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Surface spin-glass behavior in La 2Õ3Sr1Õ3MnO3 nanoparticles
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Chinese Academy of Sciences, Beijing 100080, People’s Republic of China
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The low-temperature magnetic and transport properties of La2/3Sr1/3MnO3 nanoparticles have been
investigated. It is found that a surface spin-glass behavior exists in La2/3Sr1/3MnO3 nanoparticles,
which undergo a magnetic transition to a frozen state below 45 K. The low-temperature surface
spin-glass behavior exists even at the highest field used (H550 kOe). Moreover, the spin-glass-like
transition disappears for particles above 50 nm. In addition, the suppressed low-field
magnetoconductivity~LFMC! observed at low temperature for nanosized La2/3Sr1/3MnO3 is
obviously lower than the expected upper limit of LFMC, 1/3, for polycrystalline manganites, which
is proposed to arise from the higher-order tunneling through the insulating spin-glass-like surface
layers. © 2001 American Institute of Physics.@DOI: 10.1063/1.1379597#
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Magnetic nanoparticles have been a subject of inte
research in the past decade because their unique mag
properties make them very appealing from both the theo
ical and technological points of view.1–4 One of the most
controversial issues is the study of surface spin disorde
spin-glass behavior in the magnetic nanosized oxides. S
recent examples can be found in ball-milled CoFe2O4 ~Ref.
2!, NiFe2O4 ~Ref. 3!, and chemically precipitatedg-Fe2O3

~Ref. 4!.
In the present work, we have studied the lo

temperature magnetic and transport properties of doped m
ganite, La2/3Sr1/3MnO3 nanoparticles, in particular the su
face spin-glass behavior of the particles. The half-meta
perovskite manganites, such as La2/3Sr1/3MnO3, are of great
interest due to their colossal magnetoresistance effect.
cently, a good deal of progress to improve the low-field m
netoresistance~MR! response has been made for the po
crystalline samples,5–9 indicative of the promising candidate
for the application in magnetoresistive devices. As a con
quence, many investigations of the grain size effect on
magnetotransport or magnetic properties for mangan
have also been presented. For example, an improved
perature dependence of MR has been presented in the n
sized La2/3Sr1/3MnO3 formed by sol–gel processing.10 The
high-field MR studies on ceramic La2/3Sr1/3MnO3 as a func-
tion of the grain size suggest a noncollinear surface laye
granular La2/3Sr1/3MnO3.

11 In our previous letter, we have
reported the superparamagnetic behavior of
La2/3Ca1/3MnO3 nanoparticles synthesized by mechani
milling.12 But until now, the magnetic properties of nan
sized manganites have not been exhaustively reported. In
letter, a surface spin-glass behavior of the nanosi
La2/3Sr1/3MnO3 has been carefully investigated. Moreov
the magnetotransport of the samples is also discussed o
basis of such novel magnetic properties.

The La2/3Sr1/3MnO3 samples were prepared by a citric
gel process.13 The grain sizes of samples were directly o
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tained by scanning electron micrograph. The average g
sizeD of granular La2/3Sr1/3MnO3 is about 25 nm to 1.5mm
when sintered at 600 to 1300 °C, respectively. Magne
properties of the samples have been measured using a
mercial superconducting quantum interference device in
temperature range from 5 to 400 K and in applied magn
fields up to 50 kOe. Magnetotransport have been meas
using a standard four-probe dc method.

Figure 1 shows the temperature dependence of mag
zation in the zero-field-cooled~ZFC! and field-cooled~FC!
processes with an applied low field of 500 Oe for the na
sized La2/3Sr1/3MnO3 ~with mean sizes around 25 nm!. Simi-
lar to our previous results for nanosized La2/3Ca1/3MnO3

~Ref. 12!, it can be seen that the ZFC curve exhibits a typi
blocking process for the superparamagnetic particles with
blocking temperature atTB'75 K. A more important feature
is that the FC curve reveals the existence of a sudden
crease in magnetization belowTF'45 K related, as we will
see later, with the onset of the freezing process of the sur
spin-glass layer for the nanosized La2/3Sr1/3MnO3. This char-
acteristic is much clearer in a careful measurement of the
branch~inset of Fig. 1!. A similar feature can also be seen
g-Fe2O3 nanoparticles4 and such spin-glass-like behavior

ess:
,
FIG. 1. Temperature dependence of low-field ZFC–FC magnetization of
nanosized La2/3Sr1/3MnO3 (D525 nm) is shown. Inset: Detail of the FC
branch showing the sudden decrease of the magnetization at about 45
3 © 2001 American Institute of Physics
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denoted as a surface effect. This is to say the moments in
surface layer can freeze belowTF and align with the direc-
tion of moments in the core under a FC process. Thus,
magnetization exhibits a sudden increase belowTF .

