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Al-substitution effect on charge transport in La;_,Sr,MnO ;: Incoherent metallic state
in a double-exchange ferromagnet
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Resistivity p(T) was measured on (La,Sr)(Mn;_,Al,)O; single crystals over a temperatuferange
4-1000 K. The doped Al decreases Curie temperaliyeand increase(T). At low temperatures, the
resistivity shows the upturn when the residual resistivity reaches the critical value estimated about
300 w&) cm. This upturn is most likely to originate from the carrier localization and therefore mean free path
| reaches Fermi wavelenghil} at this critical resistivity. This suggests that the basic assumption of an ordinary
metal,| >\, is violated wherp(T) exceeds this critical value even thougfT) is metallic dp/dT>0). This
“coherent-incoherent” crossover is also suggested by the recent optical studies. The méf@llaboveT,
on the other hand, becomes insulating by only a few percent Al. The conduction &gdselominated by a
short-range correlation between thg spins.

I. INTRODUCTION II. EXPERIMENT

Single crystals of (La ,Sr)(Mn;_,Al,)O; and

The charge transport has been widely recognized to be @dg 70Sfh 30 (Mn;_,Al,;) O3 were grown by a floating zone
key for understanding colossal magnetoresist{@R) in ~ method® The chemical composition of the crystal was
the double-exchangdE) ferromagnetic manganites as well checked by inductively coupled plasniiCP) spectroscopy
as for designing these materials for industrial applications.and was confirmed to be the same with the starting compo-
However, the transport mechanism is far from comprehensitional ratio. MagnetizatioM (T) was measured with a su-
sively understood() Although the dc resistivity(T) shows perconduptlng quantum interference .deV|ce magnetometer
metallic behavior §p/dT>0), its magnitude seems unusu- Under a field ofuH=0.5 T after cooling down to 5 K in
ally large?~ (i) There is a lot of variation within the trans- 2€'0 field. The measurements(T) were performed using
port and optical properties; for example, some materials dé conventional four-probg methqd. The.crysta}l was cut into a
not show Drude-like response in the optical conductivityreCtangurlgr shape, with typical dimension .0f><4
o(w) spectrum even though(T) is metallic below Curie X0.5 mnr. After electrodes were formed with heat-
temperatureT¢.>"*? These features suggest a con Juctiontreatment-type gold paste, the crystals were annealed under

. . S flowing O, gas for 20 h at 600-450°C. The high-
mechanism beyond the previous framework consisting of th"'f'emperature measurements above 300 K were conducted in
Bloch-Boltzmann theory and the DE mechanisif !’

L . an atmosphere in £ We confirmed that there is negligible
We have measured _the dc resistivity of Al-substltutedsma” difference between the300 K) values measured be-
La, xSrMnO; (LSMO) single crystals over a wide tempera- f5rq and after heating up to 1000 K. In addition, for repre-

ture rangg(4—1000 K. Aluminum doped at th&(Mn) site  sentative compositions we also measyséd) below 300 K
has the closed-shell configuration—with deelectrons and  gp the samples quenched from 700 °C to liquid nitrogen after
no magnetic moments—and has the same valence with thgnnealing under oxygen gas for 20 h. No difference was
host manganese+(3). Therefore Al substitution induces observed between these quenched and those annealed
only the following two types of randomned$) random po-  samples. These facts guarantee that the oxygen content was
tential (electrical randomnegsand (i) local cutoff of mag-  not changed during the(T) measurement at high tempera-
netic interaction between the spins of thg electrongmag-  tures. The oxygen content was determined by iodometric ti-
netic randomnegs For the case of substitution with tration and was found to be within 2.980-2.988 for all of the
transitional metals such as Cr or €52°the doped element crystals. We measured(T) on several crystals with the
may change the doping level and/or may cause other secongiame composition to confirm that the scattering of the data is
ary effects due to excess electrons and/or magnetic mo- Within the dimensional errors*4%).
ments, which make the study complicated and less transpar-
ent. , , _ IIl. RESULTS

The main claim of the present study is that the
ferromagnetic-metallic phase of the manganites is classified Figure 1 shows the results of the Al-substitution effect on
into two phases—Iovl coherent and high- incoherent—  the dc resistivity of LSMO for various Sr compositions (
phases according to the magnitude of mean free path. We 0.175-0.30). As the substitution proceedsg, decreases
discuss the role of the additional features, especially of ranand p(T) increases(Fig. 2). p(T) shows upturn at low
domness, in appearance of the incoherent metallic statemperatures for the Al contenz=0.02 (x=0.175),
which is relevant for CMR. =0.043 (0.20), and=0.0675 (0.30)insets of Fig. 1L The
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represents the minimum value p{T), which corresponds to the
residual resistivity for the itinerant compositions.

