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Noise properties of ferromagnetic tunnel junctions
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We report measurements of voltage fluctuations in magnetic tunnel junctions which exhibit both
high and low magnetoresistance~MR!. The voltage noise power normalized to the square of the
junction bias voltage was 10214/Hz at a frequency of 1 Hz in a high MR junction. Low MR
junctions had significantly higher noise power at 1 Hz and the origin of the noise was not magnetic.
In these junctions, random telegraph noise was observed over a wide range of temperatures and
junction biases. The results are consistent with a two-channel model of conduction, one of which is
spin independent and gives rise to large noise. A noise measuring technique provides evidence for
bias-dependent current-path rearrangements. The data support the existence of an inhomogeneous
~filamentary-like! current-flow pattern across the tunnel junction associated with the
spin-independent channel. ©1998 American Institute of Physics.@S0021-8979~98!09023-9#
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I. INTRODUCTION

Recently, it has become possible to fabricate magn
tunnel junctions, consisting of a thin insulating film san
wiched between two ferromagnetic electrodes, which exh
magnetoresistance near the theoretical maximum.1–3 The
magnetoresistance~MR! is attributed to the spin-polarize
tunneling probability which depends on the relative orien
tion of the magnetization vectors in the two magne
electrodes.4 In the parallel configuration, the density of o
cupied states of the majority carriers in one electrode is w
matched with the density of unoccupied majority states in
other electrode. Hence, the tunneling probability is high a
the tunneling resistance is low. In the antiparallel configu
tion, the mismatch between the number of occupied majo
states and unoccupied minority states leads to a high tun
ing resistance. The two electrodes can be ‘‘engineered’
have different coercive fields so that an applied field can a
the relative orientation of their magnetization vectors a
thus affect the tunneling resistance.

The large magnetoresistance~25%–30%! at room tem-
perature holds promising opportunities for the digital stora
industry. The applications of these junctions depend on t
noise properties, which in turn are expected to depend
sitively on the quality of the insulating barrier and th
ferromagnetic–insulator interfaces. In this respect, no
studies can provide valuable information regarding both
nature of the tunneling conduction and the quality of t
junctions. In this article, we report measurements of the v
age noise in junctions as a function of voltage bias, temp
ture, and magnetic field. We specifically draw a comparis
between junctions having nearly equivalent magnetic e
trodes but displaying markedly different MR. Junctions e

a!Electronic mail: enowak@uiuc.edu
6190021-8979/98/84(11)/6195/7/$15.00

Downloaded 08 Jun 2006 to 128.175.13.10. Redistribution subject to AIP
ic
-
it

-

ll
e
d
-

ty
el-
o
er
d

e
ir
n-

e
e
e
t-
a-
n
c-
-

hibiting high MR were found to have significantly smalle
noise power than low MR junctions. The results indicate t
the ultimate noise floor of these junctions may be set
Johnson and shot noise, at least for low junction bias
When the measured MR falls below the theoretic
maximum,4,5 the transport data are well described by a tw
channel model consisting of a spin-dependent and a s
independent conduction channel. In such junctions, largef
noise is typically found and occasionally random telegra
noise is observed. These properties are associated with
spin-independent channel. Moreover, measurements of
noise as a function of alternating voltage bias indicate t
current flow through the low MR junctions is filamentary
nature.

II. EXPERIMENT

We choose to examine two types of layered structur
type A, Si~100!/50Ta/150Al/40Ni81Fe19/100Mn54Fe46/30
Ni81Fe19/15Co/12Al2O3/150Ni40Fe60/200Al with MR,5%
and type B, Si~100!/50Ti/150Pd/100Mn50Fe50/40
Co/12Al2O3/75Ni40Fe60/200Pd/50Ti with MR.22%. The
numbers represent the layer thicknesses in Å. Details of
fabrication process have been published elsewher3,6

