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Magnetic and magnetotransport properties in the Ni-doped L@ ;Sry sMnO ;5 system
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The magnetic and magnetotransport properties gf&g ;Mn; _,Ni,O; (x<0.4) system have been studied.
It is found that Ni doping induces a ferromagnetic state to ferromagnetic cluster state transition near the
metallic critical threshold composition. Interestingly, the largest low-temperature magnetoresisi&)cat
77 K is found in the samples in the vicinity of the ferromagnetic threshold composition below which the
sample shows both a rapid low-field MR and a slow high-field MR increase and above which only a slow MR
increase is observed. The results suggest that the spin-dependent scattering from internal grain regions is also
responsible for the low-temperature MR. The low-temperature and low-field MR effect is explained in terms of
orientation of the magnetic domains or/and cluster moments associated with the magnetically disordered
regions inside grains which may serve as the spin-dependent scattering centers as well as the pinning centers
for magnetic domain walls.

. INTRODUCTION and single grain boundary on epitaxial manganese fifth$.
So far, the low-field and low-temperature MR effect has been

The hole-doped manganese materials with peroVs’klt%xplained mainly in terms of spin-dependent tunneling

structure exhibit a negative colossal T?gnetore&stanc cross the grain boundarfeé or spin-dependent magnetic
(CMR) effect at the temperature close Tg, ™" where they 5 i, scattering at the boundary regidh* However, all
undergo a ferromagnetic-paramagnetic phase transition, agse opserved results above polycrystalline samples do not
companied by a m_etal-msulator transition. A re5|st|v_|ty _pealtggive any convincing evidence for supporting either spin-
and a CMR peak in most cases are found in the vicinity ofgependent tunneling or spin-dependent scattering. In classi-
the ferromagnetic transition temperatufg. This intrinsic  c3| sense, if spin-dependent scattering at grain boundaries is
CMR effect has been explained by the double exchanggesponsible for the low-field MR, one may expect that spin-
(DE)*“interaction between Mt and M+ ions, which me-  dependent scattering from the intragrain can also cause the
diates the simultaneous ferromagnetism and metallic condudew-field MR when such spin-dependent scattering centers
tance. Unfortunately, the CMR effect is usually achievedexist inside the grains. One approach is to introduce some
only in a strong magnetic field in the tesla range, whichlocal spin disorder into the intragrain. This can be done by
limits its practical applications. the direct replacement of Mn by Ni.

On the other hand, the macroscopic magnetic and electric In this paper, the magnetism and the related MR behav-
properties of real materials can be dramatically modified byiors in a series of LgSrysMn; _,Ni,O3 (x<0.4) polycrys-
various inhomogeneities existed in materfal$,such as talline samples have been reported. It is found that the direct
chemical inhomogeneity, lattice constant, and possible struaeplacement of Mn by Ni destroys the long-range ferromag-
ture inhomogeneities, etc. Among the various inhomogenenetic order and induces a ferromagnetic metallic state to
ities, the effect of grain boundaries discovered recently in theluster-glass-like insulating state transition. Also, Ni doping
metallic polycrystalline perovskitds'*is of particular inter-  remarkably influences the low-temperature MR. A largely
est. Besides the intrinsic CMR peak nélag, a large low- enhanced low-temperature MR effect is observed in the vi-
field magnetoresistand®R) effect has also been observed cinity of ferromagnetic critical threshold. Furthermore, in or-
over a wide temperature range beldw, which is absent in  der to understand the origins of low-temperature MR effect,
single crystals. Different from the intrinsic double-exchange-the magnetotransport properties of Ni-doped and undoped
type CMR, the low-temperature and low-field MR effect is samples have been compared. The results suggest that the
supposed to be from an extrinsic factor—grain boundariespin-dependent scattering from the internal grain regions is
where structural disorder and magnetic disorder do exist. Theesponsible for the large low-field MR in these high-Ni-
role of grain boundaries in low-field MR has further beendoped samples rather than the spin-dependent transport
determined by investigating the effects of particle $izé  across grain boundaries.
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FIG. 2. Lefty axis: magnetization as a function of temperature
in ZFC and FC processes with applied fields 0.05 T for samples
Lay /Sty sMn,; _,Ni, O;. Righty axis: reciprocal magnetization M/
as a function of temperature in ZFC process.

FIG. 1. Lattice parameters for b&Sr, sMn; _,Ni,O; samples.

