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Sign reversal of spin polarization in CoÕRuÕAl2O3 ÕCo magnetic tunnel junctions

P. LeClair,* B. Hoex, H. Wieldraaijer, J. T. Kohlhepp, H. J. M. Swagten, and W. J. M. de Jonge
Department of Applied Physics and COBRA, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Neth

~Received 21 February 2001; published 22 August 2001!

Utilizing ultrathin Ru interfacial layers in Co/Al2O3 /Co tunnel junctions, we demonstrate that not only does
the tunnel magnetoresistance decrease strongly as the Ru thickness increases as found for Cu or Cr interlayers,
in contrast, even the sign of the apparent tunneling spin polarization may be changed. Further, the magnitude
and sign of the apparent polarization is strongly dependent on applied voltage. The results are explained by a
strong density-of-states modification at the~interdiffused! Co/Ru interface, consistent with theoretical calcu-
lations and experiments on Co/Ru metallic multilayers and Co-Ru alloys.

DOI: 10.1103/PhysRevB.64.100406 PACS number~s!: 75.70.2i, 73.40.Gk, 85.30.Mn, 85.70.Kh
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The recent discovery of large magnetoresistance in m
netic tunnel junctions1 ~MTJ’s! has initiated a large amoun
of research into these structures, both from a technolog
and fundamental viewpoint. From the fundamental point
view, the sensitivity of these structures to the exact natur
the ferromagnet-insulator interface~s!2–7 is intriguing. In or-
der to investigate this interfacial sensitivity, experiments u
lizing ultrathin metallic layers inserted at the ferromagn
insulator interface4–6,8,9 have proven insightful. Some o
these experiments have proven difficult to interpret due
growth-related artifacts.9 Previously, using Cr6 and Cu8 in-
terfacial layers in Co/Al2O3 /Co junctions, we have demon
strated the key role of the density of states at
ferromagnet-insulator interface in determining the proper
of these junctions. Specifically in the case of junctions w
Cr interlayers,6 the strong decrease of the TMR with C
thickness~reduced by 80% for 1 monolayer Cr! as well as
the unusual conductance-voltage properties could be qua
tively explained by considering the density of states alt
ation due to spin-dependent band matching at an~interdif-
fused! Co/Cr interface with spin-fluctuating Cr moment
Although the Tunnel Magnetoresistance~TMR! decreased
extremely rapidly for Cu and Cr interlayers, it remain
positivefor all interlayer thicknesses studied.

In this communication, we present TMR as a function
Ru interlayer thickness and applied dc bias, and show
not only may the apparent tunneling spin polarization
strongly reduced at Co-Ru interfaces, as with Co-Cr in
faces, its sign may be reversed as well. In contrast to
interlayers, where zero-bias conductance anomalies~attrib-
uted to fluctuating Cr moments! were observed for all Cr
thicknesses, with Ru interlayers the anomalies were only
served for Ru thicknesses much less than 1ML.10 Zero-bias
conductance anomalieswere not observed when the appare
Co/Ru polarization was negative, suggesting that the nega
tive polarization results purely from a density-of-states mo
fication. Further, structural characterization of the Co-Ru
terfaces utilizing 59Co NMR indicates significan
interdiffusion, and essentially precludes an explanation ba
on quantum well states.11 The negative apparent spi
polarization is in qualitative agreement with the dens
of states modification expected based on local den
0163-1829/2001/64~10!/100406~4!/$20.00 64 1004
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of states calculations,12–14 spin-resolved photoemissio
experiments,15 and transport in Co-Ru multilayers13,14,16and
alloys.17

Ferromagnetic tunnel junctions were prepared by UH
dc/rf magnetron sputtering ~base pressure ,5
310210 mbar) through metal contact masks onto plas
oxidized Si~100! substrates. The details of this fabricatio
process have been described elsewhere.8,18 The TMR struc-
tures used consisted of: Si(001)/SiO2 /Ta 50 Å /Co 70 Å
/FeMn 100 Å /Co 35 Å /Al2O3 /Co 150 Å /Al 30 Å postan-
nealed in a magnetic field at 200 °C for 30 min to establis
uniform exchange biasing direction. The Al2O3 barrier was
formed by plasma oxidation of 23 Å Al. Dusting layers we
inserted at thebottomCo/Al2O3 interface8 to avoid spurious
effects due to clusterlike growth at the top Al2O3 interface.
In situ XPS and differential ellipsometry were used to co
firm that there was no electrode or dusting layer oxidati
with a minimal amount of remaining metallic Al.8,19 Junction
resistances and conductances@dI/dV[G(V)# or dynamic
resistances@dV/dI5G21(V)# were measured using stan
dard ac lock-in techniques (f 51.01 kHz), at 10 K with the
ac excitation kept well belowkBT to avoid modulation
broadening. TMR (DR/Rp or DG/Ga) was measured using
both dc and ac lock-in techniques.

