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The magnetic phase diagram of,LgMnO; powdered samples has been studied as a functichiofthe
low doping range §<0.1).Lg ¢MnO; has a canted magnetic structure at low temperaté+el30°). Above
Tc=118 K, it becomes a paramagnet with a huge effective magnetic momgnt6.0ug, reflecting the
presence of magnetoelastic polarons which are not affected by the magnetiafietd20 T) or the tempera-
ture 1.A-<T<2.5T.. When § is increased tod=0.09, the system becomes fully ferromagnetic below
170 K but remains insulating down to the lowest temperafi$6163-18209)16101-0

I. INTRODUCTION clear. In this paper, we will focus on the low doping regime,
close to the parent compound LaMgQto look at the pro-
The manganite compoundk;_ ,M,MnO;, where L gressive establishment of ferromagnetism and metallicity
=La,Nd,Pr,..., andM=Sr,Ba,Ca, . .. exhibit a variety and to study the polaronic effect.
of unexpected properties such as colossal For small doping concentration, several magnetic struc-
magnetoresistance, field induced structural transitich, tures have been observed at low temperature. In
charge ordered stafestc. These properties depend crucially La; —,Sr,MnO3,*° a canted magnetic structure is present for
on the doping level as well as the nature of the doping«<=<0.08, a ferromagnetic insulator for 08&=<0.16, and a
element. They are closely related to the mixed valenceferromagnetic metal above. In La,CaMnO;,% the com-
Mn(l)-Mn(1V). pound has been reported as a ferromagnetic insulatax for
These compounds have been studied for a long tife. <0.15 and a ferromagnetic metal above. However, a differ-
LaMnO; contains MA™ ions (S=2). It is antiferromagnetic ent magnetic structure has been observed by Hennion
(Ty=140 K) and insulating. It becomes ferromagnetic andet al:'® they found that forx=0.05 andx=0.08 the com-
metallic upon hole dopingintroduction of Mif* iong) with  pound is, on the average, antiferromagnetic with a small fer-
the maximum ofT - reached when the M concentrationis romagnetic component; but this phase is not homogeneous
around x=0.35. Zenef proposed a mechanism of double (presence of magnetic droplgtd=or the parent compound
exchange between the itineragtelectrons and the localized LaMn0,,%?! a variety of magnetic and crystallographic
ty4 electrons formingS= 3/2 ions (Mrt"). In this process, structures have been observed due to off-stoichiometry on
the electrons tend to move from one ionic site to anothethe lanthanum as well as the manganese sites: antiferromag-
with the same spin orientation, therefore electron delocalizanetic, canted, spin glass, ferromagnetic insulators, or even
tion favors ferromagnetism. Anderson and Hasegdwla, ferromagnetic metals. These examples are an illustration that
Gennes, Kubo, and N. Ohatd further developed this the magnetic phase diagram depends on the doping element
theory. Recent calculatioWshave shown that double ex- as well as off-stoichiometry effects.
change alone cannot account for the observed colossal mag- The samples studied here are doped irfMthrough off
netoresistance. Magnetoelastic effects are very important istoichiometry in lanthanum. Their stoichiometry and crystal-
these compounds'? Several theoretical attempts have beenlographic structure have been determined by neutron diffrac-
made to incorporate electron-phonon couplififleading to  tion. We have investigated the magnetic and electric proper-
the idea of lattice polarons above the ferromagnetic transities of two samples with different stoichiometries: 9 and
tion. However, this lattice polaron picture remains controver-21 % of Mrf**. We will show how the magnetic phase dia-
sial: Varma® proposed rather the idea of spin polaronsgram evolves as doping is increagéwm a canted magnetic
driven by thermal fluctuations and electron-electron correlastructure to a ferromagnethow it influences their electric
tions. transport(both samples are insulators down to low tempera-
Experimentally, there are some evidence for the existenctire), and their magnetoresistivity. We will present evidence
of polaronst?1®~18But their nature, their extension as a func- for polarons in both samples at high temperataigove the
tion of temperature and their dependence on doping is nahagnetic ordering temperatgrand we will discuss their
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TABLE |. Stoichiometry and crystallographic parameters of two typical samples.