magnetic interaction. Therefore, at low temperatures where
the magnetic degrees of freedom are frozen out because of
the complete spin polarization, the doped Al is expected to
act only as a potential scatterer with negligible small change
in the doping levef! The anomaly observed at about 150 K
for x=0.175, shown in Fig. (), is due to the structural
transition from the highF rhombohedral to lowr ortho-
rhombic form. Because the anomaly temperaflyé sensi-
tive to the distortior?, rather weakz dependence of ¢ indi-
cates that the Al substitution has only a little effect on the
crystal structure. In additior,; decreases with increasirzg
which shows that the distortion becomes weaker because the
ionic radius of aluminum is larger than that of manganese.
Because the perovskite manganite generally becomes more
conductive as the distortion becomes weaker, the increase of
p(T) cannot be ascribed to the structural change.

In Fig. 2(b), po represents the minimum(T) value. pq
eahows zlinear behavior for the sma#l- compositions for
which the upturn is absent. However, it deviates from the
zlinear behavior and rapidly increases wilfor the largez
compositions for whictp(T) shows the upturn. This change
is similar to the typical behavior of the residual resistivity at

increase ofp(T) can be ascribed mainly to the elastic scat-the neighborhood of the Anderson Iocalizat?&ri_ﬂgre, we
tering by the Al-induced random potential and therefore thedef_lne o* (lep*.). as the Crltlcal_ dc Conductl\{lty value
upturn is probably to reflect localization of the carriers. Thewhich separates itinerant conduction from localized one at

reason of this interpretation is described below.
As is shown later(insets of Fig. 4, Al substitution little

absolute zero. The upper limit pf is defined as an extrapo-
lated value to the minimum Al content at whigliT) shows

changes the saturated magnetization and hence it does ribe upturn, assuming the linearity of p, for the itinerant

alter essentially the magnetic structure; the decreasg-of

compositions. The lower limit op* is, on the other hand,

which showszlinear behavior, originates from suppressiondefined as the value of, for the maximum Al content

of long-range order of theé,y spins by local cutoff of the

in the itinerant region. The values af* estimated by
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the above procedure are 2800-3400 ‘cm?
(x=0.175), 3500-41000) *cm ! (0.20), and 3700-—
4000 O tem™! (0.30). It is noteworthy thai* shows
no remarkablex dependence.

F]
8
[ <
The slope of residual resistivity vs density of impurity, g 2r .%
[ £ \
=

Ap/Niyp, is ~106 u) cm/at. % Al(x=0.179, ~46 u) cm/
at. % Al (0.20, and ~32 wuQlcm/at.% Al (0.30.
These values are much larger than that of a typical I

transitional-metal alloy AICr,~8 uQ) cm/at. % Cr*® and, T(K)

for x=0.175, the slope is comparable r\]/Zv‘ilth that of 0.01 : i : é : é
YBay(Cu;,ZNn,)306 68, ~125 p) cm/at. % Zn:" For the

case of YBa(Cu,_,Zn,)3054s, the doped Zn acts as a M (”B/ Mn atom)
strong potential scatterer in the unitarity limit. Effective scat- T . .
tering cross section per one impurit s, is estimated to be zatizlr?li/l"l. (;;hf_dg ;e%ls(txt))(/_lsorgglogzc:eaps(g)ﬂfgc;ocr;rc]);tr;?tggfetl-
~420 A? (x=0.175), ~160 A2 (0.20), and ~90 A2 ’ PO e ’

A . . resistivity atM =0. Insets: temperature dependence of magnetiza-
(0.30), using the following formula: tion measured under a field ofy0H=0.5 T.

ne? A
effzﬁ—kF' ﬁ (1) tain essential change. In Fig. 4, the dc resistivity is replotted
P as a function of magnetizatiod for x=0.175 in(a) and x
(n: carrier densitykg: Fermi wave numbérand the estima- =0.30 in (b). Here, p(0) is a constant of resistivity &l
tion of n from the Hall-effect study® ~2.5x1072cm 3  =0. Insets showM(T) measured under a field gfiH

