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Al-substitution effect on charge transport in La1ÀxSrxMnO3: Incoherent metallic state
in a double-exchange ferromagnet

Y. Sawaki, K. Takenaka,* A. Osuka, R. Shiozaki, and S. Sugai
Department of Physics, Nagoya University, Nagoya 464-8602, Japan

~Received 4 January 2000!

Resistivity r(T) was measured on (La12xSrx)(Mn12zAl z)O3 single crystals over a temperatureT range
4–1000 K. The doped Al decreases Curie temperatureTC and increasesr(T). At low temperatures, the
resistivity shows the upturn when the residual resistivity reaches the critical value estimated about
300 mV cm. This upturn is most likely to originate from the carrier localization and therefore mean free path
l reaches Fermi wavelengthlF at this critical resistivity. This suggests that the basic assumption of an ordinary
metal,l .lF , is violated whenr(T) exceeds this critical value even thoughr(T) is metallic (dr/dT.0). This
‘‘coherent-incoherent’’ crossover is also suggested by the recent optical studies. The metallicr(T) aboveTC ,
on the other hand, becomes insulating by only a few percent Al. The conduction aboveTC is dominated by a
short-range correlation between thet2g spins.
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I. INTRODUCTION

The charge transport has been widely recognized to b
key for understanding colossal magnetoresistance~CMR! in
the double-exchange~DE! ferromagnetic manganites as we
as for designing these materials for industrial application1

However, the transport mechanism is far from compreh
sively understood:~i! Although the dc resistivityr(T) shows
metallic behavior (dr/dT.0), its magnitude seems unus
ally large.2–4 ~ii ! There is a lot of variation within the trans
port and optical properties; for example, some materials
not show Drude-like response in the optical conductiv
s(v) spectrum even thoughr(T) is metallic below Curie
temperatureTC.5–12 These features suggest a conduct
mechanism beyond the previous framework consisting of
Bloch-Boltzmann theory13 and the DE mechanism.14–17

We have measured the dc resistivity of Al-substitut
La12xSrxMnO3 ~LSMO! single crystals over a wide temper
ture range~4–1000 K!. Aluminum doped at theB(Mn) site
has the closed-shell configuration—with nod electrons and
no magnetic moments—and has the same valence with
host manganese (13). Therefore Al substitution induce
only the following two types of randomness:~i! random po-
tential ~electrical randomness! and ~ii ! local cutoff of mag-
netic interaction between the spins of thet2g electrons~mag-
netic randomness!. For the case of substitution wit
transitional metals such as Cr or Co,18–20 the doped elemen
may change the doping level and/or may cause other sec
ary effects due to excessd electrons and/or magnetic mo
ments, which make the study complicated and less trans
ent.

The main claim of the present study is that t
ferromagnetic-metallic phase of the manganites is class
into two phases—low-T coherent and high-T incoherent—
phases according to the magnitude of mean free path.
discuss the role of the additional features, especially of r
domness, in appearance of the incoherent metallic s
which is relevant for CMR.
PRB 610163-1829/2000/61~17!/11588~6!/$15.00
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II. EXPERIMENT

Single crystals of (La12xSrx)(Mn12zAl z)O3 and
(Nd0.70Sr0.30)(Mn12zAl z)O3 were grown by a floating zone
method.2 The chemical composition of the crystal wa
checked by inductively coupled plasma~ICP! spectroscopy
and was confirmed to be the same with the starting com
sitional ratio. MagnetizationM (T) was measured with a su
perconducting quantum interference device magnetom
under a field ofm0H50.5 T after cooling down to 5 K in
zero field. The measurements ofr(T) were performed using
a conventional four-probe method. The crystal was cut int
rectangular shape, with typical dimension of 431
30.5 mm3. After electrodes were formed with hea
treatment-type gold paste, the crystals were annealed u
flowing O2 gas for 20 h at 600–450 °C. The high
temperature measurements above 300 K were conducte
an atmosphere in O2. We confirmed that there is negligibl
small difference between ther(300 K) values measured be
fore and after heating up to 1000 K. In addition, for repr
sentative compositions we also measuredr(T) below 300 K
on the samples quenched from 700 °C to liquid nitrogen a
annealing under oxygen gas for 20 h. No difference w
observed between these quenched and those ann
samples. These facts guarantee that the oxygen content
not changed during ther(T) measurement at high temper
tures. The oxygen content was determined by iodometric
tration and was found to be within 2.980–2.988 for all of t
crystals. We measuredr(T) on several crystals with the
same composition to confirm that the scattering of the dat
within the dimensional errors (64%).

