
ny

PHYSICAL REVIEW B 66, 224417 ~2002!
Low-frequency 1Õf noise in doped manganite grain-boundary junctions

J. B. Philipp, L. Alff, A. Marx,* and R. Gross
Walther-Meissner-Institut, Bayerische Akademie der Wissenschaften, Walter-Meissner-Straße 8, D-85748 Garching, Germa

~Received 28 August 2002; published 20 December 2002!

We have performed a systematic analysis of the low-frequency 1/f noise in single grain-boundary junctions
in the colossal magnetoresistance material La2/3Ca1/3MnO32d . The grain-boundary junctions were formed in
epitaxial La2/3Ca1/3MnO3-d films deposited on SrTiO3 bicrystal substrates, and show a large tunneling magne-
toresistance of up to 300% at 4.2 K as well as ideal, rectangular shaped resistance versus applied magnetic field
curves. Below the Curie temperatureTC the measured 1/f noise is dominated by the grain boundary. The
dependence of the noise on bias current, temperature, and applied magnetic field gives clear evidence that the
large amount of low-frequency noise is caused by localized sites with fluctuating magnetic moments in a
heavily disordered grain boundary region. At 4.2 K additional temporally unstable Lorentzian components
show up in the noise spectra that are most likely caused by fluctuating clusters of interacting magnetic
moments. Noise due to fluctuating domains in the junction electrodes is found to play no significant role.

DOI: 10.1103/PhysRevB.66.224417 PACS number~s!: 75.30.Vn, 73.50.Td, 72.70.1m
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I. INTRODUCTION

Doped manganites have attained large interest in re
years because of the interesting interplay of charge, s
orbital, and structural degrees of freedom in these materi1

and their potential use in magnetoresistive devices. It w
found early that the introduction of artificial grain boundari
~GB’s! into epitaxial manganite thin films leads to localize
structural distortions at the GB’s entailing significant mo
fications of the magnetotransport properties of the GB’s.2–10

In particular, a significant increase of the low-field magn
toresistance was found. Recently, in well-defined, individ
GB junctions fabricated by depositing epitaxial mangan
films on SrTiO3 bicrystal substrates, a large two-level ma
netoresistance effect with a maximum tunneling magneto
sistance~TMR! of up to 300% at 4.2 K has been demo
strated at low applied fields of about 200 Oe.9,11 These
artificial GB junctions showed an almost ideal two-level r
sistance switching behavior with sharp transitions from l
to high resistance states when the magnetic field was app
within the film plane parallel to the GB barrier. Thus ma
ganite GB junctions represent ferromagnetic~FM! tunnel
junctions with very high TMR values and a very simple fa
rication process. On the other hand, the charge trans
mechanism across the GB barrier has not yet been un
biguously clarified. In well-defined bicrystal GB junction
defined by growing epitaxial manganite films on SrTiO3 bi-
crystal substrates, the GB barrier is formed by a strai
distorted GB interface with a width of only a few nm, a
shown by transmission electron microscopy.8,12,13After an-
nealing in oxygen atmosphere, individual GB junctions w
large TMR values have been achieved.5,6,8,9,11

Up to now, several theoretical models have be
proposed7–10,14–16to describe the magnetotransport prop
ties of manganite GB junctions. However, the proposed m
els are controversial, and a thorough understanding of
magnetotransport properties of the GB junctions is still la
ing what is mainly related to the unknown structural a
magnetic properties of the GB barrier. Whereas Hwa
et al.,3 proposed a model based on spin-polarized tunne
between ferromagnetic grains through an insulating GB b
0163-1829/2002/66~22!/224417~9!/$20.00 66 2244
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rier, Evettset al.14 proposed the polarization of the GB re
gion by adjacent magnetically soft grains. Later on, Guine16

pointed out that tunneling via paramagnetic impurity sta
in the GB barrier probably plays an important role, a
Ziese10 suggested a description of the transport characte
tics of GB’s based on tunneling via magnetically order
states in the barrier. Our recent systematic study of the m
netotransport properties of well-defined individual bicrys
GB junctions suggested a multistep inelastic tunneling p
cess via magnetic impurity states within a disordered
barrier.7–9,17 Within this model both the nonlinear curren
voltage characteristics and the strong temperature and
age dependence of the tunneling magnetoresistance cou
naturally explained. In our model, strain and structural d
tortions at the GB interface result in a localization of char
carriers, and thereby a suppression of the ferromagn
double exchange resulting in an insulating GB barrier wit
large density of magnetic impurity states. We also poin
out that band bending effects may play an important ro
resulting in a depletion layer at the GB interface below t
Curie temperature of the ferromagnetic grain.8

