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Abstract

Transport properties of exchange-biased magnetic tunnel junction structures are reported as a function of tunnel barrier
Ž .thickness. The temperature dependence of the tunneling conductance and magnetoresistance MR is consistent with recent

theories relating it to the magnon excitations at the electrode]barrier interface or the temperature-dependent surface
magnetization. We have also measured the bias voltage dependence of the MR. For CoFe magnetic electrodes, the reduction in
MR is approximately 50% at biases of ;250 mV. At low temperatures, we observe a cusp-like dip in the tunneling conductance
at zero-bias. The conductance increases as the square-root of the bias voltage, indicating that electron]electron interactions as in
disordered media may be important. Coating a magnetic electrode or the oxide barrier with an alternate, thin magnetic layer of
higher spin polarization is shown to generally increase the MR by several percent but at the expense of higher 1rf noise. Q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Tunneling magnetoresistance in magnetic tunnel
Ž . w xjunctions MTJs is of fundamental interest 1 and

potentially applicable to magnetic sensors and memory
w xdevices 2 . In 1970, spin polarized tunneling experi-

w xments by Meservey and Tedrow 3,4 , showed that the
Ž .conduction electrons in ferromagnetic FM materials

are spin polarized and the spin is conserved in the
tunneling process. The spin polarization, P, of a ferro-
magnet is associated with its unequal spin distribution

w xat the Fermi level. Julliere’s model 5 for FM-insula-
tor-FM tunneling, predicts that the tunnel junction

Ž .magnetoresistance MR is
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where P and P are the spin polarization of the two1 2
FM electrodes. R and R are the tunneling resis-A P P
tances when the top and bottom FM electrodes are
magnetized parallel and antiparallel relative to one
another. The tunneling resistance depends on the rela-
tive orientation because of the asymmetry in the den-
sity of states of the majority and minority energy bands
in a ferromagnet. For example, in the parallel orienta-
tion the number of occupied states in one electrode
and available states in the other electrode are well
matched. Hence, the tunneling current is at a maxi-
mum and the tunneling resistance is a minimum. On
the other hand, the mismatch in the number of ma-
jority states in one electrode and minority states in the
other electrode results in a minimum of current and a
maximum of resistance. Half-metallic compounds, such
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NiMnSb, Fe O , CrO and the perovskite manganites,3 4 2
would in principle show an infinite MR due to their
100% spin-polarized Fermi surfaces.

The Julliere model works rather well at predicting
the magnitude of the MR seen in high quality junc-
tions. However, it disregards important points such as
impurity scattering, magnon excitations, and defect as-
sisted tunneling processes. Experimental studies show
that the MR exhibits both a temperature and a d.c. bias

w xdependence 1 ; features that are not accounted for by
Julliere model. These effects are significant and de-
pend on the quality of the junction. In this work, we
address a number of issues like these, including the
electrical noise properties of MTJs and the origin of
the peak in the tunneling resistance at zero bias.

2. Magnetic tunnel junction materials

Ferromagnetic tunnel junctions are made in the form
of a multilayered film deposited on a Si wafer in a d.c.
magnetron sputtering vacuum system; details have been

w xpublished elsewhere 2,6 . Individual layers are de-
posited through a series of metal shadow masks. The
masks allow 10 tunnel junctions to be grown simultane-
ously across each 1.0 inch diameter Si wafer; each
junction has a cross-geometry pattern with area A
f55=55 mm2. The deposition takes place in the pres-
ence of a 100 Oe magnetic field directed in the plane of
the film to induce uniaxial magnetic anisotropy. The
final heterostructure is made in situ without breaking
vacuum and is given by SirSiO r5Tir15Pdr2
10Mn Fe r3Co Fe rAl O r8Co Fe r20Pdr5Ti46 54 84 16 2 3 84 16
where the numbers represent the nominal layer thick-
ness in nanometers. The insulating Al O barrier is2 3
formed by plasma oxidizing a layer of Al metal prior to
depositing the remaining layers. Hence, tunneling oc-
curs between the two CoFe layers. Junctions were
grown with Al metal thickness, d, ranging from 1.2 to
3.0 nm. The oxidation conditions were held constant at
100 mTorr and a 4-min duration for all the junctions.
Although the fraction of oxidized Al metal was not
determined, we expect complete oxidation of the Al
and some oxidation of the bottom FM layer for small
d, whereas for large d some Al metal may remain
unoxidized. For a set of junctions having ds2.0 nm,
an additional thin layer of Fe was deposited either on
top of the Al O layer or underneath the Al metal2 3
prior to oxidation.