Sample Formula Mh" content Space group Cell parameters
a=0.56290 nm

LMO94R L& gMnO; 9% Pnma b=0.77248 nm
c=0.55410 nm
a=0.55245 nm

LMO104 L&y oMINO; 21% R-3C €c=1.33433 nm

role in the magnetic and electric properties of the compoundates in a field b1 T and remains constant up to 20 T with
as a function of doping. Comparison with other manganitesa valueM =3.2ug. This value should be compared to the
with different doping elements will be presented. expected one. For both MA and Mrf*, the orbital momen-
tum is quenched so that the magnetic moment reduces to the
spin contributiorg Sug whereSis the spin of the iori3/2 for
Mn** and 2 for Mr#*) and g is the gyromagnetic factor
Polycrystalline samples were prepared through a conveng=2 for both. For 1-xMn3* ions andx Mn** ions, it
tional solid state reaction. The starting materials werglba  pecomes (4 x) ug . Taking the value ok from the neutron
(calcined N purg and dried MnQ. Stoichiometric amounts  diffraction results, we get 3.78;, a value higher than ob-
of these powders were mixed and heated at 900 °C for 12 Berved. This discrepancy may have two different origins. Ei-
in alumina crucibles. After regrinding, the black powdersther it arises from the presence of disorder in the sample,
were pellet pressed and sintered in an oxygen gas flow for 24ithoughM is not affected by a magnetic field up to 20 T.
h at 950 °C. Additional treatments at 950 °C under ﬂOWingNo Spin g|ass behavior has been dete(ﬂhd Ordering tem-
oxygen or purified argon have been carried leading to differperature does not depend on the measurement frequency; the
ent off stoichiometry. In each case, the samples were cooleghagnetization at low temperature does not depend on) time
down at a rate of 100°C per h. An x-ray diffraction pattern More probably, this overestimation reveals that the simple
was performed on each sample and analyzed using a Realculation for the saturation moment is affected by collec-
etveld analysis. The results for two typical samples LMO94Rijve effects and/or spin orbit coupling.
and LMO104R0O3 are presented in Table I. LMO94R is  Above the ordering temperature, the system behaves quite
orthorhombic whereas LMO104RO3 is rhombohedral. Presgifferently from what is expected: the magnetic susceptibility
ence of MRO, was detected in LMO94R. does not follow a Curie-Weiss law. To have a better under-
Neutron diffraction data were collected on the high reso-standing of the paramagnetic regime, we have analyzed the
lution diffractometer D2B at ILL, Grenoble, to determine magnetization curves as a function of field within a mean
whether these samples had a different cationic or oxygeReld approximation model. The internal fiel seen by the
stoichiometry. The structure has been refined by the Rietvelghagnetic moments has three contributions: the applied field
method, using th&nmaspace group for sample LMO94R H_  the demagnetization field4 and the molecular fielé
andR-3C for sample LMO104RO3. From the refined values due to the magnetic coupling. In a mean field approximation,
of the occupancy factors, it has be seen that these samples
present La deficiency: lggMnO; and Lg 4dVinO3, respec-
tively (see Table ). This means that the exact formula is
La;_ s;MnO;. The samples then contain Khions with the
concentration 3.

Il. SAMPLE PREPARATION AND CHARACTERIZATION
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Off stoichiometry in LaMnQ has been widely reporté&d,

and is known to modify the crystallographic and magnetic 0.0 f
structure. Indeed, lgMnO; and Lg ¢qMnO5 have a very n T e, -
different magnetic behavior. To characterize them, ac sus- g 04 J:?\» 2.0 |
ceptibility and low field dc magnetization measurements g _-/'-_%’i fo
were used in the temperature range 4-350 K. The field de- N 02 i 005 N
pendence of the magnetization was recorded with an extrac- T e ’ 1
tion method in a field up to 20 T at different temperatures, in = ¥
the range 4—-300 K. The electrical resistivity was also mea- 0.0 . \
sured in the same field and temperature range using a dc 0 100 200 300
technique for resistance up to“I®. The powdered samples T

emperature (K)

were then pellet pressed and silver paste was used for electric
contacts.
Lay ggMnO; is ferromagnetic below =170 K (Fig. 1).