Here we report on a systematic analysis of the lo
frequency 1/f noise of individual La2/3Ca1/3MnO32d bicrys-
tal GB junctions to further clarify the transport mechanis
across the GB interface. The investigation of the lo
frequency 1/f noise properties has already proven to be
valuable tool to provide more insight into transport mech
nisms across grain boundaries in the structurally related
prate superconductors.18–20 Therefore, a detailed evaluatio
of the 1/f noise of manganite GB junctions is highly des
able from both basic physics and application points of vie

For epitaxial thin films of doped manganites there ha
been several reports on a large low frequency 1/f noise.21–25

In particular, a large noise peak close to the Curie tempe
ture TC has been interpreted in terms of a percolative nat
of the transition between charge-ordered insulating and
romagnetic metallic states.26,27 Reutler et al.28 showed that
the unusually large noise level is not an intrinsic property
the doped manganites. They found a strong coupling
tween local magnetic disorder and structural disorder in
©2002 The American Physical Society17-1
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duced by strain effects due to a lattice mismatch betw
film and substrate. In particular the large 1/f noise level was
found to be absent in high-quality, strain-free epitaxial film
except for a narrow peak close toTC which is already sup-
pressed by very small magnetic fields and is most proba
due to the magnetic-phase transition, as discussed in Ref
Palanisamiet al.29 suggested two different mechanisms f
the noise in manganite films: fluctuations between meta
and insulating phases on the one hand, and magnetic o
tation fluctuations~domain wall effects! on the other hand
Non-Gaussian properties of the noise together with rand
telegraph signals were taken as an experimental hint to p
segregation in colossal magnetoresistance~CMR!
materials.30,31 On the other hand, random telegraph sign
observed close toTC were taken as evidence for a domai
wall-motion picture of the kinetics of the responsible tw
level system.32

In contrast to epitaxial thin films there are almost no e
perimental data on the noise properties of grain boundarie
the doped manganites. Recently, Mathieuet al. investigated
the zero-field low-frequency noise in GB junctions
La2/3Sr1/3MnO32d ~Ref. 33! below the ferromagnetic trans
tion temperature, as well as the magnetic-field dependenc
the noise. They concluded that the low-field noise was du
the multidomain structure neighboring the GB, i.e., of ma
netic origin. Additional Lorentzian contributions were attri
uted to thermally activated domain wall motion in the d
main configuration close to the GB.

In this paper we present a systematic study of the lo
frequency 1/f noise in individual grain-boundary junction
formed in La0.67Ca0.33MnO3 films. In particular, we discuss
the dependence of the measured noise on bias current,
perature, and applied magnetic field. Our results show
below TC the noise is dominated by the GB and not by t
adjacent grains. The analysis of the noise characteris
shows that the GB noise is due to localized states with fl
tuating magnetic moments in a strongly disordered GB b
rier. At the lowest temperatures (.4.2 K) additional Lorent-
zian contributions show up in the noise spectra. Th
Lorentzians are most likely due to an ensemble of interac
magnetic impurity states giving rise to a simultaneo
switching of their magnetic moments.

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

To achieve well-defined individual manganite gra
boundary junctions ~GBJ’s! first about 80 nm thick
La2/3Ca1/3MnO32d films were grown by pulsed laser depos
tion on symmetrical@001# tilt SrTiO3 bicrystal substrates
with a misorientation angle of 24°. For details of the prep
ration process, see Ref. 12. The La2/3Ca1/3MnO32d films
typically had a Curie temperatureTC5210 K. After film
deposition the films were annealedex situat 950 °C in pure
oxygen atmosphere. Then, typically 30-mm -wide micro-
brigdes straddling the grain boundary as well as the cur
and voltage leads are patterned into the biepita
La2/3Ca1/3MnO32d films using optical lithography and Ar-ion
beam etching. For comparison, microbridges of the sa
22441
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spatial dimension that are not positioned across the g
boundary were patterned into the epitaxial film. A sketch
the sample geometry is shown in the inset of Fig. 1~a!. The
GBJ’s fabricated in this way were characterized by meas
ing the current-voltage characteristics as functions of te
perature and applied magnetic field. After the annealing p
cess the GBJ’s show an almost perfect two-level resista
switching behavior with sharp transitions between the l
and high resistance levels as already reported recently.11

The noise properties of the GBJ’s were measured by
asing the junctions at a constant currentI b and measuring the
low-frequency voltage fluctuations superimposed on the
sulting junction voltage. The voltage fluctuations were a
plified by low-noise amplifiers and subsequently proces
by a digital spectrum analyzer. In this way noise spectra h
been taken in the frequency range from 1 Hz to 100 kH
The measurements were performed as a function of temp
ture ~4.2–300 K! and applied magnetic field~up to 12 T!.
The magnetic field always was applied within the film pla
parallel to the GB barrier. Great care has been taken of
electromagnetic shielding of the sample during the no
measurements.