Figure 2 shows that the irreversibility in magnetizati
remains below 45 K up to the highest field used (H
550 kOe) in ZFC–FC processes. This feature supports
existence of the surface spin-glass behavior in
La2/3Sr1/3MnO3 nanoparticles because the field is very hi
~up to 50 kOe in our experiment! when compared with thos
typically used in the spin-glass bulks~few tens of Oe!. Fur-
ther support of the existence of the surface spin-glass be
ior in the nanosized La2/3Sr1/3MnO3 comes from the high-
field relaxation processes in alternating fields after a Z
process. The measurements were made by first coolin
zero field, then ramping the applied field to150 kOe and
then measuring every 30 s for 3600 s, ramping the field
250 kOe, and measuring again for 3600 s. Finally, the fi
was ramped back to150 kOe and measured again for 36
s.3,4 The inset of Fig. 2 shows moment versus total elap
time during this procedure. Absolute values of the mom
are plotted on an expanded scale in order to compare150
kOe and250 kOe curves. Notice that an upward creep in
moment and subsequent iterations with positive and nega
fields also result in continually higher values of magneti
tion, suggesting a structure of a ferromagnetic~FM! core that
changes its orientation by coherent rotation plus a surf
spin-glass layer that slowly relaxes in the direction of t
field.

Figure 3 shows the grain size dependence of low-fi
FC magnetization for La2/3Sr1/3MnO3, indicating that the
spin-glass-like transition disappears with the increase
grain size. The high-field irreversibility is also strongly d
pendent on the particle size and has completely disappe
for the particles above 50 nm~when sintered above 800 °C a
seen from the inset of Fig. 3!. In other words, the surfac
layer is thinner with the increase in grain size, and then
surface effect also can not be measured. It is also w
mentioning that the critical size of disappearance of surf
spin-glass behavior for La2/3Sr1/3MnO3 grains is larger than
for other nanosized magnetic oxides.3,4 Moreover, the sur-

FIG. 2. High-field ZFC–FC processes showing the high field irreversibi
in nanosized La2/3Sr1/3MnO3 (D525 nm) are shown. Inset: Time depen
dence of the absolute value of the magnetization in applied fields of a
nated sign after a ZFC process.
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face spin-glass behavior in La2/3Sr1/3MnO3 nanoparticles can
be independent of the actual Mn41 contents in our sample
because it only changes minimally for the Mn41 content in
the samples annealing from 600 to 800 °C.

Considering that the Mn31–Mn41 double-exchange
mechanism is mainly responsible for the magnetism and c
duction of the doped manganite La2/3Sr1/3MnO3, the origin
of the surface spin-glass layers formation in t
La2/3Sr1/3MnO3 nanoparticles may be due to the existence
broken bounds at the surface and the translational symm
breaking of the lattice, generating randomness in the dou
exchange interactions. Hence, the Mn environment at
surface is not the same as that inside the grains, indu
disordered spins at the grain surface. In other words, a c
shell type structure can be proposed: the core is metallic
FM and the shell is insulating and spin disordering. Althou
it is difficult to directly assert that disorder is confined in
well delimited surface layer or a progressive disorder proc
from the inner part of the particles to the surface, the co
shell structure model is suitable for the La2/3Sr1/3MnO3 nano-
particles and consistent with the results of temperature
pendence of FC magnetization~Fig. 1! and relaxation
process of magnetization in altering fields~Fig. 2!. More-
over, the numerical calculation in Ref. 3 also suggests su
core-shell structure in the nanomagnetic oxides. The e
tence of a distorted structure at the surface of the manga
nanoparticles has also been indirectly supported by the
servation of a surface phonon,14 which was seen from the IR
spectra for La2/3Ca1/3MnO3 samples with small grain size.