FIG. 1. Temperature dependence of the magnetic susceptibility
in Lag ggVINO3. Upper part: ac susceptibility; lower part: dc suscep-

Here, the ordering temperature is taken at the inflection poindbility in a field of 5 mT (zero field cooling and field cooling
on the susceptibility curve. At 4 K, the magnetization satu-curves. Inset: Magnetization as a function of field at 4 K.
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FIG. 2. Mean field parameter as a function of temperature for 0.0 \m ,
Lag oMNO; and Lg ogMNnO;. Inset: Magnetization as a function of 0 100 200 300
gugH; /KT for Lag ggMnO5. Temperature (K)

this molecular field can be described by a single parameter  FIG. 3. Temperature dependence of the magnetic susceptibility
such thatH,,=\M whereM is the magnetization. The de- in Lay4MnO;. Upper part: ac susceptibility; lower part: dc suscep-
magnetization field is given bilq=nM wheren is the de- tibility in a field of 5 mT (zero field cooling and field cooling
magnetization factor. Our powdered samples may be consigurves.

ered as spheres for whiech= 1/3. This demagnetization field

is quite small compared to the applied fieldgHy=0.3 T  hysteresis up to 20 T. This hysteresis exists in a limited
when the magnetization is at its maximum vallé temperature rang€<80 K (Fig. 5).

=3.2up WhereasugH, varies up to 20 T. We have plotted Above the ordering temperature, we have analyzed the
in the inset of Fig. 2, the magnetization as a function ofmagnetization curves in terms of a mean field theory, simi-
H;/T. All the magnetization curves collapse on a singlelarly to LayqdVinO;. The molecular field parameter is con-
curve in the temperature range 100—300 K if the mean fieldgtant from 300 until 150 K(Fig. 2), which suggests that a
parameter is taken as temperature dependese Fig. 2  mean field approach is correct. The effective moment de-
This is in agreement with the susceptibility data which doduced from a Brillouin fit iSues=6.0ug . For this concen-

not follow the mean field Curie-Weiss law. The curve tration also, clusters are present. The calculated mean field
M(H;/T) can be fitted with a single Brillouin function from ordering temperature iEp=114 K, a value very close to the
which we deduce an effective magnetic momeni. We  observed transition temperaturéq=118 K).

get ue=5.8ug . In @ mean field approximation, for one type
of magnetic ions,ueq is given by uZe=xg?S(S+1)u3,
wherex is the fraction of magnetic ions per formula umgtis
their gyromagnetic factor, anitheir spin. Lg ¢gVInO; con- Both samples remain insulatingrig. 5 with activation
tains Mre* and Mrf* ions. We can treat them as one type of energies of the order of 0.16 eV. No anomalies or change of
ions with an average spiB=2(1—x)+ 3x with x = 0.21,  slope have been detected at the ordering temperature. Appli-
which lead tou.=4.68ug. Or we can treat them as sepa- cation of a magnetic field reduces the magnitude of the elec-
rated magnetic systems with the same ordering temperatur&ic resistance. The resistance as a function of field has a
Thenu2e= wim+ wie and wer=4.70ug . In both cases, the

observed value is much bigger. It is the signature of clusters T T T T
of Mn** and Mr?™.

Lay g MnO; behaves quite differently. A peak in the ac
susceptibility is observed at 118 ¢kig. 3, upper pait The
additional peak at 43 K is related to M@, . The dc suscep-
tibility shows hysteresis below 118 K revealing the presence
of ferromagnetic domains: it has a more ferromagneticlike
behavior(Fig. 3, lower part The magnetization curves as a
function of field at low temperature present a spontaneous
magnetization followed by a high field susceptibiliiig. 4).
These features are characteristics of a canted magnetic struc-
ture. This was confirmed by neutron diffraction data. At 2.5 0 , , , ,
K, the ferromagnetic moment is 1.48 and the antiferro- 0 5 10 15 20
magnetic moment 2935 SO .that the cantin.g 'a.mgle is 130°. Magnetic Field (T)

The measured high field susceptibility,y=8.75
X 10 2ug/T=1.74<10 2 SI, is temperature independent  FIG. 4. Field dependence of the magnetization i d&IN0;.
from 4 K up to 100 K atleast. We have also observed someinset: Hysteresis fieltH, as a function of temperature.