In the following we will quantify the measured voltag
noise power by the frequency independent normalized v
age noise power:

FIG. 1. ~a! Current-voltage characteristics of a 24°@001# tilt
GBJ in a 80-nm-thick La2/3Ca1/3MnO32d film for parallel and anti-
parallel magnetization direction in the electrodes atT540 K. The
voltage drop across the adjacent film parts has been subtracted
solid lines are fits to the Glazman-Matveev model. The inset sh
a sketch of the sample configuration.~b! Resistance vs applied
magnetic-field curve atT54.2 K showing the almost ideal switch
ing behavior of the junction resistance. The field was applied wit
the film plane parallel to the grain boundary.
7-2
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G5
SV

V2
3 f a. ~1!

HereSV is the spectral density of the voltage fluctuations a
the exponenta usually is close to unity. Below, we wil
usually plot the octave integral

Poctave5E
f 1

2 f 1 SV

V2
d f . ~2!

For SV}1/f we havePoctave5G ln 2.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Transport and noise data

We first discuss the electrical transport properties of
GBJ’s. Typical current-voltage characteristics~IVC’s! of a
La2/3Ca1/3MnO32d GBJ are shown in Fig. 1~a!. For the par-
allel magnetization direction in the electrodes the hig
nonlinear IVC’s can be accurately described within t
Glazman-Matveev~GM! model34 for all temperatures below
TC . Within the GM model the transport of charge carrie
across a barrier containing a significant number of de
states is mediated both by elastic tunneling~direct or reso-
nant tunneling via a single impurity state! and by inelastic
tunneling processes via two and more defect states. Wi
this model the IVC’s can be expressed by

I 5G1V1G2V7/31G3V7/21•••, ~3!

whereG1 is the elastic contribution of direct and resona
tunneling via a single localized state andG2 ,G3 , . . . give
the inelastic contribution to the total current from tunneli
involving 2,3, . . . impurity states. The solid lines in Fig. 1~a!
represent fits of Eq.~3! to the experimental data taking int
account tunneling channels up ton53 localized states.9

Channels withn.3 are found to give only negligible con
tributions. For the antiparallel magnetization configurati
the GM model also describes the IVC’s atT.40 K well. We
note, however, that for other temperatures the agreem
with the GM prediction for the antiparallel configuration w
not as perfect as shown in Fig. 1~a!.

In Fig. 1~b! we show the resistance versus applied m
netic field curve for the magnetic field applied within th
film plane parallel to the grain boundary. As discussed
detail elsewhere,11 for this field direction the grain boundar
junctions show an almost ideal rectangular-shaped switch
behavior between the low resistance state with a para
magnetization orientation and the high resistance state
an antiparallel magnetization orientation in the junction el
trodes.

We next discuss the noise data. Figure 2 shows the t
perature dependence of the normalized octave noise po
Poctave for two La2/3Ca1/3MnO32d microbridges of similar
geometry. Whereas one microbridge is straddling the G
i.e., contains an individual GBJ, the other is not position
across the GB, i.e., does not contain a GBJ. By compa
the noise data of these two microbridges we can clearly id
tify the contribution of the GBJ to the measured noise. T
22441
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1/f noise for the microbridge with the GBJ is rapidly increa
ing with decreasing temperature forT,220 K. In contrast,
the noise of the microbridge without GBJ is almost tempe
ture independent except for a peak close toTC . We recently
showed that this noise peak can be suppressed by a s
applied magnetic field and is related most likely to magne
fluctuations at the paramagnetic to ferromagnetic transi
in the doped manganites.28 The key result of Fig. 2 is the fac
that belowTC the 1/f noise power of the microbridge with
GBJ is orders of magnitude larger than the noise powe
the epitaxial film. That is, for the microbridge with a GBJ th
measured noise can be attributed to the GBJ alone, since
additional noise of the adjacent grains is negligibly small