For non-volatile memory applications it is favorable
to have two stable magnetic states in zero applied
magnetic field. This property is achieved by utilizing
FM layers with different magnetic coercivities so that
the relative orientations of the magnetic moments can
be changed. In our MTJs the antiferromagnetic MnFe
layer magnetically ’pins’ the lower FM layer by ex-

change bias. The top CoFe layer has a low coercive
field and forms the ‘free’ FM layer.

Measurements of the magnetoresistance, differential
Ž .tunneling resistance R sdVrd I , and voltage noised

were performed using a conventional four-probe tech-
nique. The magnetic field, H, was applied in the plane
of the junction and collinear with the easy axis.

3. Results and discussion

Ž .Fig. 1 inset shows a typical resistance vs. field curve
for an MTJ with ds1.8 nm. This MTJ has an MR
;38% at room temperature and a resistance R ;3.8P
kV, corresponding to a specific resistance R sR =As P

Ž 2 .s11.5 MV mm . The low resistance state reflects the
Ž .parallel P alignment of the magnetization vectors in

Ž .the two FM layers, whereas antiparallel AP alignment
results in a higher tunneling resistance. Only the mag-
netization of the top FM layer is free to switch orienta-
tions at low fields; switching fields can range from a few
to tens of Oersteds. The magnetic switching of the free
layer is single-domain-like; the typical width of the
transition is less than 1 Oe for d)2 nm for which the
effects of dipolar coupling and incomplete oxide cover-

w xage are reduced 7 . The pinning of the exchange
biased FM layer is overcome at high fields which re-
stores parallel alignment. The corresponding drop in
MR occurs at Hs600 Oe for the MTJ in Fig. 1. The
pinned layer’s broad transition is presumably due to
the flipping of many domains.

The effects of Al metal overlayers on the room-tem-
w x w xperature magnetoresistance 7,8 and 1rf noise 8 have

been discussed previously. In an effort to increase the

Fig. 1. Room temperature magnetoresistance vs. field curve for a
MTJ with a 1.8 nm Al metal layer forming the oxide tunneling
barrier. The main panel shows the variation in the MR ratio caused
by the switching of the free FM layer near zero field as well as the
switching of the exchange biased FM layer at ;600 Oe. The arrows
represent the corresponding relative orientations of the magnetic
moments in the two FM layers. The inset shows the low-field magne-
toresistance curve in greater detail.
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Ž . Ž .Fig. 2. Panel a shows the average resistance open symbols and
Ž .average MR solid symbols measured at zero-bias as a function of Al

metal thickness. The dependence of the normalized 1rf noise on Al
Ž .metal thickness is shown in b . The effect of depositing a 0.25 nm

Ž . Ž .',^ and 0.5 nm %,\ thick Fe layer below an Al metal layer and
Ž .a 2-nm l, e thick Fe layer on top of an oxidized Al metal layer is

shown for ds2.0 nm. All data is for Ts295 K.