Il. EXPERIMENT

A series of ceramic samples 41 Mn,_Ni,O3 (X
=0, 0.05, 0.1, 0.15, 0.18, 0.2, 0.25, 0.3, and) @wére syn-
thesized by conventional solid-state reaction method in ai
Stoichiometric mixtures of L#;, SrCG;, MnO,, and NiO
were ground, then fired at 800 °C for 24 h. The powders thu
obtained, were ground, pelletized, and sintered at 1350 °C f
70 h with two intermediate grindings. The structure of the
samples was characterized by x-ray diffractidfiRD) using

rperature of the maximum slope thM/dT. Clearly, the Ni
doping suppresses the ferromagnetism. The FC and ZFC data
for the samplex= 0.2 do not coincide below a relatively high
?emperature, indicating that some randomly frozen-in mag-
etic clusters are also present. This illustrates that there is a
coexistence of ferromagnetisfpossibly the large ferromag-
o netic regions with multidomain structyrand magnetic clus-
rcei isﬁﬁ/it;/adé?“?hne aggmrgleeassuvrgi ar';] éggumretgmbp;er;aotﬂ:%rgg?ers forT<T.. Moreover, there is a local me_tximum arpund
method. The magnetic field direction was parallel to the cur‘?Llo K on both FC and ZFQ curves, S}Jggestlng the existence
: of some antiferromagnetic correlation. By contrast, the
e%:ample withx=0.25 shows the ferromagnetic cluster behav-
lors without well-definedT. Below freezing temperature
(T¢), the cluster-glassor spin-glasys behavior is observed,
which is characterized by the difference between the ZFC
and FC magnetization data. Moreover, the nonlinearity of
reciprocal magnetization W(T) can be found far abovg; ,
suggesting the clustering of magnetic moments. From the
The powder x-ray diffraction at room temperature showsabove results, it seems that for preseng St sMn; _ ,Ni, O3
that all the samples under investigation are of single-phasgystem there exists a ferromagnetic critical thresholsl qf
rhombohedrally distorted perovskite structuspace group ~0.2~0.25 by crossing which the system evolves into a
R3c) without any secondary or impurity phase. Although theferromagnetic cluster state from a ferromagnetic state. The
crystal symmetry of these samples remains the same, thedbove doping effect on magnetism could be understood in
lattice parameters change systematically and smoothly witterms of Mrf*—Mn*" bond percolation, which will be dis-
Ni doping, as shown in Fig. 1. The crystal axis length cussed later.
decreases and the rhombohedral anglacreases gradually
with increasing nickel concentration. This means that the re- . . ' -
placement of Mn by Ni increases the rhombohedral distor-
tion. The uniaxial strairf(=¢;— ¢, ) induced by this distor-
tion, for example, is estimated about2.2x10° 2 for the

ture was measured by a superconducting quantum interf
ence device magnetomet@uantum Design

Ill. RESULT AND DISCUSSION

A. Structure, magnetic, and electronic properties

theoretical
. experimental

D
o
T

samplex=0.2, hereg; ande, represent the strains parallel
to and perpendicular to the threefold symmetry axis, respec-
tively.

Figure 2 shows the temperature dependence of magneti-
zation obtained in the zero-field-cool€dFC) and the field-
cooled(FC) processes with an applied magnetic field of 0.05
T for three typical Lg;SrpsMn;_,Ni, O3 samples x=0.1,

0.2, and 0.2h The ZFC magnetization curve indicates that
the sample withx<0.2 undergoes a paramagnetic to ferro-
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magnetic transition. As nickel contextncreases, both Curie FIG. 3. Temperature dependence of magnetization of
temperaturd ¢ and magnetizatioM are systematically low- g, Sr, Mn, dNig 05 atH=2 T. The points are experimental data,
ered, and the ferromagnetic transition becomes broader. Hetie solid is the calculated result. Inset, the reciprocal magnetization
the macroscopic Curie temperaturg is defined as the tem- 1/M as a function of temperature.
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104 ity peak, respectively. Obviously, the zero-field resistivity
s increases systematically with Ni doping. For the sample with
£ 10 x=<0.05, a metal-insulator transition, characterized by a re-
é 10? sistivity peak, occurs near the Curie temperatlige. By
- 10! contrast, for the sample with 0<Ix<<0.2, such a resistivity
> peak appears at a temperature far belw and decreases
:E: 10° in temperature with the increasing nickel concentration. The
2 10" resistivi;y peak appearing at a temperature muc_h lower than
h the Curie temperature has also been observed in some other
102 manganese perovskifésand ascribed to the inhomogene-