Although we do not want to discuss the details of t
noise of the epitaxial La2/3Ca1/3MnO32d film, we briefly
compare the noise data of the epitaxial film shown in Fig
to those reported in our previous study.28 In Ref. 28 we have
analyzed the low-frequency noise in highly strain
La2/3Ca1/3MnO32d films grown on SrTiO3 substrates. The
magnitude of the noise measured for these strained film
much larger than that measured for the La2/3Ca1/3MnO32d
films of our present study, although the La2/3Ca1/3MnO32d
films were grown on the same substrate (SrTiO3) with the
same lattice mismatch. These different characteristics or
nate in the post-deposition annealing process applied to
films of the present study. This annealing process results
significant release of the epitaxial strain and, in turn, in
reduction of the noise amplitude. This is in agreement w
our recent study, where we have shown that the noise am
tude in strained La2/3Ca1/3MnO32d films is larger by many
orders of magnitude than in almost strain-free films gro
on NdGaO3 substrates.28 The effect of a post-deposition the
mal process on the noise properties of strained manga
films was also discussed in Ref. 25.

Figure 3 shows the dependence of normalized oct
noise powerPoctave on a magnetic field applied within th
film plane parallel to the GB for different values of the bi
currentI b . Figure 3 shows two experimental facts. First, t

FIG. 2. Temperature dependence of the normalized noise po
plotted as octave integral from 100 to 200 Hz for a microbrid
with ~full symbols, solid line! and without a GB~open symbols,
dashed line!. The noise spectra have been taken at a sample vol
of V5100 mV. For comparison the temperature dependence of
resistance is also shown.
7-3
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noise power decreases with increasing bias current for
applied fields forI b*10 mA. Second, the noise power de
creases with increasing magnetic field for bias current va
below 500mA. Whereas for I b&100 mA the noise de-
creases by more than one order of magnitude by increa
the magnetic field to 12 T, forI b*100 mA the noise is only
weakly dependent on the applied magnetic field.

Figure 4 shows the detailed dependence of the normal
noise powerPoctaveon the bias currentI b for both the parallel
and antiparallel magnetization direction in the GBJ el
trodes atT540 K. It is evident that both for the parallel an
antiparallel magnetization orientations there is only a v
weak bias current dependence of the normalized noise po
for small bias currents followed by a rapid decrease ofPoctave
at large bias current values. As illustrated in the inset of F
4, the noise powerf 3SV(I b) shows a nonlinear dependen
on the bias current.

FIG. 3. Magnetic field dependence of the normalized no
power for a La2/3Ca1/3MnO32d GBJ in the octave from 100 to 20
Hz at T540 K for different values of the bias currentI b .

FIG. 4. Normalized noise powerPoctave in the octave from 100
to 200 Hz plotted vs the bias currentI b for parallel ~full symbols!
and antiparallel magnetization direction in the GBJ electrodes~open
symbols! at T540 K. The solid lines are fits to the data accordi
to the small signal analysis@cf. Eq. ~5!#. The inset shows the nois
power f 3SV vs the bias currentI b .
22441
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B. Model considerations

In the following we will argue that both the dc electric
transport and the low-frequency noise properties can be c
sistently understood in a junction model assuming a stron
distorted region at the GB containing a large number of
calized states or traps with fluctuating magnetic moments
sketch of this junction model is shown in Fig. 5~a!.

It is well known from the study of GB’s in other perov
skite materials~e.g., cuprate superconductors35,36! that strain,
structural disorder, and oxygen deficiency are important f
tors having a strong impact on the electrical transport pr
erties. Figure 5~b! shows a high resolution transmission ele
tron microscopy~HR-TEM! micograph of a symmetrica
36.8° @001# tilt GB in a La2/3Ca1/3MnO32d film deposited on
a SrTiO3 bicrystal substrate.12 It is obvious that the grain-
boundary region is clean without any secondary phases
that the lattice distortions are confined to within a few latti
spacings. This is very similar to GB’s in the cuprate sup
conductors, where the boundaries were also found to
clean without any secondary phases and with the lattice
tortions to be confined within 1–2 lattice spacings.37–39