MR we investigated the effects of depositing a thin
Ž .layer of magnetic material iron with a higher spin

polarization at the FM-barrier interfaces. The results
with and without a Fe layer at ds2 nm are shown in

ŽFig. 2. Without the Fe layer, the MR averaged over
.several nominally identical junctions exhibits a broad

peak at ds1.8 nm. A lower spin polarization and,
hence, a lower MR is expected if unoxidized Al re-
mains on the surface of the bottom FM at higher d, or
if the underlying FM surface becomes oxidized for

w xthinner Al overlayers 7 .
Compared to the variation with Al thickness, an Fe

layer has little effect on the junction resistance. How-
ever, a 2.0-nm thick layer of Fe deposited on top of the
Al O lowered the MR by 7%. If the Fe layer is placed2 3
below the Al metal then the MR actually increases, by
as much as 13% for a 0.5-nm thick Fe underlayer. For
another set of junctions with a 0.25-nm Fe underlayer
we found a 6% enhancement in the MR. We are
uncertain as to why the MR increases if the Fe layer is
positioned below the Al metal, since this potentially
exposes it to oxidation. The reason may involve a
combination of effects including stoichiometry, mor-
phology, and interface properties.

Tunnel junctions under constant current bias exhibit
voltage fluctuations. The power spectrum of these fluc-
tuations is comprised of a frequency independent com-

Ž .ponent current shot noise and Johnson noise and a
w x1rf part, where f is the frequency 8,9 . The 1rf power

spectrum scales as the mean current squared. Its origin

has been attributed to resistance fluctuations arising
w xfrom charge trapping processes 8,10 . The degree to

which the 1rf noise arises from charge trapping inside
the tunnel barrier or at the FM-insulator boundary is
revealed by examining the dependence of noise magni-
tude on the Al layer thickness. Fig. 2b shows that the
normalized noise, given by as fS ArR2 where S isR d R
the power spectral density of the resistance fluctua-
tions, exhibits a broad peak near ds2 nm. The coinci-
dence at dG2.5 nm of the onset of sub-exponential
dependence of R on d in Fig. 2a with the dramaticd
drop in a , shown in Fig. 2b, indicates that an oxidized

w xAl-FM interface is a major source of noise 8 .
Generally, a Fe underlayer increases the MR but at

the expense of higher noise. Fig. 2b shows that junc-
tions with a 0.5 nm Fe underlayer have noise magni-
tudes that are a factor of 5]20 times larger than those

Ž .without a Fe layer solid symbols . The junction with
the Fe layer deposited on top of the Al O had nomi-2 3
nally the same a as junctions without the Fe layer,
whereas for one junction having a 0.25-nm Fe under-
layer, a was found to be smaller. Among nominally

Židentical junctions having the same Fe layer open
.symbols in Fig. 2b there was considerably more varia-

tion in a than was observed for nominally identical
Ž .junctions without a Fe layer solid symbols in Fig. 2b .

One exception is for the two nominally identical junc-
tions having ds2.5 nm for which a differs by a factor
of 100. These two junctions and all those with Fe layers
were studied one year after the others. It may be
possible that over this period of time the barrier and
interface properties were altered due to oxygen migra-
tion or diffusion of chemical species } a type of aging
effect. Additional studies to attain better statistics are
desirable.

A distinctive feature of MTJs is the decrease in
w xmagnetoresistance with increasing temperature 1 . Fig.

3d shows that the reduction in the zero-bias MR in our
MTJs can be as large as 25% between 2 and 300 K.
This decrease in MR could come from thermally acti-
vated conduction that is spin-independent or from the
smearing of the Fermi surface. Our findings are consis-

w xtent with recent theoretical 11,12 and experimental
w xstudies 13 that relate the reduction of the MR to the

reduced spin polarization that is proportional to the
Ž . 3r2T-dependent saturation moment, m T ;yT . Thes

dashed line in Fig. 3d is a fit to the predicted tempera-
w x Ž . Ž .Ž 3r2 .ture dependence 12 : MR T sMR Ts0 1]AT .