To assess the nature of resistivity and relevant interg
tunneling MR, we measured the temperature and magn
field dependence of resistivity for La2/3Sr1/3MnO3 with dif-
ferent grain sizes. Figure 4 shows the temperature dep
dence of the normalized zero field resistivityR(T)/R(300 K!
for La2/3Sr1/3MnO3 with varying grain sizeD. The upturn
observed in the low-temperature resistance for nanos
La2/3Sr1/3MnO3 indicates an insulating-like barrier in th
nanosized La2/3Sr1/3MnO3, due to the damage of the double
exchange mechanism in the disordered interfacial reg
Moreover, the insulating-like barrier of our samples becom

r-FIG. 3. The size dependence of low-field FCM –T curves for
La2/3Sr1/3MnO3 is shown. Inset: The average grain sizeD of granular
La2/3Sr1/3MnO3 when sintered from 600 to 1300° C.
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higher with a decrease in grain sizes and the details wil
published elsewhere.

Figure 5 shows the magnetic field dependence of
conductivity s(H) at 5 K for La2/3Sr1/3MnO3 with varying
grain sizeD, normalized by the zero field values0 . For all
samples,s(H) is quite linear with an applied field in th
high field region (H.0.5 T!, and the slope of the field de
pendence increases monotonically with the decrease oD.
Furthermore, our results indicate that the general chara
istic of linear dependence ofs(H) with an applied field in
the high-field region appears to be independent of not o
Curie temperature,TC ~Ref. 15!, but also grain sizeD, for
polycrystalline manganites. The inset of Fig. 5 shows
grain size dependence of the low-field magnetoconducti
~LFMC! at 5 K for La2/3Sr1/3MnO3, which is defined by the
extrapolation towards zero field of the initial drop of th
high-field dependence of the conductivitys(H)/s0 . It is
clear that the LFMC of 25 nm La2/3Sr1/3MnO3 is 0.187,
which is obviously lower than the general upper limit val
of 1/3, for polycrystalline manganites.15 Similar results can
be seen in the milled nanosized La2/3Sr1/3MnO3.

11 Also from
the high-field MR in milled samples, a noncollinear surfa
layer was proposed. However, our magnetic results give

FIG. 4. The temperature dependence of the normalized zero field resis
R(T)/R(300 K) for granular La2/3Sr1/3MnO3 with varying grain sizeD is
shown.

FIG. 5. The magnetic field dependence of the normalized conductivity
K for La2/3Sr1/3MnO3 with varying grain size is shown. Inset: The grain si
dependence of LFMC.
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rect evidence for the existence of spin-glass or spin diso
layers at the surface of nanosized manganites.

Very different from classical tunneling mechanisms
FM metal–insulator systems,16 the intergrain conductivity is
dominated by a second-order tunneling process,15 where the
eg electron tunnels through surfacial spin sites at the gr
boundary in the polycrystalline manganites and the spin
the hopping electron is aligned with the localt2g

moment
during the conduction process. The upper limit for the co
ductivity rise just after saturation is 1/3, which is indepe
dent of TC . Notice that such second-order tunneling is t
simplest spin–flip process arising from a single interfac
spin site. In other words, the second-order tunneling sho
only be available for the narrow interface boundary in t
mm-sized manganites where the thickness of the gr
boundary with structural disorder is estimated to be of
order of 1 nm.6 However, the temperature dependence
resistance indicates that the insulating-like barriers beco
higher with decreasing of grain size~Fig. 4!, thus, the thick-
ness of the grain boundary is also enlarged. Hence hig
order tunneling should be considered when the second-o
tunneling process ofeg electron, from grain 1 to the bound
ary state then grain 2, are broken in the case of the enla
grain boundary for the nanosized samples. This is to say
the extra inelastic tunneling may dominant and the LFMC
suppressed considering that extra spin–flip effect arises f
the disordered spin sites in the spin-glass-like insulating s
face layers in nanosized La2/3Sr1/3MnO3. When the surface
spin-glass behavior disappears with the increase of grain
or decrease of thickness of the grain boundary~as shown in
Fig. 3!, the second-order tunneling should dominant and
LFMC increases to about 1/3.

This project was supported by NSFC and the State K
Project of Fundamental Research of MOST~G1998061300!.
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