s s ities existed in these systems. For the present case, it may be
0 100 200 300 400 related to the local magnetic disorder arising from statistical
T(K) composition fluctuations or atomic short-range order due to
Ni doping. However, foix=0.2 no any resistivity peak can
under an applied field =2 or 5 T) for Lag St M, Ni,Os be seen and_the sample exhibits the insula_ting be_havior ir_] the
Arrows and vertical lines indicate the Curie terhperature and '[héNhOIe e?(pe.nmental temperaFur(_a range, either with or with-
metal-insulator transition temperature, respectively. out ap_phcaqon .of the magnetic f_|eld. The abovg_ results show
that Ni doping induces a metal-insulator transition. The me-
Figure 3 shows the temperature dependence of magnef@!lic threshold composition is determined>as=0.2 by the
zation atH=2 T for the samplex=0.2. To better understand Change of resistivity temperature coefficiedip(dT) at low
the behavior oM (T), a simple classical mean-field model is temperature range from positive in the metallic regime below

used to parameterize the observed data. According to thif€ threshold to negative in the insulating regime above it. It
mean-field model the magnetization is expressé@'ds Is noted that this metallic threshold composition is close, but

never exactly equal to the ferromagnetic critical threshold.

FIG. 4. Temperature dependence of resistiilyzero field and

M Summarizing the above low-temperature electronic
M—:L(a) (1) phases together with the corresponding magnetic phases,
S there are three distinct phase regimes in
with L(«)=coth(@)—1/a and Lag 7SrhsMn; _,Ni, O3 (x<0.4): (i) ferromagnetic metallic
regime forx<0.18; (ii) cluster-glasgor spin-glasstype in-
uH  3TcM sulating regime forx=0.25, and(iii) transition regime X
a= kB_T+ T™g ' 2 ~0.2) where the low-temperature insulating phase exhibits

the supposition of ferromagnetic behavior and magnetic clus-

wherekg is the Boltzmann constant. The above equationger behavior. In previous study of the Jg8r; ;Mn; _,Cu,Os,
contain three independent parametdvks, the mean-field only ferromagnetic metallic phasgegime (i)] and spin-
saturation momentTc, the mean-field Curie temperature, glass-like insulatofregime(ii)] were investigated.
and u, the magnetic moment of the basic magnetic clusters It is well known that the double exchange between*Mn
whose internal degrees of freedom are regarded to be frozemd Mrf" mediates ferromagnetism and metallic conduc-
in the energy range of concern. The high-temperature dataance. When Ni is doped into the samples, it occupies ran-
as shown in the inset of Fig. 2, are used to estimate theomly the Mn site in the lattice, which no longer effectively
mean-field Curie temperaturE; and the Curie constarf@  participates in the double exchange processes. It seems that
= uMg/3kg . Taking the value of magnetizatigh K) under  in the La, ;S sMn; _,Ni,O5 a percolation of the M /Mn**
2T asMg, Tc=240K andu=3kgC/Mg~7ug are thus ob-  pairs is necessary to simultaneously install double-exchange-
tained. By substituting this set of parameters into H4s. like ferromagnetism and metallic conductance. By taking the
and (2), one can calculate the magnetization cuMé€T). probability of Mr**/Mn** pairs as the metallic critical per-
The calculated result is also given in Fig. 3. From Fig. 3 itcolation probability in LggsSrp1MnO; where low-
can be seen that the experimental dstéT) are well de- temperature ferromagnetic metallic phase starts appe&ing,
scribed by the simple mean-field model. However, it is worthone can get an estimate of the metallic percolation threshold
pointing out that the experimental value of magnetizationof x.~0.23 for La ;Sry sMn;_,Ni,Os. This value is in good
underH=2T at 5 K isstill about 12% lower than the theo- agreement with the observed ferromagnetic critical threshold
retical saturation magnetization. This may be attributed tqx.~0.20).
the local disordered or canted spin alignment from the com- In the ferromagnetic metallic regime, there exists a metal-
peting ferromagnetic double exchange and antiferromagnetiic continuum including some magnetically disordered re-
superexchange. While the effect of magnetic anisotropyions centered at Ni ions. Spins in these regions are disor-
(mainly from the magnetostrictive strain and with the orderdered or canted due to the locally weakened double exchange
of magnitude X 10° erg/cn? (Ref. 19 on magnetization due and the competing superexchange coupfigthis case, the
to single frozen clusters is considered to be smaller under sample is metallic, and the resistivity increases with Ni dop-
field of 2 T. ing, owing to the strong electron scattering from magneti-