The fitting parameter, A, was of order ;10y5 Ky3r2

Žfor several samples. Satisfactory fits dashed lines in
.Fig. 3c can also be obtained to the predictions of a
w x Ž .model 11 that relates MR T to electron-magnon scat-

tering. In this case, the zero-bias tunneling conduc-
Ž .tance, G Vs0 sd IrdV, is predicted to increase as

T logT for both P and AP orientations. On the basis of
Ž .these fits, and others on more detailed data not shown ,
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Ž . Ž .Fig. 3. In a and b , the differential resistance of a junction having ds1.8 nm is plotted as a function of d.c. bias at two temperatures for the
Ž . Ž .parallel P and antiparallel AP orientation of the magnetizations. For the same junction, the temperature dependence of the zero-bias

Ž . Ž .differential conductance is shown in c and the MR ratio in d . The dashed lines are fits to theories discussed in the text.

it is not possible to distinguish between these two
models.

MTJs exhibit a substantial decrease in MR with the
application of bias, see Fig. 3d. The large reduction in
MR, nearly 50% at biases ;250 mV, can be accounted
for by the stronger bias dependence of the tunneling
resistance in the AP state. The differential resistance
of one of our junctions is plotted in Fig. 3a,b at two

Ž .temperatures. Although R V has the general featured
w xof a metal]insulator]metal tunnel junction 14 , the

detailed shape of the curve shows deviations from
simple calculations such as Simmon’s formula at all
temperatures. For example, at room temperature

Ž .R V has somewhat of a linear trend at biases greaterd
than a few k T , particularly in the AP state. ForB

Ž .identical tunneling electrodes, R V is expected to bed
symmetric about zero-bias. The asymmetry we observe
is most pronounced at small d, and may reflect differ-
ences in the electrode]barrier interfaces due to partial
oxidation of the bottom CoFe electrode. Particularly
when the bottom electrode is negatively biased there is
a slight increase in resistance observed at ;y200 mV.
This feature is most prominent for the P orientation in
Fig. 3a,b. For T-100 K a resistance peak develops in

Ž .the R V spectrum at Vs0, as shown in Fig. 3a. Thisd
zero-bias anomaly is surprisingly robust; it is evident
for all the junctions studied and typically dominates

Ž .R V up to 100 mV.d
The bias dependence of the MR is not well under-

w xstood 1 . A decrease of MR is obtained in a simple
w xSlonczewski-type parabolic band model 15]17 in which

the bias shifts the electrode band towards higher den-
sity of states. The initial reduction at low biases, how-

w xever, is much slower than observed 13 . Other factors,

such as excitation of magnons and an energy depen-
dence of spin polarization due to the band structure,

w xhave been proposed. Recent calculations 11,12 show
that a significant part of the reduction in MR can be
attributed to magnon excitations, as also seen from

w xinelastic tunneling spectra 13 . Moreover, Zhang et al.
w x11 have attributed the zero bias anomaly to magnon
excitations at the electrode]barrier interface. In gen-
eral, the dip in conductance at Vs0 can be expected
to be due to some combination of effects that include:
the presence of magnons, magnetic impurities, inter-
face states, and multi-step tunneling through states in

Ž .the barrier including ones from metal particles . Next,
we examine an alternate possibility for the origin of the
zero-bias anomaly.

It has been shown that in disordered systems, when
the electronic mean free path is comparable to the
wavelength, the electron]electron interaction leads to
a repulsion in the density of states symmetric about the

w xFermi energy 18 . In the limit of strong scattering the
w xpredicted density of states variation is given by 18,19

Ž . Ž .Ž .'N E sN 0 1q ErD , where D is a psuedo-correla-
tion gap, an energy corresponding to the screening
length. With increasing disorder, the screening length
diverges and D collapses to zero. Since the tunneling

Ž .conductance is proportional to N E , this singularity in
turn leads to a V 1r2 dependence of the tunneling
conductance.