However, the grain boundaries in doped manganite epita
films are almost as straight as the GB in the underly
SrTiO3 bicrystal substrate. This is in clear contrast to GB’s

e

FIG. 5. ~a! Sketch of the junction model for grain bounda
junctions in the doped manganites. The grain boundary interfac
formed by a few nm wide distorted region containing a high dens
of defects states carrying a magnetic moment. The transport i
elastic tunneling as well as by inelastic tunneling.~b! High-
resolution transmission electron micrograph~planar view! of a grain
boundary in an epitaxial La2/3Ca1/3MnO32d thin film grown on a
36.8° symmetrical@001# tilt SrTiO3 substrate. The image was ob
tained for a grain boundary that has not been annealed after
deposition process. The distorted grain boundary region is confi
to within a few lattice spacings. The arrow marks a step along
straight grain boundary interface.
7-4
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the cuprate superconductors that are strongly faceted.38,39 It
is very likely that this difference is related to the differe
growth modes of the cuprate and manganite thin film
Whereas the cuprates show a pronounced island growth
the islands growing across the substrate grain boundary
sulting in strong faceting, the manganites show a molec
layer-by-layer growth mode.12 In this growth mode it is ex-
pected that the grain boundary in the film follows that of t
substrate exactly. We also have preliminary results that
microstructure of GB’s in the manganites significantly d
pends on the deposition technique~e.g. laser molecular-beam
epitaxy, sputtering!, the lattice mismatch between the film
and the substrate and post-deposition annealing proce
However, more HR-TEM work is required for a detaile
clarification of this issue.

For the cuprate GB’s either a description in terms o
space-wise metal insulator transition at the grain boundar
in terms of band bending effects40,41 lead to a description o
the GB as composed of an insulating layer at the bar
region which due to strain and structural disorder most lik
contains a high density of localized defect states. Becaus
the structural affinity of the cuprate superconductors and
doped manganites, it is very likely that for these ferroma
netic junctions the transport properties are also determ
by an insulating tunnel barrier containing a large density
localized states.8 Furthermore, there is already strong ev
dence of the presence of a significant density of locali
states in the barrier from the fact that the current-volta
characteristics of the manganite GBJ’s can be very well
scribed within the GM model~cf Fig. 1!. Further evidence
comes from the strong temperature and voltage depend
of the low-field tunneling magnetoresistance.9 Based on this
experimental evidence we recently proposed that the ma
totransport in manganite GBJ’s is determined by multis
inelastic tunneling via magnetic impurity states within a d
ordered insulating GB barrier.7–9

Based on the model assumption of a large number of
calized states within an insulating GB barrier there are t
possible mechanisms which may be responsible for the
served low frequency voltage fluctuations. First, the loc
ized defect states are capable of trapping and relea
charge carriers. This charge-carrier trapping and release
cesses lead to local variations of the barrier height and, t
to fluctuations of the tunneling conductance. Furthermo
the magnetic field dependence of the noise~cf. below! sug-
gests that the charge traps are associated with a mag
moment with a fluctuating orientation. Then both the tra
ping and release of the charge carriers and, hence, the ch
transport between the highly spin-polarized electrodes
pend on the local magnetic moment of the charge tra
Since the trapping and releases process depends on the
tive orientation of the magnetic moment of the trap and
electrode magnetization, fluctuations of the direction of
magnetic moments of the charge traps strongly influence
local barrier transparency. A second mechanism giving
to low-frequency noise is related to coupling between
localized magnetic momentsSL of the localized states an
the spin s of the tunneling electrons. Within the simple
approximation this coupling gives rise to an additional p
22441
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tential energyU(a)5JSL•s5JSLs cosa, where J is the
coupling constant anda the angle between the localized m
ment and the electron spin. This additional energy, which
fluctuating with fluctuating orientation of the localized ma
netic moments, can be viewed as a fluctuation of the lo
barrier height.

Within the model of local barrier height fluctuations th
dependence of the normalized voltage noise powerPoctaveon
the bias current can be described within a small signal an
sis based on the GM model. Doing so, we assume that
voltage fluctuations are caused by fluctuations of both
elastic and inelastic current contributions due to tempo
variations of the local barrier height. Considering fluctu
tions of the elasticG1 and inelasticG2 andG3 term, Eq.~3!
gives, for the small signal voltage fluctuation,

dV.
]V

]G1
dG11

]V

]G2
dG21

]V

]G3
dG31•••

.V
dG1

G̃
1V7/3

dG2

G̃
1V7/2

dG3

G̃
, ~4!

whereG̃5@G11 7
3 G2V4/31 7

2 G3V5/2# roughly corresponds to
the total tunneling conductance. For independent fluctuati
dG1 , dG2, anddG3, the normalized voltage noise

SV

V2
5

SG1

G̃2
1V8/3

SG2

G̃2
1V5

SG3

G̃2
~5!