Figure 4 shows the temperature dependence of resistivelyally disordered regions. While in the ferromagnetic cluster
(p) of Lag;SryMn;_,Ni,O; (x=<0.4) series at several dif- regime, due to fewer pairs of M/Mn**, only some iso-
ferent magnetic fields, where the arrow and vertical line indated ferromagnetic clusters can form in the Mn-rich regions,
dicate the Curie temperature and the position of the resistivand they are buried in the insulating matrix that is magneti-
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) ) tions of nickel content at 77 K for lggSry Mn; _Ni, Os.
FIG. 5. MR ratio as a function of temperature at 2 T for

Lag 7St aMn; _Ni,Os. Inset, The MR ratio as a function of tem- magnetic metal-insulator mixture. For convenience, the zero-
perature &5 T for the sample witfx=0.20. field resistivity and MR ratio H=2T) as a function of

. . ickel content at 77 K are summarized in Fig. 6. Two im-
cally disordered. In this case, the conductance of the samp

. I | he insulati ortant features should be noted in the Fig. 6. First, the MR
is controlled by electron transport across the insulating re;,«o reaches its maximum of about 40%x@t=0.2, which is

gions. Thus as a Whholefthe sample is msula:lt_lng. As for in the, cated in the vicinity of the ferromagnetic critical threshold.
transition regime, the ferromagnetic metallic continuum 'SSecond, the resistivity increases rapidly near and above this
broken up into some large ferromagnetic regions and SOMg eqhold composition. The similar phenomena have also

small magnetic clusters, which leads to the supposition Oheen ghserved in the heterogeneous granular ferromagnetic
ferromagnetic behavior and magnetic cluster behavior. Th?netal—insulator mixturd?

sample in this regime may also behave as an insulator at low Figure 7 shows the MR ratio as a function of the applied
temperature due to strong electron scattering from the inﬁeld H at 77 K for the samples=0, 0.15, 0.20, and 0.25.

creasingly magnetic disordered regions. An important feature in Fig. 7 is that the sample with
=0.2, which is ferromagnetic or ferromagneticluster
. magnetic, exhibits a sharp MR increase at low fidld<1.2
B. Magnetoresistance kOe) (i.e., so-called low-field MR effegtollowed by a slow

The MR ratio as a function of temperature]—ﬁtzz T for but still Significant increase at hlgher field. The hlgh'f|6|d
Lag 7SIy sMn; _Ni, O is plotted in Fig. 5. The MR ratio is MR increase is more remarkable in the s_ample with higher
defined asA p/po=(po—pu)/po, Wherepg is the zero-field mcke] content. Here, an important fact_whlch should be em-
resistivity andpy, is the resistivity in the applied field. For ~ Phasized is that the low-field MR ratio does not decrease
the sample withx<0.05, a MR peak that is close to both Obviously with increasing Ni doping for the sample with
Curie temperature and metal-insulator transition temperaturs 0.20 even though the low-temperature resistivity increases
can clearly be seen. This may be interpreted as the CMRY several orders of magnitudalso see Fig. 6 However,
component related to insulator-metal transition. Howeverfor the sample withx=0.25 that exhibits cluster-likgor -
for the sample withx=0.1, no MR peak can be observed in SPin-glas magnetism, the low-field MR effect is not obvi-
the experimental temperature range whether the sample eRUS, and a large MR ratio can be achieved only at a much
hibits a metal-insulator transition or not. Furthermore, a sighigher applied field. . o
nificant MR ratio (=2 T) appears in the low-temperature ~ Low-temperature MR has a low-field and high-field com-
range for all samples, either metallic or insulating, and in-Ponent. This has also been observed in some other polycrys-
creases monotonically with decreasing temperature. It ifalline manganites, and attributed to the different physical
noteworthy that the sample witk=0.2 which is near the
ferromagnetic critical threshold exhibits a largely enhanced To77K
low-temperature MR ratio of about 60% Ht=5 T (see the _A40F ——x= o0 ]
inset in Fig. 5 or about 40% aH=2T (77 K). The above @ [ ——x= 015 T
results reveal that Ni doping reduces the intrinsic CMR ef- = 30} —*—= 020 / ﬁ;,i:
fect and enhances low-temperature MR effect for the sample’c‘; o > /*7-/"
with x<0.30. It is not surprising that Ni doping suppresses \520 n /oﬁ,‘,x/"/' ]

Fhe CMR component. The zero-field resistivity is increas- T 10f ./.__.7.4-.—.,,-_,_. ]
ingly influenced by the presence of magnetically disordered = /_/'

regions. This together with that the change of resistifky) < of Ch 1
induced by applied field nedi: decreases due to the broad- s s . : :
ening of ferromagnetic transition, gives rise to the reduction 0.0 0.5 1.0 1.5 2.0

in CMR ratio. H (T)