In Fig. 4 we plot the tunneling conductance,
Ž . Žd IrdV rs , normalized by the zero-bias conduc-0

.tance as a function of the square root of the bias
Ž 1r2 .voltage of the tunnel junction V . The temperature

Ž .dependence of G V for a selected junction is shown in
ŽFig. 4a. In Fig. 4b we plot the low temperature T-10
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Ž .Fig. 4. The normalized differential conductance d IrdV rs is plot-0' Ž .ted as a function of V . In a , data is shown at various temperatures
Ž .for the same junction as in Fig. 3 in the parallel orientation. In b ,

Ž .the low-temperature T-10 K conductance curves are shown for
junctions having ds1.8, 2.0, 2.25, 2.75, 3.0 nm in both magnetic
orientations. Also, the effect of Fe-doping on the conductance is
shown for a junction having a 2-nm thick Al layer in the antiparallel
orientation.

. Ž .K G V curves for junctions having various Al metal
thicknesses. Insofar as these are straight lines at the
higher biases, it supports the presence of a pseudogap.

Ž .We think that the rounding of the G V curves at
Žsmall biases in Fig. 4 is due to thermal smearing a few

.k T of the pseudogap at T/0. Deviations from theB'V dependence occur at biases higher than those
shown in Fig. 4, and for a junction having a thin Fe
underlayer, see Fig. 4b. The slopes of the linear por-
tions of these curves are a measure of 1rD. D depends

Ž .weakly on temperature Fig. 4a and Al metal thickness
Ž .Fig. 4b . The relative magnetic state of the electrodes,
however, has a significant effect; Df1.2 eV in the AP
orientation which is roughly a factor of 2 smaller than
in the P orientation.

'Tunneling measurements have shown a V depen-
dence of the density of states near the metal]insulator

w xtransition in granular aluminum 20 and amorphous
w xGe Au films 21 . However, the CoFe magnetic1yx x

electrodes in our MTJs are good metals with low resis-
tivity. Since tunneling electrons come from the top few
monolayers of the FM film, a plausible explanation for

Ž .the zero-bias anomaly in G V in our junctions may be
that it is due to a disorder-induced renormalization of
the surface density of states due to electron]electron
interactions. If so, the weak dependence of D on d is
somewhat surprising. Apparently the oxidation condi-
tion of the bottom Al]FM interface does not change

the character of the disorder. It is interesting to note
corroborating evidence from experimental studies of
colossal magnetoresistance magnetic tunnel junctions
grown by molecular beam epitaxy. In that work, a zero

Ž .bias anomaly is observed in G V at low temperatures,
the strength of which is correlated with the quality of
the growth as judged by reflective high energy electron

Ž . w xdiffraction RHEED 22 .
What does this mean for the large difference in D

observed in the AP and P configurations? It is difficult
to understand how a disorder-induced singularity in the
density of states can be so strongly affected by chang-
ing the magnetic state. If D is taken as a measure of
disorder than the smaller value of D in the AP state
implies that it is more disordered. We are uncertain as
to the origin of this effect. One possibility is that
minority carriers in the AP orientation have a smaller
correlation gap due to their lower concentration. A
smaller carrier density implies a lower conductance
channel. The smaller value of D in the AP state would
then be consistent with the corresponding larger
screening length due to the lower conductance. The
extent to which the zero-bias anomaly is due to Cou-
lomb effects in the dirty limit or other factors, such as
multi-step tunneling, remains elusive.

4. Conclusion

Detailed tunneling and noise studies as a function of
temperature and dc bias in high MR junctions reveal
some of the fundamental phenomena in FM]I]FM
tunnel junctions. The temperature dependence of the
MR and tunneling conductance are consistent magnon
excitations near the surface of the FM electrodes,
although based on these data it is not possible to
distinguish between competing models for the reduc-
tion of the MR with increasing temperature. From the
point of view of applications, the reduction in MR with
increasing bias and the avoidance of oxidation of the
FM-Al interfaces in minimizing the 1rf noise are of
great importance. It is not clear to what extent magnon
scattering is a complete explanation of the bias depen-
dence of the MR or the zero-bias anomaly observed in
the tunneling conductance. In the latter case, we

'observe a V dependence of the density of states. This
behavior may indicate that disorder and electron corre-
lation effects play a significant role in shaping the
conductance spectrum at low biases, perhaps even up
to room temperature.
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