Briefly, the junctions were prepared by dc sputtering throu
metal masks. A series of masks were used to define a cr
geometry pattern; each junction had an area of
380mm2. The tunneling barrier is formed by plasma ox
dizing an Al layer, having a thicknessd512 Å, in 100
mTorr of O2 for 4 min. The materials used to define th
tunnel junctions in each structure are nearly identical,
though factors that affect the quality of the junction m
differ, for example, the degree of smoothness of the films
the presence of defects in the barrier. The 30Ni81Fe19/15Co
layer and the 40Co layer comprise the bottom magnetic e
5 © 1998 American Institute of Physics
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trode and their magnetizations are pinned by exchange
from the antiferromagnetic MnFe layers. A NiFe layer ha
ing a low coercive field forms the ‘‘free’’ top magnetic ele
trode. Measurements of the dc and differential tunneling
sistance (Rd5dV/dI) using a four-probe sample geomet
were made as a function of temperatureT, junction voltage
bias V, and magnetic-fieldH parallel to the plane of the
junction and colinear with the easy axis.

In addition, voltage noise with spectral densitySV( f )
was measured under ac and dc current biases. The
frequency properties of the voltage noise in response
current bias that alternated rapidly between two values w
used to study the current flow pattern through the juncti
The technique is described in detail elsewhere.7 Briefly, the
junction is connected alternately to two current biasesI 1 and
I 2 using a 1 kHz oscillator that controls commercial ele
tronic switches. Additional synchronized switches separ
the voltage fluctuations across the junction under the dif
ent biases into two channels. To avoid saturation of amp
ers, a ‘‘noise-free’’ compensating dc voltage is applied
each channel during the half-cycle associated with the o
bias. The two signals then pass through a low-pass filter
into a spectrum analyzer that accumulates time traces o
noise and computes the power spectrum of each chann
well as the coherence function.

III. RESULTS

The magnetoresistance of a typical, high MR, type
junction is shown in Fig. 1. The low resistance stateRp

reflects the parallel alignment of the magnetization in each
the two ferromagnetic~FM! electrodes. Since the bottom
electrode’s magnetization vector is pinned by the MnFe
change bias layer, only the magnetization in the top electr
is free to reorient at these low fields. At high positive fiel
the magnetizations are antiparallel and the resistanceRap is
largest. The MR ratio is defined as (Rap2Rp)/Rp'34% and
22% atT54.2 and 293 K, respectively. The size of the M

FIG. 1. The magnetoresistive response of a type B (Co/Al2O3 /NiFe) tunnel
junction is shown at two temperatures. The magnetic field is applied co
ear with the easy axis as defined during the growth process. A dc cu
biases the junction at approximately 25 mV. The high resistance state
responds to antiparallel alignment of the magnetization in the two ferrom
netic electrodes.
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effect can be understood within the simple model propo
by Julliere.4 The MR ratio for the these junctions should b
given by

DR/Rp5~Rap2Rp!/Rp52PCoPNiFe/~12PCoPNiFe!,

wherePCo andPNiFe are the spin polarizations of the Co an
NiFe electrodes. Using the low-temperature value
DR/Rp'34% and taking the value of 34% forPCo, this
expression givesPNiFe542%, which compares favorably t
values reported in the literature.8

In comparison, the type A junctions by design had re
tively low MR ratios ranging from 3% to 5%. A variety o
factors can reduce the observed MR, such as interfacial
barrier spin scattering; direct coupling of the two electrod
ferromagnetically, which is mediated by surface roughne
surface degradation of the FM films, and domain walls in
junction areas. In addition, we have observed that juncti
with reduced MR also had significantly lower tunneling r
sistance~by a factor ranging from 4 to 20! for nominally
identical barrier thicknesses. This suggests the existenc
an additional conduction mechanism~see discussion below!.