Figure 1 shows the normalized TMR vs Ru thickness
10 K. As with Cr interlayers, the normalized TMR decreas
extremely rapidly for the first monolayer (1 ML'2 Å ) of
Ru coverage. In striking contrast to Cr6 or Cu8 interlayers,
however, beyond approximately 1ML Ru coverage the TM
reverses sign, i.e., the TMR is negative. Until about 1ML o
nominal Ru coverage, the decay of TMR with Ru thickne
is approximately as rapid as for Cr interlayers. However,
Cr interlayers,the TMR always remained positiveup to 3 ML
(;6 Å ) nominal Cr thickness. Previously, a sign revers
of the TMR was observed by de Teresaet al.5 and Sharma
et al.7 usingcomposite insulating barriers, which is not rel-
evant for the present case. Worledge and Geballe20 observed
negative polarization with SrRuO3, which was explained in
terms of the bulk band structure of that compound and no
terms of any interfacial effects. A negative TMR was al
observed by Mooderaet al.11 utilizing Au interlayers on Co.
In that case, the negative TMR was explained by the form
tion of ~spin-dependent! quantum well~QW! states in the Au
©2001 The American Physical Society06-1
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layer. However, coherent electron transport, and hence
state formation, in the Ru requires sharp Co/Ru a
Ru/Al2O3 interfaces, as well as an extremely uniform~and
typically single-crystalline! interlayer. Thus, for an explana
tion based on QW state formation to be applicable, as
posed to, e.g., in terms of the density of states of aninter-
mixed Co-Ru interface, structural characterization is
important burden of proof.

From various structural investigations on Co/R
multilayers,21 a rather large amount of interdiffusion is e
pected at the Co/Ru interface (;2 ML). The presence of a
relatively broad, interdiffused interface21 would essentially
preclude an explanation based on QW states in the Ru la
and favor an explanation based on the electronic prope
of Co-Ru alloys and interfaces. To this end, we have p
formed 59Co Nuclear Magnetic Resonance~NMR! measure-
ments on separately grown Co/Ru multilayers, sputtered
der identical conditions. Multilayers were used only
increase the signal to noise ratio. NMR measurements
information on the distribution of different local environ
ments of Co atoms by directly probing the hyperfine field
the Co nuclei. From this distribution of hyperfine fields it
possible to distinguish ‘‘bulk’’~Co atom with only Co neigh-
bors! and ‘‘interface’’ ~Co atoms with non-Co neighbors! Co
atoms and to determine their relative amounts.22,23 NMR ex-
periments were performed at 1.5 K in zero-applied field w
frequencies between 120 and 240 MHz on multilayers c
sisting of 35 Å Ru153(dCoCo110 Å Ru)112 Å Ru,
with dCo515, 20, 25, and 30 Å. The spectra are corrected
the frequency dependence of the ferromagnetic enhance
factor and power absorption. The resulting spectra for
different Co thicknesses as well as the relative ‘‘bulk’’ C
intensity as a function ofdCo are shown in Fig. 2. It can be
seen that the relative ‘‘bulk’’ Co intensity becomes 0 for
Co-layer thickness of 861 Å , meaning that per interface
2.060.2 ML of Co have at least one Ru neighbor, i.e., t
Co/Ru interface is interdiffused. In a more detailed analy
the distribution of Co hyperfine fields is fitted using

FIG. 1. Normalized TMR at 10 K as a function of Ru interlay
thickness~see text for structural description!. The line is only a
guide to the eye. Inset: Resistance vs applied field for a con
junction, and junctions with 1.6 and 3.2 Å Ru.
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gradual transition from a pure Co-layer to a pure Ru-la
with a few mixed interface layers of varying C
concentrations.21 From this it is found for that at least 3.
61 Å of Ru on Co, the topmost layer is a mixed layer a
that for the first 4.660.5 Å of Ru, all Ru-atoms have Co
neighbors. Though the exact number of mixed layers
pends on the details of the interface model used,21 it is clear
that even lower-bound estimates indicate that at the thickn
for zero-crossing of the TMR, all Ru present has some
neighbors, i.e., we may consider the dusting layer as
Co-Ru interface alloy whose composition varies with nom
nal Ru thickness~though we will continue to refer to nomina
Ru thicknesses for convenience!. Finally, we note that al-
though the multilayers used for NMR measurements w
unannealed, TMR results were similar for annealed or un
nealed samples.