IV. ELECTRIC TRANSPORT

Magnetization ( p, /Mn)
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are Jahn-Teller ions. LaMnQs well described by a local-
ized electron model. In the Mn-O-Mn plane, the half fillggd
orbital couples to an emp#y, orbital, leading to a ferromag-
netic coupling. In the perpendicular direction, coupling be-
tween half filledt,, orbitals leads to antiferromagnetism.
LaMnG; has therefore a layered antiferromagnetic structure.
When doping by substituting the trivalent La ion by diva-
! ; ! ; ! ] lent ions such as Ba, Ca,,Sr.. (or adding oxyge) Mn**
\\ La,, MnO, 1 ions are introduced. They are in Flt%eg(SZ 3/2) configu-
20T ration. Above a critical concentration of the order of 0.1, the

DC resistivity (Ohm m)
5[\)

] 0T E €y electrons are delocalized. Due to their intrinsic spin and
\ strong correlation with the Iocalize@g electrons, they hop
103i T, \ from a Mn"?3 site to a M * site having the same spin ori-
entation. This so-called double exchange gives rise to a fer-
romagnetic metallic state. The transfer energy between two
0 1(',0 2(')0 300 ionic sites having spins making an angleis expressed by
Temperature (K) tjj=Db;; cos(¢;;/2). This introduces a canting of the spif;

increases with Mfi" content until complete ferromagnetism
FIG. 5. Temperature dependence of the electrical resistivity ilS reached, aroundx=0.3. The canted state is characterized
LageMnO; and La o MnO; without and with a 20 T magnetic DY @ spontaneous magnetizatihy which is related to the

field. canting angleg:
smooth variation for both samples. When the electric resis- Ms=1cog 6/2) 1)
tivity p is plotted as a function of the magnetizatiwh quite cog 6/2) = bx/4|J| S, ©)

different behaviors are observed for each sample. The canted
sample Lg gMnO; presents a universal law f@(M) down  and by a high field susceptibility which is roughly equal to
to 120 K;p(M)/p(0)=1.25(M/M)? (see Fig. 6. Measure- the perpendicular susceptibility of the antiferromagnetic par-
ments were restricted f6=120 K because of the high resis- ent compound LaMn©

tivity. At 120 K, around the ordering temperature, an addi- ) 5

tional process contributes to the electric transport at low X, =1%/4{3] yoS°N. ()

magnetization. It is probably related to magnetic domains. . : o +
The ferromagnetic sample behaves very differently. Th er_el/2 is the sulblatt|ce magnetlzatlo;]the Mrf'* concen-
ration, J the antiferromagnetic couplindy the double ex-

r nden f the magnetoresistan n the m . " .
square dependence of the magnetoresistance on the agc ange coupling) the number of magnetic ions per unit cell

tization is no longer observed. Actually, no universal depen- ™ . .o R .
dence can be deduced. Granular effects are probably too il 1) their spin, andyq the number of their neighbors in
the adjacent layersyy=2).

ortant. .
P The above features have been derived by de Gérases
suming a pure canted spin arrangement, such that the spins
V. DISCUSSION form two sublattices separated by an angleHowever, In-

The fundamental electronic structure of these mixed va®Ue and Maekawd have pointed out that the pure canted
lence oxides have been reviewed by GoodendagaMnO; state should be more stable closextel and a spiral state

involves Mn*2 ions in thet3.el(S=2) configuration. These Cl0S€ tox=0. . .
2084 ) g In both cases, the spin in one set of Mn-O plane is rotated

. . . . . by an angle from the adjacent Mn-O plane. The distinction

i between these two arrangements is the following: in the pure
290K . .

canted state, there are two sublattices making an ahi¢h
203K . S .

] each other. The magnetic periodicity is therefore twice the
151K lattice periodicity in the direction perpendicular to the Mn-O
123K planes. In the spiral state, the successive planes make an
angle 6,260,360, . . ., with respect to a reference plane. The
periodicity can be largeg/27 times the lattice periodicity
and incommensurability effects may occur. The model by de

Gennes should not be substantially affected whether the spin

02f La,;MnO, T arrangement is of the pure canting or spiral type.
Wollan and Koehlet have reported evidence for pure
0.0 . L ' canted spins at low concentration. Their data agree with EqQ.