The resistive transition as a function of field pass
through an intermediate value of resistance, which is evid
in Fig. 1. An intermediate state was also found in magn
zation measurements using a superconducting quantum i
ference device magnetometer. The origin of this state is
clear, but it is not a generic property of all magnetic tunn
junctions. ~Other junctions, not reported here, have sho
very sharp transitions without such intermediate states.! The
magnetic reversal mechanism can be complex, involvin
combination of rotation and domain-wall motion and/or t
nucleation of reversed domains that sweep through the w
electrode when the domain pinning force is exceeded.
intermediate state may be related to the orientation of the
electrode’s easy axis, which could be rotated relative to
exchange pinning direction induced during film depositio
Then, near zero applied field, the magnetization of the
electrode can revert to pointing along its easy axis, ther
affecting the tunneling probability.~Details are deferred to a
future publication.! Two-step transitions were a commo
feature among both types of junctions studied. We next d
cuss the properties of low and high MR junctions separat

A. Type A junctions

Generally, the tunneling resistance of these low M
junctions increased sharply belowT'200 K. Plotted in the
inset of Fig. 2 is the resistance as a function of temperatur
H50 G for a typical junction; application of a magnetic fie
had a negligible effect on the general form of this curve. T
temperature dependence is not well described by either
usual T2 dependence for an ideal junction,9 an Arrhenius
form, or by the variable range hopping model10 in two or
three dimensions with or without Coulomb interactions. Th
strong temperature dependence is to be contrasted with
for type B junctions for which the tunneling resistance i
creased only by tens of percent~;30%! on cooling down to
4.2 K. The I –V curves of type A junctions were weakl
nonlinear at room temperature and the tunnel conducta
was parabolic at low biases (V,620 mV). Fits to the Sim-
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mon’s tunneling model9 yielded values for the barrier heigh
and barrier thickness that were, respectively, much larger
considerably smaller than expected for Al2O3 barriers.9 At
low temperatures theI –V curves were strongly nonlinea
and the differential resistanceRd exhibited a sharp maximum
at zero bias, often referred to as a zero-bias anomaly~ZBA!.
A ZBA was a common feature in the ten junctions studie
for an example, see Fig. 2. AtT54.2 K the resistance maxi
mum is nearly a factor of 2 larger than the background
sistance. Below 77 K,Rd vs V shows both temperature
dependent and temperature-independent components
the temperature-dependent component occurring at low ju
tion bias corresponding to the ZBA regime. The relative o
entation of the electrode magnetizations had negligible ef
on the overall shape of theRd vs V curve. We also found tha
the shape of the resistance maximum was not sensitiv
magnetic fields even at extreme conditions,T51.8 K and
H560 kG. Instead,Rd remained linear with voltage bias
V,650 mV. Hence, scattering by a magnetic impurity
the barrier or at the interface is not a likely origin for th
ZBA.9,11

Figure 3 shows an example of the voltage fluctuatio
measured across a junction which was biased with a dc
rent atT54.2 K. The random telegraph character of the vo
age fluctuations is clearly evident in our measurement ba
width. Such behavior was typical over the entire range
temperatures measured, 4,T,295 K. However, random
telegraph signals were not reproducible under nomin
identical conditions; either a distinct fluctuator would spo
taneously become active or dormant, or undergo a signific
change in its duty cycle over the course of seconds to ho
The two voltage versus time traces in Fig. 3 demonstrate
the predominant fluctuator is not sensitive to magnetic fie
the two traces were taken immediately before and after a
change in field corresponding to a reversal of magnetiza
in the top electrode. The corresponding power spectra
these two traces were essentially identical and well descr
by the same, single Lorentzian superimposed on a 1/f back-

