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Sign reversal of spin polarization in CdRu/Al,O3/Co magnetic tunnel junctions
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Utilizing ultrathin Ru interfacial layers in Co/AD;/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 ttieterdiffused Co/Ru interface, consistent with theoretical calcu-
lations and experiments on Co/Ru metallic multilayers and Co-Ru alloys.
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The recent discovery of large magnetoresistance in magef states calculation€ % spin-resolved photoemission
netic tunnel junctions(MTJ's) has initiated a large amount experiments? and transport in Co-Ru multilayers**®and
of research into these structures, both from a technologicaﬂlloys.17
and fundamental viewpoint. From the fundamental point of Ferromagnetic tunnel junctions were prepared by UHV
view, the sensitivity of these structures to the exact nature ofic/ff _magnetron  sputtering (base pressure <5
the ferromagnet-insulator interfde~" is intriguing. In or- <107 '® mbar) through metal contact masks onto plasma
der to investigate this interfacial sensitivity, experiments uti-oxidized S{100 substrates. The details of this fabrication
lizing ultrathin metallic layers inserted at the ferromagnet-Process have been described elsewfiéfahe TMR struc-
insulator interfack 82 have proven insightful. Some of tures used consisted of: Si(001)/$i0a S0 A ICo 70 A
these experiments have proven difficult to interpret due tgFe€Mn 100 A ICo 35 A/AiOS/CO 150 A /Al 30 A postan-
growth-related artifact.Previously, using Crand C§ in- nealed in a magnetic field at 200 °C for 30 min to establish a

terfacial layers in Co/AlO,/Co junctions, we have demon- uniform exchange biasing direction. The,®k% barrier was

strated the key role of the density of states at theformed by plasma oxidation of 23 A Al. Dusting layers were

ferromagnet-insulator interface in determining the propertieénserte‘j at thé)ottoon/AI203 interfacé to avouj spurious
of these junctions. Specifically in the case of junctions WitheﬁeCts due to clusterlike growth at the top,@% interface.

. : . i i i i dt -
Cr interlayer$ the strong decrease of the TMR with Cr In situ XPS and differential ellipsometry were used to con

. firm that there was no electrode or dusting layer oxidation,
thickness(reduced by 80% for 1 monolayer Cas well s it 2 minimal amount of remaining metallic AL° Junction

the unusual conductance-voltage properties could be q“alit%sistances and conductande/dV=G(V)] or dynamic
tively explained by considering the density of states alter‘resistances{dV/dl=G*1(V)] were measured using stan-
ation due to spin-dependent band matching atiaterdif- 45,4 ac lock-in techniques € 1.01 kHz), at 10 K with the
fused Co/Cr interface with spin-fluctuating Cr moments. 53¢ excitation kept well belowkgT to avoid modulation
Although the Tunnel Magnetoresistan€EMR) decreased broadening. TMR 4R/R, or AG/G,) was measured using
extremely rapidly for Cu and Cr interlayers, it remained poth dc and ac lock-in techniques.
positivefor all interlayer thicknesses studied. Figure 1 shows the normalized TMR vs Ru thickness at
In this communication, we present TMR as a function of10 K. As with Cr interlayers, the normalized TMR decreases
Ru interlayer thickness and applied dc bias, and show thagxtremely rapidly for the first monolayer (1 M2 A) of
not only may the apparent tunneling spin polarization beRu coverage. In striking contrast to Cor C\# interlayers,
strongly reduced at Co-Ru interfaces, as with Co-Cr interhowever, beyond approximately 1ML Ru coverage the TMR
faces, its sign may be reversed as well. In contrast to Creverses signi.e., the TMR is negative. Until about 1ML of
interlayers, where zero-bias conductance anomaéitisb-  nominal Ru coverage, the decay of TMR with Ru thickness
uted to fluctuating Cr momentsvere observed for all Cr is approximately as rapid as for Cr interlayers. However, for
thicknesses, with Ru interlayers the anomalies were only ob€r interlayersthe TMR always remained positiue to 3 ML
served for Ru thicknesses much less than IfIZero-bias  (~6 A) nominal Cr thickness. Previously, a sign reversal
conductance anomaliegere not observed when the apparent of the TMR was observed by de Teresgmal® and Sharma
Co/Ru polarization was negativeuggesting that the nega- et al.” usingcomposite insulating barriersvhich is not rel-
tive polarization results purely from a density-of-states modi-evant for the present case. Worledge and GeBatleserved
fication. Further, structural characterization of the Co-Ru in-negative polarization with SrRuQwhich was explained in
terfaces utilizing *°Co NMR indicates significant terms of the bulk band structure of that compound and not in
interdiffusion, and essentially precludes an explanation baserms of any interfacial effects. A negative TMR was also
on quantum well state$. The negative apparent spin observed by Mooderat al!! utilizing Au interlayers on Co.
polarization is in qualitative agreement with the densityIn that case, the negative TMR was explained by the forma-
of states modification expected based on local densityion of (spin-dependehuantum wel(QW) states in the Au
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FIG. 2. %°Co NMR spectra for Co/Ru multilayers for different

