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Effects of Ga doping in La2Õ3Sr1Õ3MnO3
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~Received 24 February 2003; revised manuscript received 19 May 2003; published 26 August 2003!

We substitute Ga for Mn in the La2/3Sr1/3MnO3 compound to see how magnetic and atomic disorder affects
the properties of this system. Ga doping gives rise to minor structural effects in the La2/3Sr1/3Mn12xGaxO3

(0<x<0.5) series. However, the Curie temperature and the temperature at which the resistivity changes its
behavior from insulating- to metallic-like both decrease drastically with increasing Ga content. In addition,
these transitions do not occur at the same temperature forx.0.02. Ferromagnetic long-range order is observed
for samples withx,0.3. Forx.0.3, the system is in a spin-glass-like state. We obtain rather high values of
negative magnetoresistance inx<0.2 samples, which likely arises from spin-polarized tunneling.

DOI: 10.1103/PhysRevB.68.054421 PACS number~s!: 75.47.De, 71.30.1h, 75.10.Nr, 61.10.2i
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I. INTRODUCTION

Physical properties of manganites~mixed oxides of Mn
and rare earthsR), in particular the colossal magnetores
tance, have attracted a lot of attention in recent years.1 The
introduction of a divalent cationA (A5Ca, Sr, Ba! onto the
trivalent R site gives rise to a mixed valence of Mn atom
Above some critical value ofx, R12xAxMnO3 undergoes a
paramagnetic~PM! to ferromagnetic~FM! transition coupled
with a sharp decrease in resistivity upon cooling.2 The high-
est transition temperature (TC) is observed forx;1/3.1,2 The
double exchange interaction is considered the main me
nism controlling both the magnetic and transport proper
in manganites.3 However, there are some puzzling pheno
ena in their behavior, which are not well understood. Ad
tional mechanisms such as electron-phonon coupling,4 the
average ionic size of cations (R, A),5,6 the size mismatch7

betweenR andA cations or atomic disorder contribute to th
physical properties of this system. In order to account for
role of disorder in the Mn sublattice, several groups ha
studied the effect of substitution of Mn ions with other e
ments. Some have used magnetic elements~such as Fe or Cr!
in their studies.8–12 However, in this case it is difficult to
separate new magnetic interactions from disorder effe
Other have used nonmagnetic elements but with a large s
mismatch that could induce microscopical strain and lat
distortions.13,14 Among several alternatives, the introductio
of the nonmagnetic Ga31 onto the Mn sites seems to be th
best way to minimize lattice strain since Mn31 and Ga31

have similar ionic sizes.15 Such a substitution has been stu
ied earlier in the La2/3Ca1/3Mn12xGaxO3 system, where a
sharp decrease ofTC with the increasing content of Ga ha
been found.16,17 The FM long-range order disappears b
tween x50.1 and 0.25 in this system. Only a few studi
have been devoted to the investigation of Ga doping in
La2/3Sr1/3MnO3 compound. Some have focused on the stu
of heavy doped manganites La12xSrxMn1/2Ga1/2O3 , looking
for the correlation between the Mn14 concentration and
changes in structural and magnetic properties.18,19 Properties
of La2/3Sr1/3Mn0.9M0.1O3 (M5Ga, Ni, and Fe! were re-
ported in Ref. 9. The Ga-substituted compound shows a la
0163-1829/2003/68~5!/054421~7!/$20.00 68 0544
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decrease of the temperature corresponding to both mag
and resistive~from semiconducting to metalliclike behavio!
transitions. On the other hand, effects of disorder on
properties of manganites have been calculated by sev
groups.20–22They found that the Curie temperature decrea
with increasing disorder. An uncoupling of magnetic and
sistive transitions for sufficiently high degrees of disord
has been also foreseen.20,22 With the aim of verifying this
prediction and to gain some insight into the behavior of
La2/3Sr1/3Mn12xGaxO3 system, we have performed a caref
study of this series forx<0.5. We have measured magne
and electrical transport properties in a broad range of te
perature and magnetic field. Our results show that, inde
the magnetic and resistive transitions are uncoupled in
0.05<x<0.2 range.