FIG. 2. Plot of the differential resistance spectra for a type
(NiFe/Co/Al2O3 /NiFe) junction. ForT,77 K, the high-bias resistance re
mains temperature independent whereas a prominent resistance peak
ops about zero bias. The relative orientation of the electrode magnetiza
had negligible effect on the shape of these spectra. The inset show
temperature dependence of the zero-bias resistance atH50 G for another
type A junction.
Downloaded 08 Jun 2006 to 128.175.13.10. Redistribution subject to AIP
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ground. Moreover, if magnetization fluctuations were drivi
the noise, then the effect of a magnetic field large enoug
saturate the MR would be to suppress the noise. Howe
changes in field for a given magnetic orientation of the F
electrodes had no detectable effect on the noise. One
expect an increase in noise near the transition region in
R–H curve, wheredR/dH is large. However, no such in
crease was found at room temperature. At 4.2 K, the str
voltage bias dependence of the noise~discussed below! can
cause the noise to change abruptly~either to increase or de
crease! in the transition region.

The random telegraph character was less pronounce
higher temperatures. In these cases, the power spectrum
a 1/f -like power-law dependence at low frequencies a
scaled nearly as the square of the current since theI –V
relation was nearly linear. At higher frequencies no no
power was found above the Johnson noise of the resista
of the junction plus the leads. Two-probe voltage noise m
surements of the electrodes demonstrated that the obse
1/f noise was entirely due to the tunnel junction. The typic
normalized noise power atf 51 Hz was quite large,SV /V2

5231029/Hz.
The large noise power can be attributed to the prese

of discrete, large amplitude fluctuators in the voltage–ti
traces. A superposition of many independent fluctuators w
a broad distribution of characteristic switching time scales
well known to give rise to 1/f noise.12,13 We have observed
discrete fluctuations in voltage as large as 0.3% of the ju
tion bias. If we assume uniform current flow through t
junction, then this implies a resistance fluctuation affect
an area of nearly 20mm2 of the junction. Such a scenario i
very unlikely, leaving inhomogeneous transport across
junction as a more plausible hypothesis.

We observed that a small change in the current b
would often replace a distinct fluctuator with another havi
a different amplitude and duty cycle. This behavior was p
ticularly prevalent at low temperatures. A direct example
how different bias conditions can sample different fluctuat
is shown in Fig. 4 forT54.2 K. In each panel the two time
traces were measured simultaneously and correspond to
low-pass filtered voltage fluctuations at the two alternat
biases. Figure 4~a! shows the time traces forV1539 mV and

vel-
ns
the

FIG. 3. Voltage fluctuations are shown atT54.2 K and for a bias voltage of
40 mV across the type A junction. The two time traces~offset for clarity!
were taken immediately after a step change in field of 140 G, correspon
to a jump from the low to high resistance state. The noise was unaffecte
the relative orientation of the ferromagnetic layers.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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V2528 mV. Under these conditions the fluctuations in t
two channels appear strongly correlated. However, in F
4~b! the top trace shows a featureless fluctuating sig
whereas the bottom trace indicates the presence of a l
fluctuator. This fluctuator is only observed underV2 and is
not present at the lower bias in the upper time trace.

The correlation between noise signatures at different
ases can be quantified using the coherence function. The
herence function is defined as

g25
^S1,2~ f !S1,2~ f !* &

^S1,1~ f !&^S2,2~ f !* &
,

and satisfies 0<g2<1 for all frequenciesf. Here,S1,2 is the
cross-power spectrum, andS1,1 and S2,2 are the auto powe
spectra of channels 1 and 2. A high value ofg2 indicates that
the noise in both channels, corresponding to different bia
is coming from a common source. In Fig. 5 we plot t

FIG. 4. Time traces of the low-frequency fluctuations when a fast alter
ing square-wave bias is applied across the junction. Data are forT54.2 K
and atH50 G. In ~a! the two alternating biases are nearly equal and
time traces are strongly correlated. In~b! a large fluctuator is present in th
bottom trace but is absent in the top trace.