FIG. 1. Normalized TMR at 10 K as a function of Ru interlayer Co thicknesse§5X (de, Co+10 A Ru)]. Shaded area repre-

thickness(see text for structural descriptipnThe line is only a

sents the interface contribution. Inset: the relative bulk Co intensity

guide to the eye. Inset: Resistance vs applied field for a contro‘ljls a function of Co thickness.
junction, and junctions with 1.6 and 3.2 A Ru.

layer. However, coherent electron transport, and hence QWradual transition from a pure Co-layer to a pure Ru-layer
state formation, in the Ru requires sharp Co/Ru andvith a few mixed interface layers of varying Co

Ru/Al,O5 interfaces, as well as an extremely unifofand

concentrationé! From this it is found for that at least 3.5

typically single—crystallin¢interlayer. Thus, for an explana- =1 A of Ru on Co, the topmost layer is a mixed layer and
tion based on QW state formation to be applicable, as opthat for the first 4.6:0.5 A of Ru, all Ru-atoms have Co

posed to, e.g., in terms of the density of states ofrder-

neighbors. Though the exact number of mixed layers de-

mixed Co-Ru interface, structural characterization is anpends on the details of the interface model (&dtljs clear

important burden of proof.

that even lower-bound estimates indicate that at the thickness

From various structural investigations on Co/RuUfqr zero-crossing of the TMR, all Ru present has some Co

multilayers?! a rather large amount of interdiffusion is ex-
pected at the Co/Ru interface-@ ML). The presence of a
relatively broad, interdiffused interfatewould essentially
preclude an explanation based on QW states in the Ru lay
and favor an explanation based on the electronic properti
of Co-Ru alloys and interfaces. To this end, we have pe
formed *°Co Nuclear Magnetic Resonan@®MR) measure-
ments on separately grown Co/Ru multilayers, sputtered u
der identical conditions. Multilayers were used only to

neighbors,i.e., we may consider the dusting layer as a
Co-Ru interface alloy whose composition varies with nomi-
nal Ru thicknesgthough we will continue to refer to nominal

u thicknesses for convenienceé-inally, we note that al-

e .
r:ﬂ's'mugh the multilayers used for NMR measurements were
unannealed, TMR results were similar for annealed or unan-

fpealed samples.

One trivial explanation for the negative TMR is that the

increase the signal to noise ratio. NMR measurements give©-Ru interface alloy is antiferromagneticallF) coupled
information on the distribution of different local environ- 0 the “bulk” Co, leading to an inversion of the usual TMR

ments of Co atoms by directly probing the hyperfine field atand hence aapparentnegative polarization. However, sev-
the Co nuclei. From this distribution of hyperfine fields it is €ral observations make this explanation unlikely. If an AF

possible to distinguish “bulk{Co atom with only Co neigh-
borg and “interface” (Co atoms with non-Co neighbgr€o
atoms and to determine their relative amofAts NMR ex-

coupled surface layer were present, a further resistance
change should be observed at fields approaching and beyond
the AF coupling strength. However, TMR was measured in

periments were performed at 1.5 K in zero-applied field withfields up to 8 T for various Ru thicknesses with negative
frequencies between 120 and 240 MHz on multilayers conTMR, and no further change in resistance was observed