One trivial explanation for the negative TMR is that th
Co-Ru interface alloy is antiferromagnetically~AF! coupled
to the ‘‘bulk’’ Co, leading to an inversion of the usual TMR
and hence anapparentnegative polarization. However, sev
eral observations make this explanation unlikely. If an A
coupled surface layer were present, a further resista
change should be observed at fields approaching and be
the AF coupling strength. However, TMR was measured
fields up to 8 T for various Ru thicknesses with negat
TMR, and no further change in resistance was observe.
Further, the striking similarity to results by Mooderaet. al.11

using Au interlayers in Co based junctions, where no stro
AF coupling24 or interface alloy is expected for the thick
nesses used, also suggests that this is a more general
nomenon which requires an explanation based on electr
structure. Given the intermixed nature of the Co/Ru int
face, we feel that an explanation based on QW states is
likely. Finally, if the reversed TMR is purely magnetic i
origin, i.e., no strong density of states modification, no u
usual bias dependence would be expected in these struct
The bias dependence of the TMR observed is, we belie

ol

FIG. 2. 59Co NMR spectra for Co/Ru multilayers for differen
Co thicknesses@53(dCo Co110 Å Ru)#. Shaded area repre
sents the interface contribution. Inset: the relative bulk Co inten
as a function of Co thickness.
6-2
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crucial to elucidating the likely explanation of the unusu
behavior displayed in these junctions and will be discus
presently.

As mentioned previously,6 an explanation based on R
impurities in Co ~or vice versa! and spin-dependent ban
matching may be more reasonable to explain the pre
data. In this case, a strongly altered density of states ma
expected to manifest itself in the TMR-voltage characte
tics. Indeed, near and beyond the sign reversal of the TM
an unusual dc bias dependence of the TMR is exhibi
Shown in Fig. 3 is the TMR as a function of applied dc bi
for a control junction and several thicknesses of Ru int
layers. We note that the bottom electrode~i.e., the Ru dusted
electrode! is biased positively for V.0. For typical
Co-Al2O3 junctions, the TMR decreases approximately l
early with bias in the range of;0.5 V, and is nearly
symmetric,18 as for the control junction. With only 1.2 Å
nominal Ru coverage, the bias dependence is already no
ably nonlinear, but still approximately symmetric. By 1.6
Ru, however, the bias dependence has become asymm
with a stronger decrease for positive voltages. At 2.0 Å R
near the zero crossing of the zero-bias TMR, the bias dep
dence is not only strongly asymmetric, but the TMR b
comesnegativefor V.0.15 V, while remaining positive for
all lower voltages. With only an additional 0.4 Å Ru, beyon
the zero-crossing of the zero-bias TMR, the bias depende
for 2.4 Å Ru is mirrored about the voltage and magneto
sistance axes, and the TMR remains negative for all bia
For larger thicknesses~3.2 and 4.4 Å Ru!, the bias depen-
dence becomes slightly more symmetric, but with a fas
decrease of magnetoresistance for positive bias. For
thicknesses slightly below the zero-crossing point of
TMR, positive zero-bias TMR could become negative
applying a positive voltage. On the other hand, for sligh
larger Ru thicknesses,negative zero-bias TMR remaine
negative for any applied voltage. While a positive TMR can
be driven negative by increasing bias or increasing Ru th
ness, a negative TMR cannot be driven positive again
least within the available61V. Qualitatively, it seems tha

FIG. 3. TMR as a function of applied dc bias at 10 K. Le
panel: 0, 1.2, and 1.6 Å Ru dusting layers. Right panel: 2.0, 2.4,
and 4.4 Å Ru dusting layers. Note the change in vertical axis s
for the right panel.
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applying a positive bias is essentially the same as increa
the Ru thickness~or Ru concentration of the CoxRu12x in-
terface alloy!, suggesting perhaps an explanation based
the changing density of states of the Co-Ru interface a
with increasing Ru concentration. This further indicates t
the negative TMR cannot be explained by an AF coup
interface alloy, as in that case the bias dependence shou
simply mirrored about the voltage axis. Further, the sign
versal with an applied positive bias for some Ru thicknes
would not be explained.