It is worth mentioning that the magnetotransport behavior

in present Lg;SrpMn; _,Ni,O3 system at low temperature  FIG. 7. Variation inAp/p, with applied fieldH at 77 K for
is somewhat similar to that obtained in heterogeneous ferra:a, -Sr, Mn; _Ni, O
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origins889121The low-temperature but high-field MR be- scattering because of the alignment of the neighboring do-
havior has been explained in terms of alignments of thanains or/and cluster moments associated with these disor-
neighboring Mn spins inside the grains or at the graindered regions. As for the samples wkk0.25, only a slow
boundarie$:®1* Similarly, the high-field MR behavior ob- MR increase at 77 K is found in both low-field and high-field
served in the present Ni-doped J581, sMnO; system can ranges. Apparently, the disappeared ferromagnetiatso
also be interpreted in terms of the alignments of Mn spins indisappeared magnetic multidomain strucjuseresponsible
the magnetically disordered regions centered around Ni iondgor lack of the low-field MR in these samples. A further
The spins of ions in these regions are disordered or cantedhterpretation can be made by considering the following two
and aligned gradually with increasing magnetic field. Therepoints. First, the clusters for the samples with 0.25 are in
fore electrons may transfer more easily betweerMand  superparamagnetic state at 77 K. Therefore the moments of
Mn“** ions, leading to MR. In this case, application of a largeclusters cannot be easily aligned by the applied field due to
magnetic field is usually needed to align the neighboringheir thermal fluctuation. Second, for the small clusters the
spins completely. Moreover, with increasing Ni doping, MR contribution from the spin alignment of ions at cluster
magnetically disordered regions increase, thus leading to theurfaces becomes dominant, which leads to the high-field
enhanced high-field MR. MR effect.

In the previous studies, on the other hand, the low-
temperature and low-field MR effect has been explained in
terms of spin-polarized electron transport across the grain IV. CONCLUSION
boundary regions where the structural and magnetic disor-

. D > . In summary, the magnetic and magnetotransport proper-
ders are regarded as tunneling barriéinstergrain spin- Y 9 9 port prop

. . 10 : ties of La.SrpaMn; Ni,O; (x<0.4) system have been
polarized tunneling modgt'® or strong scattering centers studied. In"the low-doping regime, Ni doping suppresses

gscgggﬁlwa”ﬁqe: dzgat:ﬁgr;gamr?gﬁranlg gatz;uggggnogn ?Qg reIbc_)th ferromagnetic transition and metal-insulator transition,
i g moceis, thé magr P epence ° "®8hd causes a metal-insulator transition to occur at a tempera-
tive magnetization orientations of two neighboring grains

Moreover, both tunneling and scattering models predicate 'gure far below the Curie temperature. The CMR peak is
i ' 9 g mo predicate & akened and even becomes unobservable with increasing
low-field MR effect. In our case, the resistivity contribution

for the undoped sample is mainly from the grain boundariesNi doping. Moreover, Ni doping induces a metal-to-insulator
P pie y 9 : transition at a critical nickel composition close to which the
and therefore the low-field MR can also be ascribed to the

spin-polarized transport across the grain boundary region?,S]yStem evolves into a cluster-glass state from a ferromag-
However, the resistivity at 77 K for the sample with etic state. Interestingly, the largest low-temperature magne-

—0.15 or 0.20 is about three or four orders of magnitud toresistance at 77 K is found in the samples in the vicinity of

. : She metallic continuity threshold below which the sample
higher than that of the undoped samjiigso see Fig. ¥ . shows both low- and high-field MR effects and above which

Such a large resistivity is expected to be from the intragralqhe sample exhibits only a high-field MR effect. The results

co_ntrlbutlon rather than f“’m_ th_e intergraigrain poun_d-_ reveal that besides the grain boundaries the spin-dependent
arie9 due to the strongly spin-disordered scattering inside

. S : Scattering from the internal grain regions also plays an im-
the grains. The above fact implies that the grain boundar : ; . !
contribution to low-field MR can be neglected and the Iow—)bOrtant role in both the low-field and high-field MR.
field MR effect is related to the internal regions of grains. A
possible cause is suggested for the low-field MR effect ob-
served in the present Ni-doped samples. The magnetically
disordered regionscentered around Ni iongnside grains, Authors thank IAMS and the National Science Council
introduced by Ni doping, may serve as the pinning centergor the financial support. One of §.W.F) wishes to thank
for magnetic domain walls as well as the strong spin-the members of IAMS for their hospitality, and also to thank
scattering centers. A moderately low field can reduce théAMS for a fellowship.
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