II. EXPERIMENT

The samples of La2/3Sr1/3Mn12xGaxO3 (x50, 0.02, 0.05,
0.08, 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5! were prepared by a
solid state reaction. Stoichiometric amounts of La2O3,
SrCO3, MnCO3, and Ga2O3 with a nominal purity of not
less than 99.95% were mixed and heated in air at 950 °C
18 h. After grinding, they were pressed into bars and sinte
in air at 1250 °C for 18 h and at 1500 °C for 48 h wi
intermediate grindings. The oxygen content was analyzed
iodometric titration. All samples were stoichiometric with
the experimental error~oxygen content of 360.015).

Step-scanned powder diffraction patterns were collec
between 19° and 140°~in steps of 0.03°) at room tempera
ture using a D-max Rigaku system with a Cu rotating ano
The device was working at 40 kV and 80 mA with a counti
rate of 4 sec step21. A graphite monochromator was used
select the CuKa radiation. The crystal structures were r
fined by the Rietveld method using theFULLPROFprogram.23

Magnetic measurements were performed between 5
380 K and up to 5 T in a commercial Quantum Design s
perconducting quantum interference device magnetom
provided with an ac experimental setup. Resistivity measu
ments on the same samples were carried out using the
dard six-probe ac method in the temperature range from
500 K and in magnetic fields of up to 5 T.
©2003 The American Physical Society21-1
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TABLE I. Structural parameters~lattice parameters, volume, fractional atomic coordinate and isotropic displacement factors! and some
reliability factors~defined as in Ref. 23! for La2/3Sr1/3Mn12xGaxO3 (x<0.5) at 300 K. Digits in parentheses refer to standard deviation

Sample x50 x50.02 x50.05 x50.08 x50.1 x50.15 x50.2 x50.3 x50.4 x50.5

a ~Å! 5.5001~1! 5.4995~1! 5.4994~1! 5.4991~1! 5.4978~1! 5.4967~1! 5.4945~2! 5.4912~1! 5.4866~1! 5.4837~1!

c ~Å! 13.3593~2! 13.3568~2! 13.3517~3! 13.3474~2! 13.3469~2! 13.3427~2! 13.3417~2! 13.3362~2! 13.3288~2! 13.3237~1!

Volume (Å3) 349.99~1! 349.84~1! 349.70~1! 349.55~1! 349.37~1! 349.13~1! 348.85~2! 348.26~1! 347.49~1! 346.98~1!

La at ~0 01/4!:
B (Å 2) 0.49~1! 0.26~1! 0.31~2! 0.66~1! 0.35~1! 0.35~1! 0.35~1! 0.46~1! 0.38~1! 0.47~1!

Mn/Ga ~0 00!:
B (Å 2) 0.25~1! 0.10~2! 0.15~2! 0.45~1! 0.16~2! 0.12~2! 0.19~2! 0.22~2! 0.18~2! 0.32~1!

O ~x 01/4!:
x 0.5408~6! 0.5406~7! 0.5404~9! 0.5402~6! 0.5401~7! 0.5401~8! 0.5399~7! 0.5400~7! 0.5400~7! 0.5394~7!

B (Å 2) 1.18~7! 0.63~7! 0.99~9! 1.02~7! 0.66~7! 0.98~8! 0.56~7! 0.89~7! 1.09~8! 0.69~7!

Rwp(%)/RBragg~%! 8.6/3.9 11.4/5.2 11.6/4.2 9.3/4.0 10.2/4.1 11.3/4.3 9.9/4.0 9.9/4.3 10.2/4.8 9.9/3.
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III. RESULTS