00 0l 0z 03 04 05 06 (2). Our experimental results for LgMnO; agree quite
(M/M.)?2 well also with such a picture: the magnetization curves
) present a spontaneous magnetization followed by a
FIG. 6. Resistivity as a function of magnetization for temperature-independent susceptibility. The spontaneous
Lag g MNnO;. magnetization is in agreement with the value of the canting
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angle deduced from neutron diffraction data. From the higtdetermined above fad, J' andb, we getTc=Tp~130 K.
field susceptibility y~1.74<10"2 S| we can estimate the Experimentally, we do observ@.=Tp with a slightly
antiferromagnetic coupling, using the average valueS(@ smaller value (114 K). The treatment by de Gennes seems
=1.96)J~—-4.0 K~—0.36 MeV. This value should be quite appropriate.
compared to the one deduced from spin wave measure- At higher temperature, the paramagnetic regime is, how-
ments: in pure LaMn@, J~—0.58 MeV?*?®* in  ever, not conventional: it is described by an effective mag-
Lag, gCay oMNOs, it is reduced tal~—0.38 meV¥andin  netic moment which is much bigger than expected. This is
Lag gsCa ggMNO3, to J=—0.28 meV; in Lg 9551 osMnO3, the signature of magnetic clusters. Many combinations of
it is J~—0.20 MeV?2® Our results are in good agreement Mn®* ,Mn*" can give rise tou.s=6.0ug SO that it is diffi-
with those of La_,CaMnO;. The antiferromagnetic inter- cult to extract the exact size of these clusters. The magnetic
action is reduced in the similar way when doping is intro-field does not affect their size nor their number, since we
duced through lanthanum vacancies or through calcium dopsbserve a single Brillouin function as a functiontdf. Tem-
ing. This is not very surprising considering the greatperature effects are only visible closeTg: the mean field
mismatch between the size of lanthanum ions ( parameter starts decreasing o 1.2T. This reflects the
=0.122 nm) and the one of calcium ions=0.106 nm). onset of fluctuations.
On the contrary, doping through strontium ions is different What is the origin of these clusters? In these materials,
since its ionic radius is bigger €0.126 nm). The overlap presence of polarons has been detettéf %It depends on
of the oxygen and manganese orbitals is modified in a difthe doping concentration as well as the nature of the doping
ferent way. element. For instance, deviation of the susceptibility from a

Using Eg.(2), we can extract the double exchange cou-Curie law is usually observed aboveT:. In
pling: b~290 K. In term of energy, the double exchange Lag ¢Ca,3MNn0O;," it occurs below 1.8 and is accompa-
coupling contributes to an amount oEy =—4bx  nied by the formation of magnetoelastic polarons. Their co-
~—104 K andEg,=—2(b?x?/4|J|S?)~—22 K; the first herence length increases when the temperature is lowered
term refers to the double exchange energy within one Manand eventually diverges &t . It also increases with mag-
ganese plane and the second term to the double exchangetic field with a typical value at zero field of 1.2 nm.
energy from one plane to the adjacent planes. The antiferroAbove 1.8, a Curie-Weiss law is recovered with an effec-
magnetic contribution from one plane to the adjacent ones iive moment corresponding to isolated manganese ions.
Ear=2|J|S*cosfy~—20 K. The ferromagnetic contribution LayyMnQ; is an insulator in the whole temperature range.
arising from the indirect exchange coupling between mangathe polaronic effect is different: magnetic clusters are
nese ions in the same plane is given By=—4J'S?  present at much higher temperatuuentil 2.5T at least
where J' is the ferromagnetic indirect coupling. In with a size remaining constant in the whole temperature and
Lag gCap oMNn05,J'~12 K,¥® which leads to Ep~ field range studied. Deviation from a Curie law occurs only
—184 K. In term of energy, the double exchange contribu-whenT<1.2T.. the magnetic polaron is more strongly es-
tion has the same order of magnitude as the antiferromagablished in LggMnO; than in Lgglaq 3MnO;. The
netic contribution 22 K and—20 K, respectively Itis  magnetoelastic interaction which is responsible for its forma-
not strong enough to establish complete ferromagnetism. Thion is much stronger. This polaronic effect depends on the
slope of the function cdg as a function ofx is similar to  doping concentration. In La,CaMnO;, Billinge et all®
what is observed in La,CaMnO;.° This confirms the have observed lattice polarons above the ferromagnetic tran-
great similitude between LasMnO; and this system, in sition for x=0.25 andx=0.21, but none fox=0.12 which
term of exchange interactions at least. does not present an insulating to metallic transition as the