sisting of 35 A Ru-5X(dcCo+10 A Ru)+12 A Ru,

Further, the striking similarity to results by Moodezt al

with dc,= 15, 20, 25, and 30 A. The spectra are corrected fousing Au interlayers in Co based junctions, where no strong
the frequency dependence of the ferromagnetic enhancemeiE coupling” or interface alloy is expected for the thick-
factor and power absorption. The resulting spectra for theesses used, also suggests that this is a more general phe-
different Co thicknesses as well as the relative “bulk” Co nomenon which requires an explanation based on electronic
intensity as a function oflc, are shown in Fig. 2. It can be structure. Given the intermixed nature of the Co/Ru inter-
seen that the relative “bulk” Co intensity becomes 0 for aface, we feel that an explanation based on QW states is un-
Co-layer thickness of 81 A, meaning that per interface, likely. Finally, if the reversed TMR is purely magnetic in
2.0+0.2 ML of Co have at least one Ru neighbor, i.e., theorigin, i.e., no strong density of states modification, no un-
Co/Ru interface is interdiffused. In a more detailed analysispysual bias dependence would be expected in these structures.
the distribution of Co hyperfine fields is fitted using a The bias dependence of the TMR observed is, we believe,
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30 10 applying a positive bias is essentially the same as increasing
[ control /\ 20ARu ]g5 the Ru thicknesgor Ru concentration of the GBRu; _, in-
25 \ 0.0 terface alloy, suggesting perhaps an explanation based on
24ARu_ ' the changing density of states of the Co-Ru interface alloy
20F - R N - 1-05 with increasing Ru concentration. This further indicates that
< | 44;1; BN BN L f[he negative TMR’_ cannot be explz_iined by an AF coupled
= Br LOAR . . 1.5 S interface alloy, as in that case the bias dependence should be
& e Y " g simply mirrored about the voltage axis. Further, the sign re-
S 10t L N, . {203 versal with an applied positive bias for some Ru thicknesses
e N “ F32ARu {25 would not be explained.
3 = el 130 In order to relate the dependence of the TMR on Ru thick-
[ 1.6ARu| T ness or applied bias voltage to the density of states of the
0 7 0200 02 04 040200 02 04 Co-Ru interfacial alloy, it must be clarifieahich density of

V. (Volts) V. (Volts) states is relevant for tunnel conductance in these structures.
P 4 Gadzuk>% pointed out that despite the fact that at the Fermi

FIG. 3. TMR as a function of applied dc bias at 10 K. Left energyd states are far more numerous in, e.g., Co, the more

panel: 0, 1.2, and 1.6 A Ru dusting layers. Right panel: 2.0, 2.4, 3.2mobile s electrons dominate the tunnel current. In this way,

and 4.4 A Ru dusting layers. Note the change in vertical axis scaléhe .mef:lsured positive (i.e.., majorilt)b .tunneling spin
for the right panel. polarizatio could be explained. This simple explanation

has been borne out recently by more sophisticated treatments

crucial to elucidating the likely explanation of the unusualof MTJ's. Tsymbal and Pettiféf?® emphasized electrode-
behavior displayed in these junctions and will be discussedbarrier interface bonding, and found that when oshg
presently. bonding is taken into account, the correct magnitude and