FIG. 5. The voltage bias dependence of the coherence functiong2 averaged
over frequencies 1, f ,100 Hz is shown for the type A junction. At eac
temperature,V2 is held constant~indicated by arrows! while V1 is varied. A
large value ofg2 for a particular biasV1 indicates that the noise is due to
common source. At low temperatures, the noise signatures become
correlated as the difference betweenV1 andV2 increases.
Downloaded 08 Jun 2006 to 128.175.13.10. Redistribution subject to AIP
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coherence function, averaged over 1–100 Hz, versus vol
bias V1 with V2 held constant. At zero biasV150, the co-
herence is small since there should be no correlation betw
the junction’s 1/f -like resistance fluctuations and the therm
or amplifier noise. On the other hand, forV15V2 we expect
that g2'1 since this corresponds to a dc bias situation. N
tably, g2'1 at T5293 K and is bias independent, so th
noise at each bias comes from the same fluctuators. By c
parison,g2,1 at low temperatures and it decreases stron
as the difference between the alternating biasesuV22V1u in-
creases.

Values ofg2 considerably less than 1 suggest that eith
the bias conditions affect the fluctuators, and thus give ris
different noise signatures, or that different fluctuators are
sponsible for noise at different biases.~Recall that the volt-
age bias is switched much more rapidly than the rate
which fluctuations are recorded.! Since rapid switching be-
tweenV1 andV2 has no detectable affect on the amplitude
characteristic frequency of the fluctuators seen at eitherV1 or
V2 , we can rule out the possibility that the applied voltage
significantly perturbing the local fluctuators. Thus, the a
pearance of different fluctuators at different biases requ
that the current is sensitive to different local fluctuations
different biases. We interpret the different local fluctuatio
as arising from distinct fluctuators located along either t
entirely different current paths or two segments of a bran
ing current path. By changing the bias between the two v
ages we alternately probe the two paths or segments, ea
which contains a different set of fluctuators. For example,
large fluctuation shown in the lower trace of Fig. 4~b! under
V2 must be due to a two-state fluctuator that cannot
probed underV1 . The pattern of current flow must then re
arrange according to the bias and probe the fluctuator’s s
only when a current path is close to it. The two signals
thus highly uncorrelated, which yields a low value for th
coherence function. In general, different bias voltages m
impose different current flow patterns that result in co
pletely different noise signatures. The key point is that n
only must the current be inhomogeneous, with nonlin
I –V curves, but the form of the nonlinearity must vary su
stantially from site to site.

At high temperatures, the coherence is nearly equa
unity and independent of bias. This observation requires
the current pattern not depend on bias. Thus, the very ne
linear I –V relation for the device at high temperatures mu
not result from a superposition of many local nonlinearI –V
curves, but rather reflects local linearity.

B. Type B junctions

Here, we report first results on the differential resistan
spectra and noise properties of two junctions with high M
Figure 6 shows the bias dependence of the differential re
tance for the two relative orientations of the top electrod
magnetization. These data were taken on a Co/Al2O3/NiFe
junction atT54.2 K. Although a zero-bias anomaly is ev
dent, it is much less pronounced than for the type A junct
in Fig. 2. Also shown in Fig. 6 is the ratio of differentia
resistances for the parallel and antiparallel orientations. T
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ratio indicates that the MR falls sharply with increasing bi
as has been previously reported.1,14 At room temperature the
tunneling resistancedV/dI was nearly independent of bias
low biases and approximately parabolic at biases greater
40 mV. The conductance spectra were slightly asymme
about zero bias, being shifted to positive biases correspo
ing to a higher potential for the bottom electrode.