A. Structure at room temperature

X-ray powder diffraction studies revealed that a uniq
phase could be formed over the range ofx between 0 and 0.5
in the La2/3Sr1/3Mn12xGaxO3 system. Only thex50.5
sample showed an impurity~around 1% of LaSrGa3O7) that
was included in the refinement as a secondary phase.24 The
diffraction patterns obtained can be successfully refined
all samples in the frame of theR3̄c space group, very com
mon for slightly distorted perovskites~it corresponds to an
a2a2a2 octahedral tilt scheme with equal rotations about
three pseudocubic axes25!. A monoclinic cell, theI2/c space
group, has been claimed forx50.5 on the basis of an elec
tron diffraction study.19 Since the additional distortion corre
sponding to this structure is very small~undistinguishable by
x-ray diffraction! and both space groups give accurate
etveld fittings, we have also analyzed thex50.5 sample in
the rhombohedral group. Structural parameters obtai
from Rietveld analysis are summarized in Table I.
The volume of the refined unit cell decreases as the con
of Ga increases in La2/3Sr1/3Mn12xGaxO3. This decrease is
almost linear withx, and amounts up to approximate
26.2 Å3 per Ga atom. The variation of the lattice paramet
with x is more complex. The rate at which the lattice co
stant, corresponding to thec axis, decreases withx is almost
uniform. However, the rate for thea axis varies strongly with
composition: it is small forx,0.1 and large forx>0.1. The
inflection point coincides with the conductivity charact
change in the La2/3Sr1/3Mn12xGaxO3 system which, at room
temperature, is metallic up tox;0.08 ~see below!. Figure 1
shows the refinedM -O distances (M5Mn, Ga! and the
M -O-M bond angles as a function of the Ga content. T
M -O length decreases with increasingx as expected for the
substitution of Mn31 by Ga31. It varies between 1.952 (x
50) and 1.945 Å (x50.5). We note that theM -O distance
found for the undoped compound is slightly below the c
culated one from the tabulated ionic radii~1.956 Å!. The
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Mn31 ion in high spin state usually shows Jahn-Teller d
tortion that is absent in metallic manganites.26 Therefore, the
addition of the tabulated ionic radii must only be consider
as a rough approximation in the present case. TheM -O dis-
tances, shown in Fig. 1, decrease almost linearly withx in
the La2/3Sr1/3Mn12xGaxO3 series with a rate of20.012 Å
per Ga atom. This finding, and bearing in mind the ion
sizes15 for Mn31, Mn41, and Ga31 ~0.645, 0.53, and 0.62 Å
respectively!, lead us to conclude that Ga31 replaces Mn31

in the manganite lattice. In addition, we found that the ox
gen stoichiometry, determined by iodometric titration, is n
affected by Ga doping. This leads to an increase of
Mn41/Mn31 ratio as the content of Ga does.

Finally, theM -O-M bond-angle slightly increases as th
Ga content increases, varying between 166.8° forx50 and
167.25° forx50.5. This curve shows a plateaulike behav
for 0.1<x<0.3. Nevertheless, the structural changes
very small as expected for the substitution of Mn31 with an
ion of a similar ionic size.

B. Magnetic properties

Figure 2 shows the temperature dependence of the
phase ac susceptibility (xac) for x<0.3 compounds. Thex

FIG. 1. InteratomicM -O distances~circles! andM -O-M bond
angles~triangles! for La2/3Sr1/3Mn12xGaxO3 samples withx<0.5.
M refers to Mn/Ga.
1-2
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EFFECTS OF Ga DOPING IN La2/3Sr1/3MnO3 PHYSICAL REVIEW B 68, 054421 ~2003!
<0.2 samples clearly show ferromagnetic transitions. T
critical temperatureTC , defined as the inflection point of th
xac curve, decreases as the Ga content increases.TC varies
from 365 to 152 K asx goes from 0 to 0.2, respectively. Th
xac (T) variations, measured at different frequencies of
ac field, are shown in Fig. 3 forx>0.3 compounds. Thes
curves peak at a low temperature between 49.5 and 15.5
x varies from 0.3 to 0.5, respectively. The maximum
xac(T) decreases in amplitude and shifts to higher tempe
tures as the frequency of the ac field increases. Such a
havior can be attributed to a dynamic spin freezing a
likely, the FM long-range order is not achieved in the
samples. In fact, neutron diffraction experiments did n
show any FM ordering for thex50.5 sample.19 None of the
samples studied obeys the Curie-Weiss law in the temp
ture range studied~below 400 K!.

Magnetic loops were measured at 5 K for all samples
studied. The results are displayed in Fig. 4. All of t
La2/3Sr1/3Mn12xGaxO3 samples show a spontaneous mag
tization at 5 K. However, the samples withx<0.2 behave as
soft ferromagnets. Magnetic saturation is already achieve
magnetic fields of approximately 5 kOe. The obtained sa
rated magnetic momentMS decreases almost linearly withx
in this composition range with a rate of24.6mB /Ga atom
@see inset~a!#. MS varies between 3.87mB /fu and 2.90mB /fu
as x changes between 0 and 0.2, respectively. The valu
the magnetic momentMS found for the parent compound

FIG. 2. The in-phase magnetic susceptibility f
La2/3Sr1/3Mn12xGaxO3 samples (x<0.3).