is determined by the normalized fluctuationsSG1
/G̃2

5(dG1 /G̃)2, SG2
/G̃25(dG2 /G̃)2, and SG3

/G̃25(dG3 /

G̃)2 of the GM coefficients.
Analyzing Eqs.~4! and ~5! we can conclude the follow-

ing: At low bias current~junction voltage! the elastic tunnel-
ing current is dominating and we can neglect theSG2

and

SG3
terms, and furthermore can use the approximationG̃

'G1. Hence for a low bias current we expectSV /V2

'SG1
/G1

2, that is, a normalized noise power independent
the bias current~junction voltage!. With increasing bias cur-
rent ~junction voltage! the inelastic tunneling contribution n
longer can be neglected. This results in an increase ofG̃ with
increasing voltage and, hence, in an overall decrease
SV /V2}1/G̃2, even if the noise contributions of the inelast
channels increase with increasing voltage. As shown in F
4 this behavior expected from our model consideration is
good qualitative agreement with the measured data.

We even can go further and fit the data by Eq.~5!. The
solid lines in Fig. 4 are fits of Eq.~5! to the experimental
data, taking into account only fluctuations of the elasticG1
term and the first inelasticG2 term. That is,SG1

and SG2

have been used as fit parameters, and the termSG3
has been

neglected to keep the number of fitting parameters minimu
We note that the GM coefficientsG1 , G2, andG3 entering
G̃ are obtained by fitting the current-voltage characteris
by the GM model prediction, and therefore are fixed para
7-5
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eters in the fit of the noise data. Figure 4 shows that the sm
signal noise analysis based on the GM model is in go
agreement with the experimental data for parallel magnet
tion alignment in the junction electrodes. The values for
normalized fluctuations in the elastic channelSG1

/G1
2

.1027 obtained from the numerical fits can be compared
the noise data of GBJ’s in cuprate superconductors, s
(dG/G)25(dR/R)2, wheredR/R are the normalized junc
tion resistance fluctuations.42 The normalizedG1 fluctuations
nicely follow the scaling discussed in Ref. 42 for the cupr
superconductors. This scaling behavior has been discuss
terms of a constant density of trapping centers in the cup
GBJ’s. Therefore, the noise data of the manganite GBJ’s g
further evidence of the close similarity to cuprate GBJs a
suggest a similiar density of the noise centers in both ju
tion types. Furthermore,SG1

and SG2
are found to depend

only weakly on temperature in the investigated tempera
range below 80 K.

For the antiparallel magnetization orientation in the jun
tion electrodes the modeling of the noise data by a sm
signal noise analysis based on the GM model is less conv
ing. However, Fig. 4 shows that a similar overall depende
of the normalized noise power on the bias current is
served for the antiparallel magnetization orientation. This
expected if we suppose that we can use the simple Jul`re
model43 to describe the ferromagnetic tunnel junctio
Within this model the tunneling current is given by the tu
neling matrix element and the density of statesN↑↓(EF) of
the two spin directions at the Fermi level in the juncti
electrodes. Going from the parallel to the antiparallel co
figuration the tunneling matrix element stays the same. H
ever, for a material with finite spin polarization the density
statesN↑ ,↓(EF) for the spin-up and spin-down electrons
changed. Since in the elastic tunneling process the spin
rection is conserved, a reduction ofG1 andSG1

is expected
going from the parallel to the antiparallel magnetization o
entation. It was shown recently9 that in the inelastic tunnel
ing processes the spin direction does not seem to be
served in manganite GBJ’s. Therefore, no reduction ofG2
andG3 as well asSG2

is expected going from the parallel t
the antiparallel magnetization orientation. Then, according
Eq. ~5!, we expect a slightly reduced value ofSV /V2 and a
similar functional dependence on the bias current~junction
voltage!. This is in qualitative agreement with the expe
mental data. We note, however, that the Jullie`re model cer-
tainly is too simple to describe the junction behavior in f
detail. In particular, the assumption of a voltage-independ
density of states for the two spin directions may be an ins
ficient approximation. Recently, it was shown that ba
structure effects give rise to voltage-dependent currents
conserve spin.44 Summarizing our discussion we can co
clude that our simple model based on an insulating tunne
barrier containing a high density of localized defect sta
already describes~at least for the parallel magnetization or
entation! the measured noise data in a sufficient way. In
der to get an even better agreement more sophisticated m
els have to be taken into consideration.
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We now discuss the dependence ofG or, equivalently,
Poctave on temperature. As shown in Fig. 2, we observe
increase ofPoctave with decreasing temperature. This is e
pected within our model due to the increase of the spin
larization in the junction electrodes with decreasi
temperature.9 In this case the fluctuating orientation of th
localized magnetic moments within the GB barrier results
increasing fluctuations of the local barrier height. Where
for a random orientation of the electron spin~zero spin po-
larization! a change of the direction of the local magne
moments does not change anything and hence does no
fluence the tunneling probability, for a full orientation of th
electron spins~100% spin polarization! each orientation of
the localized magnetic moments corresponds to a diffe
potential energyUL5JSL•s and hence a different local bar
rier height. That is with increasing spin polarization the flu
tuations of the orientation of the localized moments results
increasing fluctuations of the local barrier height. We no
that judging from the evaluation of the IVC’s within the GM
model the average barrier transparency is almost indepen
of temperature.