In comparison to the type A junctions, the noise mag
tude in this high MR junction was significantly smaller.
order to resolve excess noise without applying large and
tentially damaging bias voltages, all noise measureme
were performed atT54.2 K. We were unable to detect an
random telegraph character in the voltage fluctuations
sharp contrast to the type A junctions. In Fig. 7 we show
frequency dependence of the noise power taken at two
currentsI dc50 and 16mA. Unfortunately, this junction was
damaged after subsequently increasing the current. Ano
spectrum taken atI dc52 mA was nearly equivalent to tha
for zero current, i.e., to the background noise. The ove
background noise level taken at zero bias is consistent
the junction’s Johnson noise and amplifier noise. Narro

FIG. 6. The differential resistances for both the antiparallel and the par
orientations and their ratio are shown for a type B junction. The pairs
arrows indicate the relative orientation of the electrode magnetizations

FIG. 7. The power spectra of the voltage fluctuations in the type B junc
are shown at zero and 45 mV junction biases. The lower trace~open sym-
bols! represents the background noise. Narrow-band spikes from inte
ence pickup at 60 Hz and harmonics were removed. At nonzero bias
power spectrum is nearly frequency independent and has significantly l
amplitude than found in type A junctions.
Downloaded 08 Jun 2006 to 128.175.13.10. Redistribution subject to AIP
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band spectral spikes from electrical interference, such as
Hz and its harmonics, were removed. Notably, the pow
spectrum at the higher current remains nearly independen
frequency and has a normalized magnitude of roug
SV /V2;10214/Hz. This value is over a factor of 105 smaller
at f 51 Hz than that found in the low MR junctions.

These results demonstrate the feasibility of fabricat
low-noise, high MR tunnel junctions. Ultimately, the nois
properties may quite possibly be set by the junctio
Johnson noise and the shot noise resulting from current fl
In the simple independent electron model of shot noise,
power spectrum of the current fluctuations will be frequen
independent with a magnitudeSI52eIdc, where e is the
charge of an electron. More specifically, it has been show15

that at low bias voltages,V!kBT/e the noise is given by the
Nyquist theorem,SV54kBTR, and in the opposite case
approaches the full shot-noise value. Figure 7 shows that
power spectrum measured in a high MR junction at a 45 m
voltage bias (I dc516mA) is nearly frequency independen
SincekBT/e!45 mV, a 16mA current will give rise to cur-
rent fluctuations withSI>5310224 A2/Hz. This would cor-
respond to a voltage noise ofSV'4310217 V2/Hz, which is
less than a factor of 2 higher than the observed, backgrou
corrected noise.

IV. DISCUSSION

Our results can be qualitatively described by a tw
channel model of current conduction across the barrier:
channel having spin-dependent~SD! conduction and the
other being essentially spin independent~SI! and responsible
for reducing the MR. These two channels function in para
and determine the magnetoresistive and noise properties
junction. The existence of a SI conduction channel in
type A junctions is supported by the anomalously low tu
neling resistance and its temperature dependence in com
son to a normal Al oxide barrier. The field independence
the noise also supports a source of spin-independent con
tion. However, the marked temperature dependence of
resistance brings into question whether tunneling is the
jor source of conduction. One possibility is that the plas
oxidation step may have oxidized the surface of the bott
FM electrode to form a thin semiconducting layer. Altern
tively, defects or impurities in the oxide or at th
ferromagnetic/insulator interfaces, or inhomogeneites
pinholes in the barrier may form conductive paths. Contin
ous paths that bridge the barrier could also provide a sou
of ferromagnetic coupling across the barrier, which wou
further reduce the MR. However, metallic bridges wou
have linearI –V relations rather than the very nonlinearI –V
curves associated with the noisy spin-independent chann
Occasionally, the tunneling resistance of a junction show
high MR would suddenly, and irreversibly, drop by a co
siderable fraction, presumably due to a breakdown in
barrier in a local region. In these instances, we found that
MR would also fall by a corresponding amount. This ind
cates that the new conducting channel is parallel with
spin-dependent channel.
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The detailed nature of the SI channel is likely to
related to the quality of the junction. Since the two types
junctions are nearly identical but their noise signatures di
greatly and are independent of the applied field in detail,
reasonable to attribute the large noise power to the SI ch
nel. The large random telegraph noise and the bias de
dence of the coherence function suggest that this cha
involves extremely inhomogeneous current flow across
tunneling barrier. Recall that when discrete two-level flu
tuators were resolved, fractional changes of 0.3% in the
sistance were typical. It is well known that defects or imp
rities in oxide barriers can act as charge traps and the
raise the effective tunneling barrier or impose a block
potential on a current path.16 As a rule of thumb, a single
trapped electron can effectively block conduction on
through a volume ofd3 of the barrier,17,18 since the metallic
electrodes can screen the trapped electron’s Coloumb po
tial over longer distances. Recall,d'12 Å is the thickness of
the barrier. Hence, the current through the junction mus
nonuniform and perhaps filamentary. The charge popula
kinetics of a defect in or near such a current path can t
significantly affect the amount of current flowing through
A natural consequence of this is a random telegraph sig
Similar behavior can also be observed in disordered e
tronic systems in which conduction occurs primarily alo
inhomogeneous current filaments, for examples, see R
19–21. Recently, random telegraph noise was found in e
trodeposited Ni/NiO/Co heterostructures.22 Both the noise
and magnetoresistance were attributed to spin-depen
trapping–untrapping of electrons by an impurity in the oxi
barrier. Our results differ in that the noise is independen
field and the magnetoresistive state of the junction.