At low temperature, a high field hysteresis is present beethers do at the ferromagnetic transition. This is in contrast
low 80 K (see Fig. 4 Repeated magnetization curves showto our results where we observe polarons in ¢&In0O;
a random behavior between two extrema curves. We proposeghich is even less doped; but this is consistent with the idea
that this hysteresis finds its origin in the different cantedthat the polarons are ‘“stronger” in LasMnO; than in
structures that are possible with a fixed canting angle, i.eLa; _,CaMnQO;.
spiral or pure canted or mixture. It is not a field induced Several theoretical treatments of the polaronic effects
phase transition but it reflects rather the presence of differeritave been proposed. Millis, Shraiman, and Muéfieon-
metastable configurations for the spins. However, we did notlude that for intermediate doping, strong electron-phonon
detect any time-dependent effects on the magnetization, abupling localizes the conduction electrons as polarons for
least on a time scale of a couple of hours. The disappearande>T and that the effect is turned off @t . Rader, Zhang,
of this hysteresis above 80 K can be explained by thermadnd Bishop® arrive to the same conclusion . They were able
activation effects. It can also be explained by the occurrenceo reproduce the doping dependence of the ferromagnetic
of a charge ordered phase present only at low temperaturetransition T and found that, foff>T, in the dilute limit,