III. RESULTS

Figure 1 shows the results of the Al-substitution effect
the dc resistivity of LSMO for various Sr compositions (x
50.175–0.30). As the substitution proceeds,TC decreases
and r(T) increases~Fig. 2!. r(T) shows upturn at low
temperatures for the Al contentz>0.02 (x50.175),
>0.043 (0.20), and>0.0675 (0.30)~insets of Fig. 1!. The
11 588 ©2000 The American Physical Society
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increase ofr(T) can be ascribed mainly to the elastic sc
tering by the Al-induced random potential and therefore
upturn is probably to reflect localization of the carriers. T
reason of this interpretation is described below.

As is shown later~insets of Fig. 4!, Al substitution little
changes the saturated magnetization and hence it doe
alter essentially the magnetic structure; the decrease ofTC,
which showsz-linear behavior, originates from suppressi
of long-range order of thet2g spins by local cutoff of the

FIG. 1. Temperature dependence of the dc resistivity meas
on (La12xSrx)(Mn12zAl z)O3 single crystals for~a! x50.175, ~b!
x50.20, and~c! x50.30. Insets show magnified dc resistivity in
low-temperature region~0–100 K!.
-
e

not

magnetic interaction. Therefore, at low temperatures wh
the magnetic degrees of freedom are frozen out becaus
the complete spin polarization, the doped Al is expected
act only as a potential scatterer with negligible small chan
in the doping level.21 The anomaly observed at about 150
for x50.175, shown in Fig. 1~a!, is due to the structura
transition from the high-T rhombohedral to low-T ortho-
rhombic form. Because the anomaly temperatureTs is sensi-
tive to the distortion,2 rather weakz dependence ofTs indi-
cates that the Al substitution has only a little effect on t
crystal structure. In addition,Ts decreases with increasingz,
which shows that the distortion becomes weaker because
ionic radius of aluminum is larger than that of mangane
Because the perovskite manganite generally becomes m
conductive as the distortion becomes weaker, the increas
r(T) cannot be ascribed to the structural change.

In Fig. 2~b!, r0 represents the minimumr(T) value.r0
shows z-linear behavior for the small-z compositions for
which the upturn is absent. However, it deviates from
z-linear behavior and rapidly increases withz for the large-z
compositions for whichr(T) shows the upturn. This chang
is similar to the typical behavior of the residual resistivity
the neighborhood of the Anderson localization.22 Here, we
define s* (51/r* ) as the critical dc conductivity value
which separates itinerant conduction from localized one
absolute zero. The upper limit ofr* is defined as an extrapo
lated value to the minimum Al content at whichr(T) shows
the upturn, assuming thez linearity of r0 for the itinerant
compositions. The lower limit ofr* is, on the other hand
defined as the value ofr0 for the maximum Al content
in the itinerant region. The values ofs* estimated by

ed

FIG. 2. Variation of~a! TC and ~b! r0 with Al content z. r0

represents the minimum value ofr(T), which corresponds to the
residual resistivity for the itinerant compositions.
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the above procedure are 2800–3400V21 cm21

(x50.175), 3500–4100V21 cm21 (0.20), and 3700–
4000 V21 cm21 (0.30). It is noteworthy thats* shows
no remarkablex dependence.