We next discuss the dependence ofPoctaveon the applied
magnetic field. Applying a magnetic field was found to co
tinuously decrease the junction noise up to 12 T for b
currents<500 mA, as shown in Fig. 3. This can be ex
plained within the proposed model in a straightforward w
The applied magnetic field tends to align the localized m
netic moments of the charge traps in the barrier region
thus reduces the fluctuations of the potential energyUL
5JSL•s and, hence, the fluctuations of the local barr
height. We note, however, that in order to explain the m
netic field dependence of the noise power up to the larg
applied field of 12 T~see Fig. 3! the fluctuating magnetic
moments associated with the localized states cannot be
sidered as free moments but rather as~weakly! interacting
moments forming a spin glass like state. It is well known th
the physics of the doped manganites is determined by a c
petition of ferromagnetic double exchange and antiferrom
netic superexchange between neighboring Mn ions, wh
sensitively depends on doping as well as structural diso
and bond angles. Of course, for bulk La2/3Ca1/3MnO32d the
ferromagnetic double exchange is dominating. However,
the structurally distorted GB region there is certainly
strongly suppressed double exchange resulting in locally
romagnetic and antiferromagnetic exchange.45 Because of
this distorted nature of the GB it is plausible to assume t
there is an arrangement of interacting magnetic mome
strongly resembling a spin glass in the GB barrier.

We finally note that a spin polarized bias current of abo
100 mA corresponding to a current density of abo
103 A/cm2 flowing across the GB may result in a nonvanis
ing orientation of the localized magnetic moments. That
in this scenario the spin-polarized current is expected to h
the same effect as an applied magnetic field, namely, to
duce the low-frequency noise. A reduction of the noise w
increasing bias current has indeed been observed~see Fig. 4!
but attributed above within the GM model to an increase
the inelastic tunneling current with increasing bias curr
~junction voltage!. Since the functional form of the bias cu
7-6
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rent dependence of the noise fits well to the GM model ba
explanation, we conclude that the orientation effect of
spin polarized current, although present, is small.

At low temperature (T54.2 K) we observed additiona
Lorentzian contributions to the low-frequency 1/f noise as
illustrated in Fig. 6. In contrast to the experiments in Re
33, 46, and 47 these Lorentzians displayed various cha
teristic properties that are in obvious contradiction to
assumption of domain wall motion. First, we observe an e
lution of the Lorentzians in time both at zero magnetic fie
@Fig. 6~a!# and at an applied magnetic field ofm0H512 T
@Fig. 6~b!#. Second, as shown in Fig. 6~c! some Lorentzian
components were found to be completely unaffected by
plying a magnetic field as large as several hundred mT.
cause of this ambiguous dependence on both time and m
netic field we suppose that the Lorentzians are due to
ensemble of interacting localized magnetic moments. T
interaction between the moments leads to simultane
switching of their direction between a discrete number
orientations. Random switching of the magnetization of su
an ensemble betweentwo distinct directions thus defines
two level system giving rise to random telegraph noise w
a Lorentzian power spectrum. Furthermore, the indep
dence of the Lorentzian contribution on the magnetic fi
shown in Fig. 6 also provides clear evidence against dom
fluctuations in the junction electrodes as the origin of
GBJ noise.