Inhomogeneous current flow may occur, for example
there are lateral variations in the width of the tunneli
barrier.18 Even for a uniform barrier, the presence of defe
or impurities embedded in the oxide can introduce interm
diate electronic states in the tunneling barrier, which c
locally increase the tunneling or hopping probability, i.e.
current path. Then, conduction along a current path will
determined by the nature of the impurity, and so, one m
expect differentI –V characteristics for each current pat
We found that theI –V curves in low MR junctions at low
temperatures were nonlinear. Moreover, it was shown
changing the junction bias would cause rearrangement
selection of different current paths, resulting in changes
the noise signature. At room temperature, theI –V curves
were nearly linear and rearrangements under varying bi
were not observed, see Fig. 5. Thus, each current path
be nearly linear.

Additional insight into the nature of the current pat
can be revealed from the differential resistance spectr
and in particular, the zero-bias anomaly. Various cause
such anomalies have been discussed,9 including magnetic
scattering in the electrodes or in the barrier, electro
electron interactions as in disordered media, and tunne
through an intermediate state. Recently, Zhanget al.14 pro-
posed that the ZBA is due to ‘‘hot electrons’’ exciting ma
nons at the electrode interfaces. This model is successf
explaining the origin of reduced MR as a function ofT and
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V, and the zero-bias anomaly in high MR junctions in whi
the SD current dominates. However, we believe it is le
appropriate for low MR junctions where the noise and t
differential resistance spectra are predominately spin in
pendent.

An alternative explanation for similar resistance pea
~ZBA! found to occur in Cr–I–Ag junctions23 had been pro-
posed by Giaever and Zeller.24 The authors invoked a two
step tunneling process involving an intermediate state in
oxide barrier. The origin of the resistance peak comes fro
distribution of threshold biases for transfer of an electr
across the barrier via the intermediate state. A character
feature of this mechanism is that the zero-bias conducta
varies linearly with temperature. The data shown in Fig
are consistent with a linear temperature dependence foT
,100 K. Moreover, a distribution of threshold biases cou
be the origin of current-path rearrangements seen in
noise.

Although metallic inclusions residing in the barrier ha
been shown to produce resistance peaks,24 such a mechanism
is very unlikely to occur in our junctions. On the other han
perhaps the presence of charge traps and defects in the
rier can give rise to similiar behavior. DetailedT andV de-
pendence will allow comparison to theories and help iden
the origin of spin-independent current in low MR junction
Furthermore, theT and V dependence of the SI current a
likely to require distinctly different inelastic tunneling mod
els.