The slope of residual resistivity vs density of impurit
Dr/nimp , is ;106mV cm/at. % Al~x50.175!, ;46 mV cm/
at. % Al ~0.20!, and ;32 mV cm/at. % Al ~0.30!.
These values are much larger than that of a typ
transitional-metal alloy AlCr,;8 mV cm/at. % Cr,23 and,
for x50.175, the slope is comparable with that
YBa2(Cu12zZnz)3O6.68, ;125 mV cm/at. % Zn.24 For the
case of YBa2(Cu12zZnz)3O6.68, the doped Zn acts as
strong potential scatterer in the unitarity limit. Effective sc
tering cross section per one impurity,Qeff , is estimated to be
;420 Å 2 (x50.175), ;160 Å 2 (0.20), and ;90 Å 2

(0.30), using the following formula:

Qeff5
ne2

\kF
•

Dr

nimp
~1!

(n: carrier density;kF : Fermi wave number! and the estima-
tion of n from the Hall-effect study,25 ;2.531022 cm23

(x50.175), ;2.131022 cm23 (0.20), ;1.531022 cm23

(0.30). TheseQeff values are much larger than that of Cr
Al, ;33 Å 2. The metallic state of the manganites is u
stable against randomness. This may be a characteristic
half metal and/or the DE system. Otherwise, this may or
nate from other features, for example, dynamical Jahn-Te
instability,26 charge ordering instability,27 orbital degree of
freedom,28,29 and so on.

The rapid increase ofDr/nimp , or of Qeff , with decreas-
ing x correlates with narrowing of the bandwidth with d
creasingx. We also confirmed that the metallic state
Nd0.70Sr0.30MnO3, the bandwidth of which is narrower tha
that of LSMO system, is destroyed by the slight~less than
1%! amount of Al ~Fig. 3!. This is probably because th
above additional features emerges with decreas
bandwidth.11

For LSMO system,s* is not only the critical value for
the carrier localization caused by impurities but also a cr
cal value around which the electronic state undergoes a

FIG. 3. Temperature dependence of the dc resistivity meas
on (Nd0.70Sr0.30)(Mn12zAl z)O3 single crystals. Inset shows magn
fied dc resistivity in a low-temperature region~0–100 K!.
l
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tain essential change. In Fig. 4, the dc resistivity is replot
as a function of magnetizationM for x50.175 in ~a! andx
50.30 in ~b!. Here, r(0) is a constant of resistivity atM
50. Insets showM (T) measured under a field ofm0H
50.5 T. For both compositions, response of the cha
transport to Al substitution changes arounds* . At high tem-
peratures, wherer(T) is, roughly speaking, larger thanr* ,
the curves of the renormalized resistivity merge into a sin
one, which indicates thatr(T) is governed byM (T) alone
and the Al substitution affects the charge transport o
throughM (T). At low temperatures, on the other hand, t
nature of the doped Al as a potential scatterer becomes
spicuous; the doped Al induces residual resistivity.r(T) is
no longer governed byM (T) alone and the curves of th
renormalized resistivity separate from the single one. T
recent optical reflectivity studies also shows the cohere
incoherent crossover ins(v) at about sdc(51/r)
;2000 V21 cm21.11,12These results suggest that there is
essential change in the electronic state, roughly speak
aroundsdc;2000–4000V21 cm21. Because it is originally
difficult to estimate a distinct critical value by this procedur
and also because this change is continuous and indist
this uncertainty of the critical value is not significant.

ed

FIG. 4. The dc resistivity is replotted as a function of magne
zation M; ~a! x50.175, ~b! x50.30. Here,r(0) is a constant of
resistivity atM50. Insets: temperature dependence of magnet
tion measured under a field ofm0H50.5 T.
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In Fig. 5~a!, we showr(T) of Al-free LSMO up to 1000
K for various Sr compositions (x50.16–0.40). In the para
magnetic phase aboveTC, r(T) changes gradually from in
sulating to metallic behavior with increasingx. For the
heavily doped regionx*0.30, r(T) is metallic aboveTC.
Thoughr(T) shows weakT dependence, it does not show
tendency of saturation over aT range covered here. How
ever, the metallic phase aboveTC is quite unstable against A
substitution; forx50.30, r(T) becomes insulating by only
2% Al @Fig. 5~b!#. The insulating behavior aboveTC, which
is not predicted by the simple DE model,16 seems to origi-
nate from randomness.

IV. DISCUSSIONS

The upturn ofr(T) induced by Al probably originates
from the localization. Therefore, arounds* , mean free path
~MFP! l is close to Fermi wavelengthlF52p/kF .30 There-
fore, because the doped Al act only as a potential scatter
low temperatures, also for the pure system,l is close tolF
whensdc reachess* .31,32 Therefore, for the manganites, th
condition l .lF , which is assumed in an ordinary metal,
violated at the higherT region of the metallic phase wher

FIG. 5. ~a! Temperature dependence of the dc resistivity m
sured on Al-free La12xSrxMnO3 single crystals for various Sr com
positions (0.16<x<0.40) up to 1000 K.~b! Al-substitution effect
on the dc resistivity at high temperatures forx50.30.
at

sdc is smaller thans* ; around s* the ferromagnetic-
metallic phase is divided into two phases, that is, hig
temperature incoherent metallic~HIM ! and low-temperature
coherent metallic~LCM! phases. The word ‘‘incoherent’
means the violation of the assumptionl .lF .

The LCM phase is realized below a certain temperat
T* at whichsdc exceedss* . In this phase,l is longer than
lF and hence the concept of an ordinary metal seems va
However, this metallic phase is so unstable against rand
ness that it disappears by slight Al substitution, especially
the narrow-band system.

The charge carriers gradually lose coherency with
creasing temperature. HIM phase is realized over a temp
ture rangeT* &T&TC. In this phase,sdc is less thans* , in
other words,l is less thanlF in appearance, thoughr(T) is
metallic (dr/dT.0). Therefore the concept of an ordina
metal is violated; the electrical conduction may be caused
some hopping mechanism. Actually, in thisT region, a
Drude-like term is absent ins(v) and, instead,s(v) is
characterized by an incoherent broad peak at mid-to-nea
frared region. TheT dependence ofr is determined mainly
by the effective carrier densityn/m* (m* : effective mass!
because the spectral weight ins(v) at low frequencies
shows a radicalT dependence.12

One should note the large resistivity in HIM phase. F
example,r exceeds 10 mV cm just belowTC for x50.175,
which corresponds to unphysically small MFP,l;0.15 Å .
In an ordinary metal,l cannot be less than lattice constanta,
no matter how strongly the carriers are scattered30

Therefore some metals show ‘‘resistivity saturation’’ at hi
temperatures.33 Such a larger of LSMO means that not only
the condition l .lF but also l .a are violated in HIM
phase;34 ther seems to increase without saturation still af
l reachesa.

As is similar to HIM phase, in the paramagnetic phase
electrical conduction is incoherent and hence random po
tial probably does not directly affect the charge transport
addition, because the long-range order is absent aboveTC,
the remaining magnetic effect is expected to be ‘‘loca
Therefore the electrical conduction aboveTC is determined
by short-range correlation between thet2g spins.17

CMR is a characteristic of HIM phase. One of the ma
issues is whether HIM phase is realized by the DE mec
nism alone. The answer suggested here is ‘‘no.’’ This
based on the following facts:~i! The dc resistivity of
CrO2 (TC5392 K), which is one of the ideal DE materia
free from the additional features,35 is rather small (;6
31024 V cm at 500 K! and it seems to be in a ‘‘coherent
metallic state over a whole temperature range.36 ~ii ! The
stable HIM phase of the narrow-band~or high-resistivity!
system is usually accompanied by the insulating phase ab
TC which cannot be explained by the simple DE mechanis
~iii ! An incoherent broad peak which characterizes thes(v)
spectrum in HIM phase12 also cannot be explained by th
simple DE mechanism.