(x=0.175), ~2.1x10?> cm 2 (0.20), ~1.5x10?> cm 3  =0.5 T. For both compositions, response of the charge
(0.30). Thes&. values are much larger than that of Cr in transport to Al substitution changes arountl. At high tem-
Al, ~33 A2 The metallic state of the manganites is un-peratures, wherg(T) is, roughly speaking, larger thast,
stable against randomness. This may be a characteristic ofthe curves of the renormalized resistivity merge into a single
half metal and/or the DE system. Otherwise, this may origi-one, which indicates thai(T) is governed byM (T) alone
nate from other features, for example, dynamical Jahn-Telleand the Al substitution affects the charge transport only
instability 2® charge ordering instabilit§/, orbital degree of throughM(T). At low temperatures, on the other hand, the
freedomz®?° and so on. nature of the doped Al as a potential scatterer becomes con-
The rapid increase af p/nin,, or of Q., with decreas-  spicuous; the doped Al induces residual resistivitfT) is
ing x correlates with narrowing of the bandwidth with de- no longer governed by (T) alone and the curves of the
creasingx. We also confirmed that the metallic state of renormalized resistivity separate from the single one. The
Ndg 70SIh.3gMNnO3, the bandwidth of which is narrower than recent optical reflectivity studies also shows the coherent-
that of LSMO system, is destroyed by the slighgss than incoherent crossover ino(w) at about oy=1/p)
1%) amount of Al (Fig. 3). This is probably because the ~2000 Q~'cm 1.2 These results suggest that there is an
above additional features emerges with decreasingssential change in the electronic state, roughly speaking,
bandwidth'* aroundo g~ 2000—-40000Q ~* cm™ 1. Because it is originally
For LSMO systemg™ is not only the critical value for difficult to estimate a distinct critical value by this procedure,
the carrier localization caused by impurities but also a criti-and also because this change is continuous and indistinct,
cal value around which the electronic state undergoes a cethis uncertainty of the critical value is not significant.
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(La;Sr,)(Mn,_,Al,)O4 o4 is smaller thano*; around o* the ferromagnetic-
10-1: — metallic phase is divided into two phases, that is, high-
temperature incoherent metalliellIM) and low-temperature
coherent metallicLCM) phases. The word “incoherent”
means the violation of the assumptibr A .

The LCM phase is realized below a certain temperature
T* at which oy exceedss™. In this phase] is longer than
\r and hence the concept of an ordinary metal seems valid.
However, this metallic phase is so unstable against random-
0.25 ness that it disappears by slight Al substitution, especially for
0.27 the narrow-band system.
030 The charge carriers gradually lose coherency with in-
5 040 - creasing temperature. HIM phase is realized over a tempera-
107 ——af e ture rangelr* < T<Tc. In this phaseg. is less thanr*, in

0. 200 400 600 800 1000 other words| is less than\ g in appearance, though(T) is

Temperature (K) metallic (dp/dT>0). Therefore the concept of an ordinary

— T T T T T T metal is violated; the electrical conduction may be caused by
- 1 some hopping mechanism. Actually, in this region, a
Drude-like term is absent iw(w) and, insteado(w) is
characterized by an incoherent broad peak at mid-to-near in-
frared region. Thel dependence g is determined mainly
by the effective carrier density/m* (m*: effective mask
because the spectral weight m(w) at low frequencies
shows a radicall dependenc

One should note the large resistivity in HIM phase. For
example,p exceeds 10 11 cm just belowT for x=0.175,
which corresponds to unphysically small MAP;0.15 A .
(b) x=0.30 | In an ordinary metal, cannot be less than lattice constéaFt

L L L no matter how strongly the carriers are scattered.
0 200 400 600 800 1000 Therefore some metals ggow “resistivity saturation” at high
Temperature (K) temperatured® Such a large of LSMO means that not only

the condition|>Ag but alsol>a are violated in HIM
‘phase’® the p seems to increase without saturation still after
| reachesa.

As is similar to HIM phase, in the paramagnetic phase the
electrical conduction is incoherent and hence random poten-
tial probably does not directly affect the charge transport. In

In Fig. 5@, we showp(T) of Al-free LSMO up t0 1000  4qgition, because the long-range order is absent abgye
K for various Sr compositionsx=0.16-0.40). In the para- he remaining magnetic effect is expected to be “local.”

magnetic phase abovi:, p(T) changes gradually from in- therefore the electrical conduction aboVe is determined
sulating to metallic behavior with increasing For the by short-range correlation between thg spinst’

heavily doped regiox=0.30, p(T) is metallic aboveTc. CMR is a characteristic of HIM phase. One of the main
Thoughp(T) shows weakT dependence, it does not show a jsges is whether HIM phase is realized by the DE mecha-
tendency of saturation over Brange covered here. HOW- nism alone. The answer suggested here is “no.” This is
ever, the metallic phase aboVeg is quite unstable against Al pased on the following facts(i) The dc resistivity of
substitution; forx=0.30, p(T) becomes insulating by only CrO, (Te=392 K), which is one of the ideal DE materials
2% Al [Fig. Sb)]. The insulating behavior abovi., which  free from the additional featuréd,is rather small ¢6

is not predicted by the simple DE mod&lseems to origi- x10~% () cm at 500 K and it seems to be in a “coherent”

nate from randomness. metallic state over a whole temperature raffy¢ii) The

stable HIM phase of the narrow-baridr high-resistivity
IV. DISCUSSIONS system is usually accomp_anied by the _insulating phase a_bove
T which cannot be explained by the simple DE mechanism.
The upturn ofp(T) induced by Al probably originates (iii) An incoherent broad peak which characterizesd{e)

from the localization. Therefore, arouncdt, mean free path spectrum in HIM phasé also cannot be explained by the

