig. 3, we shdv for
We now consider the samples where the hole doping haksa, ;Ca, MNO; (with Mn4" content= 86%).S is large and
been don@nly by “self-doping.” The thermopower data are negative. It has a shallow temperature dependence for
shown in Fig. 2. Samples IV and V have been prepared with
no Ca substitution but by heat treatment and high-
temperature oxidation only, which leads to different oxygen- -100
cation ratios and hence different Mh content. These
samples are not oxygen deficient. On the contrary, the hole
doping arises from cation vaccencies created by high- -2001
temperature oxidatioh. The formula of samples IV and V fhﬁ%o M=
§

La, ,Ca, oMNO,

can be written as LgigsdMNgg4{05 and as La ggMng 903 °
respectively. Sample I\with a cubic structurehas Mrf**

content of 33%, similar to sample (Lag/CagsMnOy). °

Sample V with Mrf* content of 24% has a rhombohedral °

structure. The resistivities and the magnetoresistdhtiR) °

of the samples have been reported eatfiefhe ther- °
mopower of the “self-doped” samples are compared with -500-
those of Lg CayMnO; and Lag, Cap ,MnO3( marked VI ° L
in the inset with comparable MA™ contents. Tha ., mag- % o w1
netization, and the MR of samples | and IV are similar and 8% éo 2('30 3130 400
the resistivity shows a similar qualitative behavige, a T

peak nearfT;) although sample IV has a higher resistivity.

What is interesting is that the thermopower of the two FIG. 3. Thermopower of Ca rich [@CaygMnO;

self-doped sample¢lV and V) are qualitatively different (Mn**=86%). Inset: Thermopower of self doped §gMn g ¢dO3
from those of the substitutionally doped samples in spite ofvith Mn** = 12%.
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crossover to negativ8 is absent for self doped samples. In

the same figure we have shown the thermopower of two
closely related systems: the high-temperature cuprates and
the La, _,Sr,Co005 system. It has been shown in Ref. 18 that
_ in a large class of cuprates the thermopower at high tempera-
= tures (in the normal state al = 300 K) has a universal
2 _4oL & ta-Sr-Ce-0 dependence on the hole concentration. We show the data
% zzz High Tc Cuprates . . . .
@ La-Sr-Mn-0 (Poly) from Ref. 18 in Fig. 4 as a hatched region. This curve
O La-Sr-Mn-0 (Single) matches with the data for our materials very closely. This
-80|- X .
O La gMny_504 agreement may be fortuious but the observation $hae-
@V La-Ca-Mn-0 | comes more negative with increasing hole content is also
) 0.2 0.4 0.6 observed in the high- cuprates. For the La ,Sr,Co0O;

systent® also the thermopower shows the same trefitie

Co based system shows a metal insulator transition for
FIG. 4. Thermopower of various oxides systems as a function of(>o'2 and. a _ferromagnetlc Sta_te for>0.18 _W'th a.TC

fractional hole conten (x=0.2 implies 20% M#* conteny. The =250 K which is due to the creation of ¢d.) It is possible

data on the manganates are from present investigation as well 48at the observed dependence ®fon the hole content is
from Refs. 12 and 15. The data on cupraiestched curveand Co  generic in materials with strong hybridization of oxygpn

Fractional hole concentration X

based oxides are from Refs. 18 and 19 respectively. and transition metatl bands with a component of charge
transfer between the ligand and the cation.

T>100 K with S(350 K) ~ —300 uV/K. It shows a promi- Recent photoelectron spectroscopic studiésve shown

nent minimum at around 60 K where the value of the therthe existence of both electron and holelike bands of states

mopower is~ —600 uV/K. Below 60 K S rises rather respectively below and above the Fermi level which are cre-

sharply asT decreases. We do not understand the origin ofated by substitution. For the metallic samples the Fermi level
this behavior other than the fact that at=100 K, the lies in the region where these two bands overlap. While the
magnetization shows formation of ferromagnetic clustersreation of Mrf* in LaMnOj, creates change in the holelike
and the MR shows a peak=(76% atH = 6 Tand at 25 K. band, creation of MA* in SrMnO; or CaMnQ; fills up the
At lower temperatures, the temperature dependencgisf electron doped states. We can then think of charge transport
similar to that expected of a system with localized chargeby both type of carriergi.e, hole and electrgrin the Sr and
carriers. The important conclusion is that the sign of theCa substituted LaMn@ systems. The observed total ther-
thermopower remains negative when La is doped intanopower depends on the relative contribution of both type of
CaMnO; (high Mn** regime. In the other extreme, for very carriers. The change in the sign of the thermopower as a
low Mn“4*, these materials are again insulating but the therfunction of the Mrf* content can thus be thought of as a
mopower is positive as shown in the inset of Fig. 3 for thecrossover from a holelike carrier dominated region to an
self-doped sample of LaMnQwith a Mn** content of electronlike carrier dominated region.
12%. In this regime of hole content, i.e., Mh<25%, S is In contrast to the Ca and Sr substituted systems, the
not sensitive to the process of hole doping. self-doped LaMnQ@ has no divalent cation substitution and
The dependence d§ on the hole concentration at high there are no electronlike states below the Fermi level created
temperaturesT>T.) has a generic aspect as discused belovby doping. All the carriers are created by filling the doped
because similar trends have been seen in related materiatmle states. As a result this material has only one type of
We demonstrate this in Fig. 4, where we have plotted thearrier and the thermopower is always positive. We can thus
high-temperature thermopoweéin the paramagnetic state relate the differences in the thermopov&of the two types
for all the samples of the LaMnfamily. The data have of materials(self-doped and substitution dopet the dif-
been collected from our experimentsn both Sr and Ca ferences in the nature of hole doped states. The important
substituted systemss well as from Ref. 12Sr substituted message is that even with the same hole content, the two
single-crystal systems For lower hole doping materials need not have the same nature of the hole doped
(Mn** <25%), all the samples show identical dependence ofstates if the holes are created by different routes.
S on the actual MA' content(denoted as in the graph The holes created by self-doping are more localized in
irrespective of the way the holes are created. However, atharacter. This may be due to strong on-site binding poten-
higher hole content distinct differences show up. For theial for the holes or smaller transfer integral due to relatively
“self- doped” (curve ) samplesS are always positive and larger unit-cell volume(and hence larger Mn-O-Mn dis-
reach almost zero value at high hole concentration. Théance or due to large lattice distortion around the missing
samples belonging to curve 2 have been created by a consations whose absence creates the holes. IncreaSdamh
bination of substitutional doping and self-doping. Thelarge positive value at low temperatures in the self-doped
samples belonging to curve 3 have been made mainly bgamples can be taken as the sign of onset of hole localiza-
substitutional doping either by Ca or by Sr. The observatiortion. Similar large thermopower arising from hole localiza-
shows that there is a systematic trend in the valu§ ofif tion has also been seen in Y substituted mangafatén Y
the doped hole states are predominantly created by the subdeped samples the localization occurs due to the narrowing
stitution they have a crossover from positive to negaas  of ey band due to the smaller value @f,).
a function ofx and the crossover occurs far>30%. The In conclusion, we show that the thermopower in the man-
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ganates is sensitive to the Mh content. But it is not the ences inS. These differences are not seen as prominently in
only determining factor. The nature of hole-doped states ipther transport properties.

the self-doped samples and the substitutionally doped ohe of the author$A.K.R.) thanks Department of Sci-

samples differ substantially even though the samples havgyce and Technology, Government of India for a sponsored
the same MA™ content. This gives rise to qualitative differ- project.
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