If there is not2g-spin misalignment, resistivity is deter
mined by the effective carrier density and by the resid
imperfections—the above-mentioned additional featur
randomness, phonons, and so on. ‘‘Intrinsic’’ resistiv
r i(T) and MFPl i(T) are defined as the resistivity and MF

-
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11 592 PRB 61SAWAKI, TAKENAKA, OSUKA, SHIOZAKI, AND SUGAI
in this ideal situation, respectively.l i(T) is determined by
these residual imperfections. The above three facts sug
the following: Whenl i is long, the carriers keep coherenc
even though the misalignment of thet2g spins exits; the re-
alized metallic state is not so much different from an ord
nary one; and some mechanisms which shortenl i are indis-
pensable for HIM phase. CMR is a process that t
coherency of the carriers is restored to some extent by m
netic field. It is the incoherency of the charge dynamics its
that is essential for CMR. One should calculate ho
s(v,T), M (T), TC, and so on, vary withl i ~or ‘‘intrinsic’’
scattering timet i) , by taking l i (t i) into consideration in a
phenomenological manner.@The simple DE model corre-
sponds to the limit ofl i(t i)→`.#

The changes in the physical properties of the real D
materials are due to variation inl i . One example may bex
dependence. The universal value ofs* indicates thatn does
not show remarkablex dependence becauses* is irrelevant
to carrier scattering and hence is determined primarily
carrier densityn. This is consistent with the Hall-effect
study.25 The variation in the electronic state with Sr compo
sition is considered to originate from the amount and/or e
fectiveness of the additional features. Among them, rando
ness seems dominant. The present study shows that the
rather large residual resistivity, corresponding toz;1%,
also for pure LSMO@Fig. 2~b!#. It is contrary to the case of
high-Tc cuprates in which the residual resistivity is neglig
bly small for the optimally and highly doped regions.37 For
the manganites, a magnetic domain wall may be an origin
the persistent residual resistivity.38

There are various experimental results suggesting t
randomness plays a central role in determining the electro
state of the DE materials:~i! absence of LCM phase in
two-dimensional3,6 and slightly doped@Fig. 4~a!, Ref. 2# sys-
tems,~ii ! drastic changes caused by the grain boundaries
polycrystalline samples39 and by the defects in the surfaces9

~iii ! insulating behavior ofr(T) aboveTC in Al-substituted
LSMO (x*0.30) @Fig. 5~b!#, ~iv! large sample dependenc
of r(T) for the cases of, for example, CrO2.36,40 In the DE
system, charge (eg) and spin (t2g) intimately interact. Con-
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sequently,s and M are self-consistently modulated by th
additional imperfections.41 In this case, effects of random
ness may be much more drastic than that expected for
case of an ordinary metal; for example, the present re
indicates that Matthiessen’s rule is not applicable except
a very low-temperature region at which thet2g-spin align-
ment is almost complete. The rather large residual resisti
for highly doped, Al-free LSMO and the largeQeff may be
another example. Among various candidates for controll
l i , randomness is one of the most useful one for the man
nites because we can easily and systematically alter it
B-site substitution.

V. SUMMARY

The ferromagnetic-metallic phase of the doped mang
ites is divided into two—LCM and HIM—phases at a certa
critical dc conductivity, which is indicated not only by th
present study of Al-substitution effect on dc resistivity b
also by the recent optical reflectivity studies. The pres
result shows that this essential change in the charge dyn
ics, that is, the LCM-HIM crossover, is determined by t
magnitude of mean free path. Even for the DE system, M
l is one of the significant indexes in discussing the electro
state. The present result also shows that the metallicr(T)
aboveTC becomes insulating by slight amount of Al. Th
conduction aboveTC is determined by the short-range corr
lation between thet2g spins. The present study suggests th
randomness is one of the key factors for controlling t
physical properties of the manganites and we can de
these materials viaB-site substitution.
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