(MFP) | is close to Fermi wavelengthe=27/kg.>° There-  simple DE mechanism.

fore, because the doped Al act only as a potential scatterer at If there is not,4-spin misalignment, resistivity is deter-

low temperatures, also for the pure systéng close toAr  mined by the effective carrier density and by the residual

when o reachesr* 312 Therefore, for the manganites, the imperfections—the above-mentioned additional features,

condition| >\, which is assumed in an ordinary metal, is randomness, phonons, and so on. “Intrinsic” resistivity

violated at the highefl region of the metallic phase where p;(T) and MFPI(T) are defined as the resistivity and MFP
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on the dc resistivity at high temperatures for 0.30.
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in this ideal situation, respectively;(T) is determined by sequently,o and M are self-consistently modulated by the
these residual imperfections. The above three facts suggeséiditional imperfection$! In this case, effects of random-
the following: Whenl; is long, the carriers keep coherency ness may be much more drastic than that expected for the
even though the misalignment of thg, spins exits; the re- case of an ordinary metal; for example, the present result
alized metallic state is not so much different from an ordi-indicates that Matthiessen’s rule is not applicable except for
nary one; and some mechanisms which sholtee indis-  a very low-temperature region at which thg-spin align-
pensable for HIM phase. CMR is a process that thement is almost complete. The rather large residual resistivity
coherency of the carriers is restored to some extent by mager highly doped, Al-free LSMO and the larg@.4 may be
netic field. It is the incoherency of the charge dynamics itselfanother example. Among various candidates for controlling
that is essential for CMR. One should calculate howl;, randomness is one of the most useful one for the manga-
o(w,T), M(T), Tc, and so on, vary with; (or “intrinsic”  nites because we can easily and systematically alter it via
scattering timer;), by takingl; (7;) into consideration in a B-site substitution.
phenomenological mannefThe simple DE model corre-
sponds to the limit of(7;) —o°.] V. SUMMARY

The changes in the physical properties of the real DE
materials are due to variation In. One example may b
dependence. The universal valuecdf indicates thah does

The ferromagnetic-metallic phase of the doped mangan-
ites is divided into two—LCM and HIM—phases at a certain

not show remarkablg dependence becausé is irrelevant critical dc conductivity, which is indicated not only by the

to carrier scattering and hence is determined primarily b)plreset?t f;Lde of A}EI-sutt.)stlfutl(;Ir\ iﬁ?td otn ddp re_?_ﬁt'v'ty bUtt
carrier densityn. This is consistent with the Hall-effect aso by the recent optical retectivity studies. The presen

study?® The variation in the electronic state with Sr compo- €SUlt Shows that this essential change in the charge dynam-

sition is considered to originate from the amount and/or efiCS: th.?td's’ tfhe LC'\?HIM ct:;]osEsoverf, |str(]jet§IrEm|netd by I;[Ahlfp
fectiveness of the additional features. Among them, random>'agnitude o mean free path. ven for the system,

ness seems dominant. The present study shows that therel is one of the significant indexes in discussing the electronic
rather large residual resistivity, corresponding ze 1%,

state. The present result also shows that the meta(lig
also for pure LSMO[Fig. 2b)]. It is contrary to the case of above T becomes insulating by slight amount of Al. The
high-T. cuprates in which the residual resistivity is negligi-

conduction abové . is determined by the short-range corre-
bly small for the optimally and highly doped regioHsEor lation between theé,q spins. The present study suggests that
the manganites, a magnetic domain wall may be an origin o

gandomness is one of the key factors for controlling the
the persistent residual resistivty physical properties of the manganites and we can design
There are various experimental results suggesting th

&pese materials viB-site substitution.
randomness plays a central role in determining the electronic
state of the DE materialsi) absence of LCM phase in
two-dimensionat® and slightly dopedFig. 4a), Ref. 2 sys- We would like to thank Professor M. Sato and his labo-
tems, (ii) drastic changes caused by the grain boundaries afatory’s staff for their help in the measurements of magneti-
polycrystalline samplé$ and by the defects in the surfaces, zation. We are also grateful to Professor Y. Moritomo for
(iii) insulating behavior op(T) aboveT. in Al-substituted  fruitful discussions. This work was financially supported by
LSMO (x=0.30) [Fig. 5b)], (iv) large sample dependence a Grant-in-Aid for Scientific Research from the Ministry of
of p(T) for the cases of, for example, C;&*°In the DE  Education, Science and Culture of Japan and by CREST of
system, chargeeq;) and spin (,4) intimately interact. Con-  JST.
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