As mentioned previousfy,an explanation based on Ru sign of the spin polarization may be accounted for in Fe and
impurities in Co (or vice versa and spin-dependent band Co. Butleret al® have performedhb initio calculations for
matching may be more reasonable to explain the preseiite-MgO-Fe junctions, also finding the tunnel currentsis
data. In this case, a strongly altered density of states may bdominated. Due tcs-d hybridization, a highd density of
expected to manifest itself in the TMR-voltage characterisstates aEg necessarily leads to a lowdensity of states at
tics. Indeed, near and beyond the sign reversal of the TMREE .
an unusual dc bias dependence of the TMR is exhibited. For Cr interlayer$, the polarization decrease was ex-
Shown in Fig. 3 is the TMR as a function of applied dc biasplained in terms of the mismatch between the majority-sipin
for a control junction and several thicknesses of Ru inter{evels of Co and Cr, which prevents hybridization of these
layers. We note that the bottom electrdde., the Ru dusted bands. The resonant scattering of majority spin electrons
electrode is biased positively forV>0. For typical with Crd states results in the majority spin density of states
Co-Al,O5 junctions, the TMR decreases approximately lin-becoming highly localized at Cr sitéise., the formation of a
early with bias in the range of-0.5 V, and is nearly virtual bound state leads to a high majority spin density of
symmetrict® as for the control junction. With only 1.2 A states near the Fermi level on Cr s)tes expected, the-p
nominal Ru coverage, the bias dependence is already noticdensity of states is then suppressed for majority spins and
ably nonlinear, but still approximately symmetric. By 1.6 A strongly decreases the polarization. For Ru interfaces with
Ru, however, the bias dependence has become asymmetricp, or impurities in Co, an even larger scattering cross sec-
with a stronger decrease for positive voltages. At 2.0 A Rution and spin asymmetry is expect&dand hence an even
near the zero crossing of the zero-bias TMR, the bias depetarger modification of the interfacial density of staté$3’
dence is not only strongly asymmetric, but the TMR be-Calculations of the density of states for various Co-Ru alloys
comesnegativefor V>0.15 V, while remaining positive for have been previously performed by Rahmoeinal.,* which
all lower voltages. With only an additional 0.4 A Ru, beyond indicate that between approximately 8—16 % Ru indeed the
the zero-crossing of the zero-bias TMR, the bias dependencign of thetotal polarization, dominated by states, indeed
for 2.4 A Ru is mirrored about the voltage and magnetorechanges sign. Following the notion that teepolarization
sistance axes, and the TMR remains negative for all biaseshould track thed polarization inversely, one may also rea-
For larger thicknesse@.2 and 4.4 A Ry the bias depen- sonably expect that the polarization changes sign as well.
dence becomes slightly more symmetric, but with a fasteAs a rough approximation, the effect of adding Ru to the
decrease of magnetoresistance for positive bias. For Ralloy appears to shift the majority density of states to higher
thicknesses slightly below the zero-crossing point of theenergies, while doing little to the minority bands.
TMR, positive zero-bias TMR could become negative by Combining these notions with our observations, we may
applying a positive voltage. On the other hand, for slightlyhypothesize that the negative zero-bias TMR results from
larger Ru thicknessesjegative zero-bias TMR remained gradually changing the interface from pure Co, with a posi-
negative for any applied voltag&hile a positive TMR can tive s spin polarization, to a dilute Co-Ru alloy, which above
be driven negative by increasing bias or increasing Ru thicka critical composition has aegative spolarization, consis-
ness, a negative TMR cannot be driven positive again, dent with density of states calculatiotts* dilute alloy
least within the available- 1V. Qualitatively, it seems that studiest’ and giant-magnetoresistance measuremérits.
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For higher concentrations of Ru, the interface alloy becomespretation as well, and can perhaps be better explained in
nonmagnetic, and thus, tends toward zero polarization. Byerms of the density of states modification at Co-Au inter-
considering the shifting of the majority band to higher ener-faces.

gies with increasing Ru concentration, the unusual dc bias |n conclusion, using ultrathin Ru interfacial layers in

dependence may also be explained. For positive bias, th€o/Al,0;/Co tunnel junctions, we demonstrate that the sign
conductance reflects the density of states, and thus polarizgf the effective spin polarization of the Co/Ru electrode may
tion, above E of the Co-Ru alloy. At energies abo¥: for  pe changed. Unlike other experiments demonstrating a nega-
a given Ru composition, a strong polarization decrease withye effective spin polarization, we may effectively rule out

increasing energy may be expected, as observed. At RU COyantum well states or interface bonding as likely explana-

centrations near but below that required for a negative Zema'ons. The negative polarization is explained by a strong den-

b|as poIanzauon, a slight positive t.)'as may de_crease an ity of states modification at the Co/Ru interface, which may
invert the polarization, but a negative polarization €annot . considered an interface alloy, consistent with giant mag-

become positive again with applied bias. Further, since in; etoresistance and dilute alloy transport experiments and
creasing Ru concentration shifts the majority density of" . y sP pe .
0-Ru alloy density of states calculations. Considered in the

states higher in energy, we may speculate that increasing . . . )
thickness and a positive dc bias are expected to have a sinfifOPer light, properties of dilute alloys and giant magnetore-

lar effect on thesp polarization. Though the gross features of sistance_ multilaye_rs can provide key insights into transport in
the Co-Ru alloy density of states correlate favorably with theM@gnetic tunnel junctions. These results demonstrate the
observed TMR thickness and bias dependence, more detail@@ssibility of systematically altering the properties of mag-
calculations of thesp local density of states for Co-Ru alloys Netic tunnel junctions via an engineered interfacial density of
are necessary to completely verify this explanation. Finallystates, perhaps for improved device properties.

we point out thatlespitethe fact that an explanation based ~ The authors would like to acknowledge R. Coehoorn and
on QW state formation is essentially precluded in this casé. Flipse for valuable discussions and comments and C. H.
by structural characterization, a striking resemblance to thgan de Vin for assistance in transport measurements. P. Le-
results of Mooderat al!! with Au interlayers remains. We Clair was supported by the Netherlands technology founda-
propose that perhaps these results may be in need of reintdéren STW.
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