In order to relate the dependence of the TMR on Ru thi
ness or applied bias voltage to the density of states of
Co-Ru interfacial alloy, it must be clarifiedwhich density of
states is relevant for tunnel conductance in these structu
Gadzuk25,26pointed out that despite the fact that at the Fer
energyd states are far more numerous in, e.g., Co, the m
mobile s electrons dominate the tunnel current. In this wa
the measuredpositive ~i.e., majority! tunneling spin
polarization2 could be explained. This simple explanatio
has been borne out recently by more sophisticated treatm
of MTJ’s. Tsymbal and Pettifor27,28 emphasized electrode
barrier interface bonding, and found that when onlys-s
bonding is taken into account, the correct magnitude a
sign of the spin polarization may be accounted for in Fe a
Co. Butleret al.29 have performedab initio calculations for
Fe-MgO-Fe junctions, also finding the tunnel current iss
dominated. Due tos-d hybridization, a highd density of
states atEF necessarily leads to a lows density of states a
EF .

For Cr interlayers,6 the polarization decrease was e
plained in terms of the mismatch between the majority-spid
levels of Co and Cr, which prevents hybridization of the
bands. The resonant scattering of majority spins-p electrons
with Cr d states results in the majority spin density of sta
becoming highly localized at Cr sites~i.e., the formation of a
virtual bound state leads to a high majority spin density
states near the Fermi level on Cr sites!. As expected, thes-p
density of states is then suppressed for majority spins
strongly decreases the polarization. For Ru interfaces w
Co, or impurities in Co, an even larger scattering cross s
tion and spin asymmetry is expected,30 and hence an even
larger modification of the interfacial density of states.12,13,17

Calculations of the density of states for various Co-Ru allo
have been previously performed by Rahmouniet al.,14 which
indicate that between approximately 8–16 % Ru indeed
sign of thetotal polarization, dominated byd states, indeed
changes sign. Following the notion that thes polarization
should track thed polarization inversely, one may also re
sonably expect that thes polarization changes sign as we
As a rough approximation, the effect of adding Ru to t
alloy appears to shift the majority density of states to hig
energies, while doing little to the minority bands.

Combining these notions with our observations, we m
hypothesize that the negative zero-bias TMR results fr
gradually changing the interface from pure Co, with a po
tive s spin polarization, to a dilute Co-Ru alloy, which abov
a critical composition has anegative spolarization, consis-
tent with density of states calculations,12–14 dilute alloy
studies,17 and giant-magnetoresistance measurements.14,16

2,
le
6-3
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For higher concentrations of Ru, the interface alloy becom
nonmagnetic, and thus, tends toward zero polarization.
considering the shifting of the majority band to higher en
gies with increasing Ru concentration, the unusual dc b
dependence may also be explained. For positive bias,
conductance reflects the density of states, and thus pola
tion, above EF of the Co-Ru alloy. At energies aboveEF for
a given Ru composition, a strong polarization decrease w
increasing energy may be expected, as observed. At Ru
centrations near but below that required for a negative z
bias polarization, a slight positive bias may decrease
invert the polarization, but a negative polarization can
become positive again with applied bias. Further, since
creasing Ru concentration shifts the majority density
states higher in energy, we may speculate that increasing
thickness and a positive dc bias are expected to have a s
lar effect on thesp polarization. Though the gross features
the Co-Ru alloy density of states correlate favorably with
observed TMR thickness and bias dependence, more det
calculations of thesp local density of states for Co-Ru alloy
are necessary to completely verify this explanation. Fina
we point out thatdespitethe fact that an explanation base
on QW state formation is essentially precluded in this c
by structural characterization, a striking resemblance to
results of Mooderaet al.11 with Au interlayers remains. We
propose that perhaps these results may be in need of rei
ys
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pretation as well, and can perhaps be better explaine
terms of the density of states modification at Co-Au int
faces.

In conclusion, using ultrathin Ru interfacial layers
Co/Al2O3 /Co tunnel junctions, we demonstrate that the s
of the effective spin polarization of the Co/Ru electrode m
be changed. Unlike other experiments demonstrating a n
tive effective spin polarization, we may effectively rule o
quantum well states or interface bonding as likely expla
tions. The negative polarization is explained by a strong d
sity of states modification at the Co/Ru interface, which m
be considered an interface alloy, consistent with giant m
netoresistance and dilute alloy transport experiments
Co-Ru alloy density of states calculations. Considered in
proper light, properties of dilute alloys and giant magneto
sistance multilayers can provide key insights into transpor
magnetic tunnel junctions. These results demonstrate
possibility of systematically altering the properties of ma
netic tunnel junctions via an engineered interfacial density
states, perhaps for improved device properties.
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