FIG. 3. The in-phase magnetic susceptibility f
La2/3Sr1/3Mn12xGaxO3 samples (0.3<x<0.5). Samples withx
50.3 and 0.4 were measured at different frequencies of the a
nating field~1, 10, and 100 Hz!. Arrows indicate the frequency (f )
increase.
05442
e

e

as
f
a-
e-
,

t

a-

-

at
-

of

x50, is higher than the expected one for the spin-only c
tribution with g52 (3.67mB /fu). The similar finding has
been reported earlier.27 Nevertheless, the agreement betwe
calculated and experimentalMS values (2.87mB /fu and
2.90mB /fu, respectively! is excellent forx50.2.

The magnetic properties of thex50.3 compound are
noteworthy. This sample shows a large spontaneous ma
tization, but its saturation is not achieved at 5 T@see inset
~b!#. The magnetic moment at 5 T is 1.76mB /fu, far below
the expected one for a fully polarized Mn sublattice. Mor
over, the magnetization curve has a positive slope at h
magnetic fields, indicating the presence of either a can
ferromagnetic arrangement or a secondary paramagn
phase. An inhomogeneous magnetic state cannot be
carded as well, bearing in mind the dynamic behavior sho
by xac(T) in this sample~see Fig. 3!. Neutron experiments
are desirable to shed some light on this subject.

Samples with a higher Ga content exhibit smaller spon
neous magnetization values. The positive slope of the m
netization curves at high magnetic fields in addition to t
low magnetic moment at 5 T is consistent with lack of t
long-range FM order in these materials. Both samplesx
50.4 and 0.5! are likely in a~spin or cluster-! glass state at
low temperatures as proposed recently forx50.5 from neu-
tron diffraction experiments.19

The substitution of Mn by Ga changes the Mn41/Mn31

ratio in La2/3Sr1/3Mn12xGaxO3 samples. This is shown in th
inset of Fig. 4, where Mn41/(Mn411Mn31) is plotted ver-
susx. FM ordering is observed for Mn41/(Mn411Mn31)
up to approximately 0.47.

C. Current transport properties

How the resistivityr of the La2/3Sr1/3Mn12xGaxO3 series
varies with temperature is shown in Fig. 5. As the content
Ga increases, the material studied becomes more resis
We have noted that the repeated annealing of the bars

r-

FIG. 4. Magnetization vs field at 5 K for ~from top, highestM ,
to bottom!: x50, 0.02, 0.05, 0.08, 0.1, 0.15, and 0.2 samples. In
~a!: Saturated magnetization~points! and Mn41/(Mn311Mn41)
ratio ~solid line! vs x for La2/3Sr1/3Mn12xGaxO3 samples. The dot-
ted line shows a linear fit while vertical broken lines are posi
limits for different magnetic phases. FM and SG denote ferrom
netic and spin-glass regions, respectively. Inset~b!: Magnetization
vs field at 5 K for~from top, highestM , to bottom! x50.3, 0.4, and
0.5 samples.
1-3
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duces their electrical resistance significantly but witho
changing the shape of ther(T) curves as reported earlier fo
La12xSrxMnO3 samples.28 Here, we present results fo
samples prepared at the same conditions~annealing for 48 h
at 1500 °C). Thex50 compound exhibits a sharp drop
the resistivity below 360 K, close to theTC , in agreement
with the previously reported results for the polycrystalli
La2/3Sr1/3MnO3 system.27,28 For x up to 0.2,r(T) shows a
maximum which we ascribe to the resistive transition b
tween insulating (dr/dT,0) and metallic (dr/dT.0) con-
ductivity regimes. The temperature for this transition,TM ,
decreases as the content of Ga increases. Thex50.3 compo-
sition is semiconducting in the whole range of temperat
studied. ForT.TM , the resistivity ofx<0.3 samples fol-
lows the Arrhenius law:r}exp(EA /kT). We plot the activa-
tion energy (EA) vs composition in the inset of Fig. 5.EA
increases with the increasing content of Ga and tends to s
rate at a value of approximately 140 meV for largex. The
observed behavior could be attributed to both the diminut
of hopping paths when Ga31 replaces Mn31 ~the former,
with a 3d10 electronic configuration, does not participate
the electronic conduction! and the change in the
Mn41/Mn31 ratio.