de Genneshas calculated the characteristic ordering tem-small magnetopolarons are formed and comprise a localized
peraturesTc and Tp where T is the ordering temperature charge surrounded by a spin cloud. They have shown that the
and Tp the paramagnetic Curie point defined through thesize of the polaron grows as the ordering temperature is ap-
asymptotic form of the susceptibilityy=C/(T—T¢). proached from above, in agreement with the experimental
He found that they should coincidekgTc=kgTp  results on LgeCa3MnO;.Y" This lattice polaron picture
=2[(2]J|+4J3")S?>— %], whereJ’ takes into account the remains controversial: Varrraproposed rather the idea of
modification arising from the Zener carried’( increases spin polarons due to random hoping driven by thermal fluc-
with x as has been observed in Ref,).1Baking the values tuations and electron-electron correlation. He found also that
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the magnetic susceptibility should be enhanced abbye never achieves a metallic conductivity. Indeed no anomaly in
with a temperature dependent effective moment, in a firsthe resistivity has been observed down to 50 K even in high
approximation at least. magnetic field. A similar ferromagnetic insulating phase has
All these theoretical works are only concern with the fer-been observed in lgaSr1,gMnO; (Ref. 29 and in
romagnetic metallic phase and do not seem appropriate fdraMnO; ;3.7 At first sight, this is in contradiction with the
Lag oMnO;. Indeed, in this sample, the size of the polaronsidea of double exchange where ferromagnetism is induced
is not temperature dependent in the paramagnetic regim®y electron hoping and therefore requires an insulator to
which is major difference compare to the ferromagnetic memetal transition when long range ferromagnetic order is es-
tallic phases. But we may have observe precursor effects. tablished. The existence of a ferromagnetic insulating phase,
Does this clustering persist in the ordered phase? At lovas in Lg ¢dMnO;, is a clear evidence that not all the Zener
temperature, the magnetization measurements agree quiéectrons responsible for ferromagnetism take part in the
well with de Gennes’s theory of canted spins. However thisconduction process. Electron localization occurs. This is also
cannot rule out the existence of clusters; as was pointed o@bserve at higher MiT content: in Lg7_4Y,CaaMnO;
by de Genne& the same magnetic behavior is expected botrthin films 3 with a constant doping leveB0% of Mrf*),
for long range order or bound states. In a sample with théhe insulator to metal transition is shifted to lower tempera-
same doping level, Hennioet al® have observed, at low ture as a function of yttrium doping and, at the same time ,
temperature, magnetic droplets with a mean magnetizatiothe level of resistivity in the ferromagnetic phase is increased
different from the matrix. They disappear above the orderindy several order of magnitude.
temperature. It is quite different in our sample where the This localization has been explained by Allub and
magnetic polarons exist in the paramagnetic phase. Alascio3! They have looked at the effect of localized states
This different behavior should be accounted for becausétroduced by disorder. Their model was successful to ac-
of the different nature of doping in both samples: for count for the change in resistivity in ka,SrLMnO; (Ref.
Lay MNnOg3, vacancies on the lanthanum is the doping factorl9) where the system is ferromagnetic and insulatingxfor
whereas in La_,CaMnOj;, doping is introduced by replac- <0.125. In Lg_sMnO;3, the insulating state persists to
ing lanthanum ions by the smaller calcium ions. The latticemuch higher concentratioffor Lay gdMnO3,x=0.21.) An-
mismatch is greater in La sMnO; than in Lg_,CaMnQO,.  other origin for this insulating behavior may be found in the
The magnetic order is affected: LgMnO; has a canted presence of polarons persistent in the ferromagnetic phase. It
structure withd=130°, while Lg g,Ca ogMnOs is antiferro-  has been shown that in the metallic ferromagdfiét,the po-
magnetic @=170°) 28 The polaronic effect is also affected. larons disappears beloWc. In LaggdMnOs, similarly to
Lag g<Cay odMINO;3 and Lg ¢sSrp cMnO5, have the same dop- LagoMnO;3, the polaronic effect is much stronger and may
ing level (5% of Mn*") and the same antiferromagnetic remain effective at low temperature. It will localize the elec-
magnetic structure. Magnetic excitations have been detectdtpns. However, the ferromagnetic correlation length will
at low temperature for the formérand none for the lattéf  have to be greater than the polaron size to get a fully ferro-
These results confirm that the strength of the polarons denagnetic phase. More theoretical developments are required.
pends crucially on the nature of the doping element due to Experimentally, in the paramagnetic regime, we observe a
the modification of the electron-phonon coupling as well assmaller effective moment in l,ggMnO; than in Lag ¢MnO;
the magnetic interactions. (from 6.0 to 5.8&g). This suggests that the polaron size has
If polarons are present, the resistivity is expected to fol-decreased. Similar results have been observed pfefand
low the variable range hoping law. We only observe an acco-workeré! in La;_ sMn;_ ;05. Indeed, we would expect,
tivated behavior as a function of temperature. This is consisfor even higher vacancy content, to reduce further the size of
tent with the fact that the polarons remains constant in sizehe polarons to rich a single ion behavior with, at the same
We observe a simple law forp(M):p(M)/p(0) time, an enlargement of the critical regime and occurrence of
=C(M/Mg)? with C=1.25(see Fig. 6. Such a law has been an insulator to metal transition with huge magnetoresistance.
predicted by Furukaw#. His calculation is based on spin However, in this La_ sMnO; series, the occurrence of a fer-
fluctuations. He shows that the const&htiepends both on romagnetic metalliclike phase is reduced as a function
the doping level and the Hund coupling betweenepelec-  of the Mrf* content compared to La,Sr,MnO; or
trons and the localize8=3/2 spins. Numerical values f@ La;_,CaMnO;. The metallic phase may even not exist, as
are given for higher doping concentration thary kMnOs, it is the case for Rt ,CaMnO;.3? Here, an additional pro-
but we can extrapolate to lower concentration: the tendencgess is involved: charge ordering occurs.
is to get a higher value & when the doping is decreased, at
least in the strong Kondo coupling limit, as it is the case in VI. CONCLUSIONS
these compoundd. In Lay, o MnO;, we get a value ofC
plausible only in the weak coupling limit. This is in contrast ~We have studied the magnetic and electric properties of
to what is observed in La,Sr,MnO; (Ref. 19 where the La;_ sMnO; for two values ofs: 6=0.03 andé=0.07 cor-
vale of C is about 4 for 0.15:x<0.2, and decreases to 2 for responding to 9 and 21 % of M, respectively. Their prop-
x=0.3 and about 1 fok=0.4. erties change dramatically. &MnO; has a canted mag-
So far, we have discussed the properties of $6nO;. netic structure at low temperature6£€130° and T¢
How are they affected when more vacancies are introduced? 118 K). Its magnetic behavior fits quite well with de
First of all, the system becomes ferromagnétiith com-  Gennes theory of canted spins. We have extracted the values
plete saturation at 4 K as expected from double exchange of the double exchange interactioh~4290 K) and the an-
theory. It is remarkable to notice, though, thatbgMnO5;  tiferromagnetic indirect exchanged—4.0 K). In the
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paramagnetic regime, magnetoelastic polarons are presetfie compound remains insulating, even in the ferromagnetic
with an effective moment ofio=6.0ug . Their size is not phase.

affected by temperature for T2<T<2.5T., or by mag-
netic field B<20 T) contrary to what is observed in the
metallic ferromagnet LgseCa 3dMNO;. For higher vacancy
content, =0.07, polarons are still present but smaller in
size; their effective moment igq=5.8ug . The system be-
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