To further clarify the magnetic properties of the barr
region we have investigated the magnetic field depende
of the junction resistance down to 2 K and up to 16 T. Re-
cently, in Refs. 7 and 8 the distorted barrier was modeled
a paramagnetic~PM! region even below the Curie temper
ture TC of the doped manganite, since the ferromagne
double exchange is suppressed in the distorted GB la
Since according to theoretical predictions48 the paramagnetic
insulator to ferromagnetic metal transition in the juncti

FIG. 6. Voltage noise power times frequency plotted vs f
quency at 4.2 K. Additional Lorentzian noise components
present with characteristic properties: some Lorentzians evolv
time at zero magnetic field~a! as well as in an applied magnet
field up to 12 T~b!. On the other hand, some Lorentzians~c! do
neither change in time nor are affected by an applied magnetic fi
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electrodes is expected to result in a large shift of the che
cal potential, it has been argued that considerable band b
ing effects occur at the GB interface belowTC . These band
bending effects lead to a depletion of the paramagnetic
layer. The widtht of this depletion layer is a function of th
magnetization differenceDM5MFM2MPM of the FM elec-
trodes and the PM barrier witht}DM .7,8,48At low tempera-
ture and fields above the coercive field the magnetization
the ferromagnetic electrodes can be assumed constant
we havet}DM}MPM. The magnetization of the PM laye
is determined by the Brillouin function, which is a functio
of H/T. Then, we expectDM} f (H/T) and, hence,t
} f (H/T). Then the junction resistanceR}exp(2t) is ex-
pected to followR}exp@2f(H/T)#. This is clearly not ob-
served experimentally, as shown in Fig. 7, where the t
R(H) curves recorded at different temperatures do not co
cide when plotted versusH/T. Furthermore, forH/T!1 the
Brillouin function can be approximated byH/T. In this case
R}exp(2H/T) is expected. Such behavior has indeed be
reported,7 and is also shown in Fig. 7. However, for a par
magnetic GB layer at very low temperature and very h
fields theR}exp(2H/T) behavior should no longer be valid
since the Brillouin function no longer can be approximat
by H/T. In contrast, the magnetization of the paramagne
GB barrier is expected to saturate, resulting in a saturatio
the junction resistance. As shown by Fig. 7 this is clearly
observed in our experiments. Summarizing we can concl
that the absence of aH/T scaling of the measuredR(H)
curves and of any saturation of the junction resistance at v
high magnetic fields, even at 2.3 K provides further eviden
that the barrier region rather resembles a spin glass th
paramagnetic material in agreement with the above con
sions drawn from the analysis of the noise data.

We also would briefly like to compare our noise data
that already available in literature. Recently, Mathieuet al.33

investigated the 1/f noise of GB junctions in La0.7Sr0.3MnO3
thin films. In these experiments the low-frequency noise w
found to show the same dependence on an applied mag
field as the dc resistance. Therefore, the authors sugge
that the measured low-field noise is of magnetic origin

-
e
in

ld.

FIG. 7. Resistance of a La2/3Ca1/3MnO32d GBJ plotted vs
m0H/T at 2.15 and 4.3 K.
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lated to domain fluctuations and domain wall motion in
multi-domain state neighboring the GB region. They furth
argued that the origin of the observed additional Lorentz
components in the low frequency noise are caused by t
mally activated domain-wall motion in this domain config
ration.

Our noise data do not support this picture of a fluctuat
magnetic state in the junction electrodes adjacent to the
The accurate description of both the IVC’s and the noise d
within the GM model strongly supports a tunnelinglik
mechanism for the charge transport and gives strong
dence that the low-frequency noise in the manganite
junctions is caused by the trapping and release of cha
carriers in localized defect states within the GB barrier. F
ther support for the tunnel junction model stems from
R(H) dependencies.11 Here, for our GBJ’s, an ideal two
level resistance switching with sharp transition from the l
to the high resistance state is observed with the magn
field applied parallel to the GB barrier resembling the re
angular shapedR(H) characteristics observed in TMR de
vices based on transition metals.49 SuchR(H) dependencies
would not be expected in the presence of a multidomain s
in the junction electrodes. Furthermore, the normalized
tave noisePoctave of Fig. 3 shows a strong magnetic fie
dependence up to applied fields of 12 T especially at low b
currents. Again, this is in contradiction to a multidoma
state, for which domain fluctuations are expected to
strongly suppressed at fields above about 1 T where the
mains are fully aligned.
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IV. SUMMARY

In summary, we performed a detailed analysis of the l
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junctions formed in epitaxial La0.67Ca0.33MnO3 films as a
function of temperature, bias current, and applied magn
field. Our noise data show that the low-frequency noise
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tions to the noise showing up at low temperature are m
likely caused by clusters of interacting magnetic momen
The analysis of the electrical transport properties and
noise up to high magnetic fields suggests that the gr
boundary barrier is a spin glass rather than a paramagn
layer.
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