In Fig. 6 we compare the magnetic and resistive beha
for various La2/3Sr1/3Mn12xGaxO3 samples. First, we note
that TC and TM almost coincide for the low Ga doping (x
<0.02), as expected for coupled transitions@Fig. 6~a!#.
However, for the higher doping (x>0.05) the resistivity has
a maximum at temperatures much lower thanTC @Fig. 6~b!#.
A similar behavior has also been observed in other sub
tuted manganites.10,12,17The difference betweenTC andTM
can sometimes arise from the procedure used in definingTC .
Some authors defineTC as the temperature corresponding
the inflection point in the magnetization curve~the criterion
used here! whereas others prefer to extrapolate the maxim
slope of the magnetization curve to theT axis. However, this
is not our case asTC and TM differ by more than 30% in
some compositions.

FIG. 5. Resistivity vs temperature for the La2/3Sr1/3Mn12xGaxO3

(x<0.3) samples. Inset: Variation of the activation energy with
content of Ga (x<0.3). The broken line is a guide for the eye.
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Usually, replacing Mn with other elements in manganit
leads to a broadening of the magnetic transition. For h
enough doping, the long-range magnetic ordering is lost
the magnetic curve shows a peak typical of cluster or sp
glass systems. The resistive transition~if existing! in such
systems is observed either at the magnetic peak or at
low-temperature onset of the magnetic transition. T
present case shows significant differences: First, the m
netic transition remains sharp for all the compositions sho
ing the resistive transition which for 0.05<x<.0.2 takes
place well belowTC . In addition, the resistivity exhibits
some anomalies at the magnetic transition such as a kink@see
thex50.05 curve in Fig. 6~b!# or a clear peak@x50.1 in Fig.
6~b!#. The kink atTC is hardly visible in ther(T) curve for
other compositions~such asx50.2, not shown here! but it
appears in the first derivative. We note thatx50.2 and 0.15
have rather high electrical resistivities in their ‘‘metallic
phase.

Finally, we find that the resistivity of all
La2/3Sr1/3Mn12xGaxO3 samples studied show a minimum
low temperatures. The temperature corresponding to
minimum increases as the Ga content increases. This fea
might also be related to the polycrystalline nature of t
samples because the minimum in the resistivity is not
served in single crystals of La2/3Sr1/3MnO3.27 However, the
dependence on the content of Ga suggests an intrinsic c
acter.

D. Magnetoresistance

The uncoupling between magnetic and electrical tran
tions leads to the following question: how are they affec
by an external magnetic field? In order to answer this qu

e

FIG. 6. Comparison betweenr(T) and x8(T) curves for
La2/3Sr1/3Mn12xGaxO3 samples with~a! x50 ~continuous line! and
x50.02 ~dotted line!, and ~b! x50.05 ~continuous line! and x
50.1 ~dotted line!.
1-4
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EFFECTS OF Ga DOPING IN La2/3Sr1/3MnO3 PHYSICAL REVIEW B 68, 054421 ~2003!
tion, we have focused this part of the study on thex50.1
sample, where both transitions are clearly distinguisha
Resistivity variations at different external magnetic fields
shown in Fig. 7. The resistivity decreases as the applied fi
increases. It is clear that the anomaly associated with
magnetic transition shifts towards higher temperatures w
increasing magnetic field. The resistivity maximum, ho
ever, remains almost at the same temperature. On the o
hand, the shallow minimum at;30 K shifts towards lower
temperatures upon applying a magnetic field. The mag
toresistance, defined as @r(H50,T)-r(H
550 kOe,T)#/r(H550 kOe,T), is also displayed in the
same figure. Two contributions to magnetoresistance
clearly seen: One at high temperature~peak shape!, arising
from the shift ofTC , and another belowTC likely related to
the grain boundaries. In Fig. 8 we showr(H)/r(0) versusH
and @r(H)-r(50 kOe)#/r(0) versus @M /M (50 kOe)#2

curves for thex50.1 sample in the temperature range from
to 300 K (@r(H)-r(50 kOe)#/r(0) is some measure of th
magnetic resistivity!. At low fields, the resistivity drops
sharply in the ferromagnetic region. This drop is larger
lower temperatures and reaches values close to 25% at
In the same field range, the magnetization increases sha
The variation of@r(H)-r(50 kOe)#/r(0) is almost linear
with the square of the normalized magnetization in this
gion. At higher fields, the resistivity still decreases, thou
magnetic saturation has been achieved. Thus, two reg
are observed in the variation of the resistivity in the fer
magnetic region. On the other hand, in the paramagnetic
gion the magnetic resistivity varies almost linearly wi
@M /M (50 kOe)#2 in the whole range of fields studied.

IV. DISCUSSION AND CONCLUSIONS

Ga doping in the La2/3Sr1/3Mn12xGaxO3 system gives rise
to several effects:~i! an enhancement of the disorder,~ii ! a
decrease of the conduction paths for electrons as Ga31 ions
do not participate in conduction,~iii ! a partial suppression o
both the ferromagnetic double-exchange and superexch
antiferromagnetic interactions since Ga31 ions do not have a

FIG. 7. Resistivity vs temperature at different external magn
fields ~continuous line! and temperature dependence of the mag
toresistance~dotted line! for La2/3Sr1/3Mn0.9Ga0.1O3 . The values of
the magnetic field are~from top to bottom!: 0, 5, 10, 30, and 50
kOe. The magnetoresistance is defined as MR(%)51003@r(H
50,T)-r(H550 kOe,T)#/r(H550 kOe,T).
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core spin, and~iv! an on-site electrostatic perturbation. Th
latter is a consequence of the fact that the average valenc
the Mn-Ga-Mn sublattice (13.3) is higher than that of
Ga31. Holes cannot hop onto Ga sites, but they stay lon
at the Mn ion which neighbors with Ga.22 The disorder is not
only enhanced by the random substitution of Ga atoms
Mn but also by lattice distortions arising from the differe
ionic sizes of the dopant. All these factors affect the prop
ties of the system studied. We discuss some of them bel

A. Structural properties

The structural changes related to the Ga doping are mi
as expected for the substitution of Mn13 with an ion of a
similar ionic size. Only a small decrease of theM -O distance
in addition to a slight increase of theM -O-M bond angle,
are found. Consequently, the Mn 3d bandwidth should not be
directly affected by the local stress induced by Ga31 ions but
solely by dilution. It has been found that some mangan
systems undergo a structural transformation on cooling
affects their band structure.29 In order to check this in our

c
-

FIG. 8. ~a! Field dependence ofr(H)/r(H50) at the tempera-
tures indicated in the figure for La2/3Sr1/3Mn0.9Ga0.1O3 . Inset: Tem-
perature dependence of the low-field magnetoresistance~LFMR!
and the best fit~see Ref. 27! of the form LFMR (T)5a1b/(T
1c) ~dashed line!. The fitting parameters area520.18, b
5103 K, and c5248 K. ~b! Magnetic resistivity,
@r(H)-r(50 kOe)#/r(0), vs @M /M (50 kOe)#2 at different tem-
peratures for the same sample.
1-5
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system, we have collected x-ray patterns forx50.1 down to
77 K. No structural changes have been detected excep
typical thermal contraction. Therefore, any contribution fro
a structural transition can be discarded
La2/3Sr1/3Mn12xGaxO3 for the range of Ga content studied

B. Magnetic properties

The substitution of Ga for Mn leads to a weakening of t
FM interactions in La2/3Sr1/3Mn12xGaxO3 as evidenced by
the decrease of bothTC and MS and the subsequent loss
the FM long-range order atx;0.3 ~this composition might
be considered as a transitional one between ordered and
ordered samples!. The substitutional disorder, through
diminution of the number of Mn-Mn paths and an increase
the Mn41/Mn31 ratio, promotes competitive magnet
interactions.1 This, in turn, contributes to the magnet
frustration30 that can give rise to the spin-glass-like behav
in the x.0.3 samples. We note that the doping range
which our system orders ferromagnetically (0<x<0.3) is
quite large in comparison to other doped manganites.3-12 This
may be attributed to the strong FM interactions betwe
neighbor spins of the undoped compound La2/3Sr1/3MnO3, as
suggested by Alonsoet al.22

C. Electrical transport properties

Disorder arising from doping tends to localize the curre
carriers and to decreaseTM . The increase of the activatio
energy with an increasing content of Ga~see Fig. 5! and the
decrease of the resistive transition temperature in the sys
studied is consistent with these predictions. In addition,
studies show that, indeed, magnetic and resistive transit
do not occur at the same temperature forx>0.05. However,
the magnetic transition is also clearly visible in ther(T)
curves, although a metalliclike state is achieved well bel
TC .

The resistivity behavior in the system studied quali
tively follows the predictions of Ref. 22. It also agre
roughly with the results of a model for La12xSrxMnO3-type
compounds based on the double exchange mechanism
diagonal disorder.20 However, a more direct comparision b
tween these models and experimental data is difficult, si
it involves too many arbitrary parameters. Our prelimina
calculations show that the resistivity behavior for differe
values ofx in La2/3Sr1/3Mn12xGaxO3 can be explained a
well in the framework of a random-resistor percolatio
network model.31 In this model, a sample~phase separate
near TC) is represented by an effective resistance co
sponding to a parallel connection of resistances which re
sent the ferromagnetic conducting and paramagnetic ins
ing phases. At present, we cannot discriminate between t
models.

Our experimental results can be summarized in the ph
diagram shown in Fig. 9. We should point out that there is
true phase transition between FM metal and FM insula
regions. The dashed line in Fig. 9 merely divides regio
with metalliclike and insulatinglike conductivities. Neverth
less, the magnetic ordering and the change of electrical
havior are uncoupled for 0.02,x,0.3 samples.
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The behavior of the magnetoresistance~MR! in the
La2/3Sr1/3Mn12xGaxO3 system is mainly determined by it
granular nature. The low-field magnetoresistance~LFMR! in
manganites is attributed to either spin-dependent scatterin
the grain boundaries32 or spin-dependent tunneling betwee
grains.27 Nonlinear current-voltage characteristics, obtain
for a manganite bicrystal grain boundary, seem to point
the latter model.33 An applied magnetic field, which align
grains ferromagnetically, gives rise to larger electron tunn
ing and negative MR. Taking into account the magnetic fi
dependence of the intergrain coupling energy, one finds
Dr/ro}m2/T in the ferromagnetic region, wherem is the
magnetization normalized to the saturation value.27 The be-
havior of the MR found in our samples@Fig. 8~b!# is consis-
tent with this prediction. LFMR also depends on the gra
size.28 Following the procedure used in Refs. 27 and 28,
have estimated the temperature variation of LFMR by fin
ing theH50 intercept of the extrapolated high-field MR an
subtracting it from 1. We find that the LFMR increases w
decreasing temperature, as expected. The temperature d
dence of the LFMR for thex50.1 sample, shown in the inse
of Fig. 8, can reasonably be fitted by the functiona1b/(T
1c). On the other hand, the field dependence of the HFM
is alike for temperatures belowTC . Its contribution to the
total MR at 50 kOe is comparable to or even larger than t
of the LFMR. It can be attributed to a tunneling proce
across a noncollinear surface layer at the grains.34 However,
more studies of La2/3Sr1/3Mn12xGaxO3 samples with differ-
ent grain sizes is needed to confirm this conclusion. In
paramagnetic region, carrier scattering by thermal spin
order seems to be responsible for the observedr(H) varia-
tion (Dr/ro}12m2).

Finally, we briefly discuss the low-temperature resistiv
minimum observed in the system studied. This minimu
shifts towards lower temperatures under an applied magn
field and becomes shallower with increasing fields. The la
est drop inr(T,H) for this region occurs at 0<H<5 kOe.
Tunneling between antiferromagnetically coupled grains

FIG. 9. Phase diagram for the La2/3Sr1/3Mn12xGaxO3 series.
PMI, FMI, FMM, and SPG refer to paramagnetic insulator, ferr
magnetic insulator, ferromagnetic metal, and spin-~cluster-! glass
phases, respectively.
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EFFECTS OF Ga DOPING IN La2/3Sr1/3MnO3 PHYSICAL REVIEW B 68, 054421 ~2003!
once again be responsible for this behavior.35 Such a model
accounts fairly well for the resistivity minimum behavior
La0.8Sr0.2MnO3.36

To summarize, our experimental results obtained for
La2/3Sr1/3Mn12xGaxO3 system show that doping with G
drastically affects the magnetic and electrical properties
this system in various ways. As both the Mn41/Mn31 ratio
and disorder increase with an increasing dilution of the m
netic sublattice, the Curie temperature sharply decreases
the system becomes more resistive. In particular, Ga do
leads to the uncoupling of the magnetic and resistive tra
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