V. CONCLUSION

We have demonstrated that junctions with large mag
toresistive responses can also have low-noise power, as s
as SV /V2'10214/Hz for 80380mm2 junction areas. De-
tailed bias and temperature dependences will help eluci
whether, for practical purposes, the noise floor is set
Johnson noise and current shot noise. In particular, de
applications may require significantly higher bias voltag
than we were able to explore, which may lead to exc
noise. Low MR junctions, on the other hand, exhibited ra
dom telegraph noise and 1/f -like noise with substantially
higher noise power. A two-channel conduction model co
sisting of a low-noise spin-dependent channel and a ‘‘nois
spin-independent channel~that also reduces the magnetor
sistive response! describes our data well. Although the d
tailed nature of the spin-independent channel is sensitiv
the quality of the junction and is likely to vary among jun
tions, noise measurements under alternating bias condit
indicate that current flow in this channel is highly inhom
geneous. At low temperatures, the pattern of the inhomo
neous current flow is strongly bias dependent. The abse
of any field dependence of the noise in low MR junctio
indicates that the noise is not magnetic in origin. In th
regard, an important factor in device performance will
controlling and maintaining the quality of the barrier.

ACKNOWLEDGMENTS

The authors are especially grateful to M. B. Salamon a
S.-H. Chun for many useful discussions. This work was s
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



6-
78

ev

ett.

ev.

6201J. Appl. Phys., Vol. 84, No. 11, 1 December 1998 Nowak et al.
ported in part by DARPA under Contract No. MDA972-9
C-0030 and by the NSF through Grant No. DMR 96-234

1J. S. Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, Phys. R
Lett. 74, 3273~1995!.

2T. Miyazaki and N. Tezuka, J. Magn. Magn. Mater.139, L231 ~1995!.
3W. J. Gallagheret al., J. Appl. Phys.81, 3741~1997!.
4M. Julliere, Phys. Lett.54A, 225 ~1975!.
5J. C. Slonczewski, Phys. Rev. B39, 6995~1989!.
6S. Rishtonet al., Microelectron. Eng.35, 249 ~1997!.
7I. Bloom, S. Reznik, and I. Balberg, Phys. Rev. B55, R11919~1997!.
8R. Meservey and P. M. Tedrow, Phys. Rep.238, 174 ~1994!.
9E. L. Wolf, in Principles of Electron Tunneling Spectroscopy~Oxford
University Press, New York, 1985!.

10N. F. Mott, Philos. Mag.19, 835 ~1969!.
11J. A. Appelbaum, Phys. Rev.154, 633 ~1967!.
12P. Dutta and P. M. Horn, Rev. Mod. Phys.53, 497 ~1981!.
13M. B. Weissman, Rev. Mod. Phys.60, 537 ~1988!.
Downloaded 08 Jun 2006 to 128.175.13.10. Redistribution subject to AIP
.

.

14S. Zhang, P. M. Levy, A. C. Marley, and S. S. P. Parkin, Phys. Rev. L
79, 3744~1997!.

15Sh. Kogan, inElectronic Noise and Fluctuations in Solids~Cambridge
University Press, Cambridge, 1996!.

16M. J. Kirton and M. J. Uren, Adv. Phys.38, 367 ~1989!.
17F. W. Schmidlin, J. Appl. Phys.37, 2823~1966!.
18T. Teuschler, M. Hundhausen, L. Ley, and R. Arce, Phys. Rev. B47,

12687~1993!.
19C. E. Parman, N. E. Israeloff, and J. Kakalios, Phys. Rev. B44, 8391

~1991!.
20L. M. Lust and J. Kakalios, Phys. Rev. Lett.75, 2192~1995!.
21G. T. Seidler, S. A. Solin, and A. C. Marley, Phys. Rev. Lett.76, 3049

~1996!.
22B. Doudin, G. Redmond, S. E. Gilbert, and J.-P. Ansermet, Phys. R

Lett. 79, 933 ~1997!.
23J. M. Rowell and L. Y. L. Shen, Phys. Rev. Lett.17, 15 ~1966!.
24I. Giaever and H. R. Zeller, Phys. Rev. Lett.20, 1504~1968!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp


