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Resonant tunneling in magnetoresistive Ni  /NiO/Co nanowire junctions

A. Sokolov,? I. F. Sabirianov, E. Y. Tsymbal, and B. Doudin
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(Presented on 13 November 2002

Magnetotransport studies performed on electrodeposited Ni/NiO/Co nanojunctions show a broad
distribution of magnetoresistance values spanning fref0% to —25%, with an average of about

2%, corresponding to observations on large-area junctions. The dispersion in the results can be
understood in terms of tunneling via localized states in the barrier. Calculations based on Landauer—
Buttiker theory explain this behavior in terms of disorder-driven statistical variations in
magnetoresistance with a finite probability of the inversion of tunnel magnetoresistance sign due to
resonant tunneling. @003 American Institute of Physic§DOI: 10.1063/1.1558657

Magnetic tunnel junctiongMTJs) made of two ferro- TMR observed in Co-contacted multiwalled carbon
magnetic electrodes separated by an insulating spacer layranotubes.
have aroused considerable interest due to potential applica- Here we present experiments on junctions of a suffi-
tions in spin-electronic devices such as magnetic sensors amiently small area to reveal effects driven by localized elec-
magnetic random access memories. Functioning of these deonic states in the barrier formed due to embedded impuri-
vices is controlled by the phenomenon of tunneling magneties or intrinsic defects. Conventional dc measurements of
toresistancé TMR), where the tunneling current is modified nanowire junctions grown by electrodeposition with a cross
when magnetizations of the two ferromagnetic layers changgection ranging of %10 3-8x103 um? display two-
their relative alignmentfor a review on TMR see Ref.)1  |eyel fluctuations of the electric current which indicate an
Within the simplest model, the magnitude of TMR is deter'impurity/defect-driven transpoft.By performing measure-
mined solely by the spin polarizatidi$P of the density of  ments on a large number of samples we get access to the
electronic states at the Fermi energy of the two ferromagnetgatistics of TMR, revealing a broad distribution of TMR
P, andP,,* so that values. We explain this behavior in terms of tunneling via
localized states in the barrier, which under resonant condi-
Gp—Gap tions leads to a change in sign of the tunneling spin polar-
TMR= =P1P2. @ ization and the inversion of TMR. Our results indicate that
although disorder is detrimental for TMR in samples of large

Here Gp and Gp are the conductance for the parallel and €2 dqe to averaging over a large number of defect/impurity
antiparallel alignment of the MTJ, and we use the definitionStates, it can lead to a new phenomenon of resonant inver-
of TMR given in Ref. 3, which has the advantages of sym-Sion of TMR in samples of small area.
metry and simplicity. If both ferromagnets have the same Samples were synthesized using electrochemical tech-
sign of the SP, the conductance is larger when the two magtiques. Polyester track-etched membranes,16:m thick,
netic layers are aligned parallel. This is what is generallywith cylindrical holes of 8& 20 nm in diameter, were used
observedand referred as the normidositive sign of TMR.  as templates. A gold back layer was sputtered on one side of
Recently, however, it was found that it is possible tothe membranes, and was used as contacting working elec-
invert the sign of the SP of tunneling electrons from Co bytrode. On the other side of the membrane, a gold contact,
using a SrTiQ barrier instead of standard AD;.* The  sputtered prior to electrodeposition, served as an indicator
change in sign of the SP observed in these experiments wégr interrupting the wire growth before multiple wires are
attributed to the effect of bonding at the ferromagnet/barriecconnected? This is a reliable method allowing a single wire
interface that had been earlier predicted theoretically byo be connected. A standard electroplating Watt's bath was
Tsymbal and Pettifot.The same mechanism was put forwardused to fill half of the membrane thickness with Ni
to explain positive and negative values of TMR depending(pH 3.7). Anodization of Ni was performed in 0.075 M
on the applied voltage in MTJs with J@ and NaBO; and 0.3 M HB,0; (pH 8.4). Characterization of
Ta,O5/Al, 05 barrier§ and to elucidate the inversion of the dielectric layer properties has been made by means of
impedance spectroscopy. The estimated thickness is found to
Author to whom correspondence should be addressed: electronic maiP® about 1.5 nm: Mott—Schottky analysis reveals the pres-
asokol@unlserve.unl.edu ence of p-type impurity with concentration aboulN,
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FIG. 1. Transmission electron microscope of the nanowires after dissolution Z 5
of the matrix. Local x-ray fluorescence spectroscopy revealed the Ni and Co
components.
0
5 _3 . -0.1 0.0 0.1 0.2
=10 m~3, somewhat lower then previously reportéd. (G.-G, (G _+G )
The top ferromagnet was made by Co electrodeposition in a P TAP P TAP

nona.queous bath, av0|d|ng the dISS_OlutIOH of the oxide fllmFIG. 2. (a) Experimental distribution of TMR values in magnetic Ni/
Details of the prOCEdure were pUb“Shed elseWﬁé}eThe NiO/Co nanojunctions measured at 4.2 K. The vertical scale is clt at
transmission electron microscopy image of nanowires aftee 10 (at the highest peaki=33). The unshaded bar indicates a possible
dissolution of the membrane revealed the presence of Ni anebntribution from samples with multiple junctiont) Calculated normal-
Co (Fig. ). ized distribution of TMR values foy=4p4 and §=0.0153.

Samples with smaller resistance than 30 &nd larger
than 10 M) were discarded in order to avoid shorts and ) .
nonreproducible measurements. Electrical properties of thBeratures did not show fluctuations larger than a few percent
Ni/NiO/Co nanowires were investigated at low temperaturedOr our dc measuremeni@t rates between 1 mHz and 10
(1.6—-5 K), using dc measurements. We made over 20d12)- We.can g;tlmate that a §|ngle junction contains several
samples, from which more than 60 were fulfilling the re- t€ns of impurities from our impedance spectroscopy mea-
quired resistance range conditions. The observed distributioftréments at room temperature. The intrinsically rough sur-
of TMR (Fig. 2 are presented on two scales. One is the
TMR defined according to Eq1), and the other is the com-

monly used magnetoresistand®lR) ratio (Ryp—Rp)/Rp, 0.2f ’ 150

where Rp and R,p are the resistance for the parallel and a

antiparallel alignment, respectively. As is evident from Fig. 01l i25

2(a), the measured distribution is very broad spanning the

TMR values from+0.2 to —0.1 (from +40% to —25%). ~ 00 o

These results are very different from those obtained on large T i =

area Ni/NiO/Co MTJS3* which showed small positive (_? ' b S

TMR values of 2% or less. o 0.02} la &
Figure 3 displays magnetoresistance curves measured for < >3_

the samples displaying the largest positigg small positive 2% 0.00 Jlb_g,____a 0 X

(b), and largest negative) values of TMR. The sharpness of (-? 'g:-

the magnetoresistance curves with resistance changes occur- (9“ t 5

ring within a few Oe, confirms unambiguously that a single ~ 00 } 0

wire dominates in our measurements. If two or more wires

are measured in parallel, we expect to observe several steps 01} 25

in the MR curve, corresponding to different magnetic switch-

ing fields of different wires? Multiple jumps in the MR 02l ¢ 150

curve might however be hindered by the measurement noise ) 0 1 2

for samples with low TMR valuegless than 0.0l This is H (T)

indicated in the histogram of Fig(& by the unshaded bar.
The observation of a telegraph noise at large &%  FIG. 3. Magnetoresistance curves measured at 1.6 K, showing the highest
mV or more, corresponding to currents of 100 nA or mpre magnitude of TMR observeds), corresponding to a TMR ratio of 0.17

: : : i (40% using the standard definition of TMRa small magnitude TMRb)
due to trapping and unirapping of smgle electrons at an Imwith a scale magnified by a factor 5, and the largest negative magnitude of

purity site;” reveals that the current flows th(_)Ugh a limited 1R (c), corresponding fo a TMR ratio 0f0.11(—25% using the standard
area. The presented measurements at low bias and low temefinition of TMR).

Downloaded 11 Oct 2006 to 129.93.17.223. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 Sokolov et al. 7031

faces of the nanowirésmake a current flow through an area trodes that serve as phase-breaking scattéfénsthe calcu-
significantly smaller than the wire section likely. lations the self energies of the scattering electratigsare
An interesting phenomenon, which follows from our parameterized so thats=i 6, whered is a parameter.
measurements, is the inversion of TMR observed on a num- With increasing disorder parameter the distribution
ber of samplegsee Fig. 2a)]. In order to elucidate this ef- broadens, resulting in the inversion of TMR when the local-
fect, we consider a simple one-dimensional picture of tunnelized states start to appear at the Fermi energy. Inelastic scat-
ing via an impurity state in the barrier. The conductance petering narrows the distribution shifting the histogram maxi-
spin as a function of enerdy is given by® mum toward zero and making the distribution more
462 r,T, symmetrical. The distribution of TMR, which provides the
_— . 5, (2)  bestfit to the experimental data of Figap is shown in the
h (E-E)"+(I'1+ 1) histogram of Fig. &). This fit gives an estimate for the
whereE, is the energy of the resonant state dhdandT", energy dispersion of defect states, and the magnitude of in-
are leak rates of an electron from the impurity state to the lefelastic scattering. We note that, as is evident from the histo-
and right electrodes. We assume for simplicity that the lattegrams, the median value of the distribution is a small posi-
are proportional to the densities of states of the electrqges, tive value. This is consistent with experiments performed on
and p,, at the left and right interfaces, so thB{xp, exp large-area Ni/NiO/Co samples that demonstrate small TMR
[—2xkx] and T, p, ex —2x(d—x)], where « is the decay Vvalues less than 296;'* of the same order of magnitude as
constant andx is the position of the impurity within the the average value for our nanojunctions.
barrier of thicknessd. Off resonance, whehE—E,|>T"; In conclusion, we have shown that studies performed on
+T,, the latter assumption implies that the spin conductancélectrodeposited Ni/NiO/Co nanojunctions reveal the impor-
is given byGe«=p,p,. When tunneling occurs between ferro- tant role of localized states in the barrier, which can invert
magnetic electrodes this leads to TMR, which is given by EqTMR. This phenomenon is explained in terms of disorder-
(1) with P1,2:(Pl,z_Pi,z)/(Plszsz)- At resonance, when driven statistical variations in TMR with a finite probability
E—E, =0, the situation is different. Assuming for simplicity ©of inversion due to resonant tunneling. Our results demon-
an asymmetric position of impurity we obtain from E&) strate that the specifics of atomic arrangement in magnetic
thatGop,/p,, if x<d/2 and hencd&;>T,, and we obtain Nnanojunctions have a considerable impact on spin-dependent
that G p, /p,, if x>d/2 and hencd ;<T',. In both cases, transport.

the conductance is inversely proportional to the density of This research was supported by NSEAREER Pro-

\s;’;e:t;(s)nof one of the ferromagnets that results in the sign m{;ram Grant No. DMR 98.74657 and Grant No. DMR

0203359, the Office of Naval ResearctGrant No. ONR
TMR=—-P;P,. 3 N00140210610 and the Nebraska Research Initiative.

We see, therefore, that the resonant tunneling leads to the
inversion of TMR, which originates from the spin-dependent
leak rates that invert the effective SP of the one of the ferro-13. s. Moodera, J. Nassar, and G. Mathon, Annu. Rev. Mater28c881
magnetic electrodes. 2(1999. .
; : _“M. Jullieare, Phys. Lett54A, 225(1975.
The occur.re.nce of the normal "?‘”d Inverse .TMR .IS CO.” 3S. Maekawa and U. Geert, IEEE Trans. Magn18, 707 (1982.
trolled by sta’glstlcal properties of disorder conﬁggratpns iN 43 M. De Teresa, A. Barthelemy, A. Fert, J. P. Contour, F. Montaigne, P.
the nanojunctions. In order to study these properties in more Seneor, and A. Vaures, Phys. Rev. L&2, 4288(1999.
detail we have performed calculations of TMR using the 5(5-9\9(-7) Tsymbal and D. G. Pettifor, J. Phys.: Condens. Magiet 411
Landauer Btj"ker theon}_ mCqumg inelastic s_ca_ltterlng. 6M. Sharma, S. X. Wang, and J. H. Nickel, Phys. Rev. 1821.616(1999.
We _Used a single-band tlg_ht-blndlr?g mOde_I within a Slmp!e 7B. Zhao, I. Manch, T. Mihl, H. Vinzelberg, and C. M. Schneider, J. Appl.
cubic geometry. The on-site atomic energies of the barrier Phys.91, 7026(2002.
atoms are set equa' t$7whereﬁ is the hopp|ng integraL 8B, Doudin, S. Gilbert, G. Redmond, and J.-Ph. Ansermet, PhyS. Rev. Lett.
: ] . _ 79, 933(1997).
which provides no ;tates at. th.e Fermi enefgy=0, for the _ 9E.'Y. Tsymbal and D. G. Pettifor, Phys. Rev.58, 432 (1999
perfect structure. Disorder is introduced as a random varia«; g wegrowe, S. E. Gilbert, D. Kelly, B. Doudin, and J.-Ph. Ansermet,
tion of the on-site atomic energies with a uniform distribu- IEEE Trans. Magn34, 903 (1998.
; ; ic di ; LA, Sokolov, J. R. Jennings, C. S. Yang, J. Redepenning, and B. Doudin
tion of width . This disorder broadens the conduction band Viater Ree. Son. S ProS74 T5.9.1(2000 : '
. . o . ater. Res. Soc. Symp. Pr L, T5.9. .
creat_lng localized states within th_e band gap of the lnsulat_orl.zG_ Barral, F. Njanjo-Eyoke, and S. Maximovich, Electrochim. A8t
The influence of the electrodes is taken into account using 2815(1999.
spin-dependent self energiéis}i, which are parameterized T. Miyazaki and N. Tezuka, J. Magn. Magn. Mat&61, 403 (1995.
to the densities of states of the electrodes]t= W, Wernsdorfer, B. Doudin, D. Mailly, K. Hasselbach, A. Benoit, J. Meier,
i 8210 i the spirit of th del used in Ref 1.2 his .2-Ph- Ansermet, and B. Barbara, Phys. Rev. Li{1873(1996.
—impB%py1, In the spirit of the model used in Ref. 18. This 1sg y tsympbal and D. G. Pettifor, Phys. Rev.a&, 212401(2001).
allows introducing the spin polarizations of the electrodes?®r. Landauer, IBM J. Res. De82, 306(1988; M. Biittiker, ibid. 32, 317
which in the calculations are taken to Be=P;=P,=0.6, a 17(1981_3?- cer P (1986
: o 7M. Biittiker, Phys. Rev. B33, 3020(1986.
representa‘uveg Valu.e CharaCt.erl.ng Co and NIlSE. Y. Tsymbal, V. M. Burlakov, and I. I. Oleinik, Phys. Rev.@, 073201
ferromagnets? Inelastic scattering is introduced by connect- (2002.

ing each atomic site of the structure to “scattering” elec-°D. J. Monsma and S. S. P. Parkin, Appl. Phys. L&®. 720 (2000.

G=

Downloaded 11 Oct 2006 to 129.93.17.223. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



	Resonant tunneling in magnetoresistive Ni/NiO/Co nanowire junctions
	
	Authors

	tmp.1160586535.pdf.VvjP8

