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Magnetoresistance in doped magnetic tunnel junctions: Effect of spin scattering
and impurity-assisted transport
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The effects of spin-exchange scattering and impurity-assisted tunneling on the junction magnetoresistance
(JMR) are investigated in magnetic tunnel junctions with artificially doped barriers. Spin scattering is observed
when magnetic iongNi) are introduced, while for nonmagnetic dopaii®), impurity-assisted tunneling
occurs. The latter process is shown to be mainly elastic, and gives rise to an extra conductance that is
unpolarized and reduces the overall IMR. In contrast, spin-exchange scattering is demonstrated to contribute
inversely to the JMR, thereby decreasing it severely. The inelastic nature of spin scattering is reflected in a
more pronounced temperature and voltage dependence of the JMR, as well as the junction resistance.

Ferromagnetic tunnel junctions have been studied inand we present direct experimental evidence that this process
tensely since they were shown to exhibit large tunnelingoroduces an unpolarized, elastic contribution to the conduc-
magnetoresistanc@lMR).1? Of interest are application po- tance. In contrast, Ni-doping introduces magnetic ions into
tential, various intrinsic properties, but also the behavior ofthe barrier, and we indeed find strikingly different behavior,
junctions that are modified from the conventionali-€., for Ni doping an inelastic term with amverse JMR
ferromagnet-insulator-ferromagnet structure. For example2Ppears due to spin-exchange scattering.
incorporating clusters allows one to study the interplay be- A general expression for the tunnel conductatef a
tween spin-transport and the Coulomb blockddiyielding ~ doped barrier is given by
new phenomena such as magnetoresistance oscillatods

enhancemerft! Also, it was recognized already decades ago G=G+G™+ G, @)
that tunneling electrons can interact with magnetic barrieiyhere

impurities. Both experimenti’® and theoretical '3 work

has focused on the resulting effects on totl tunnel con- Gi=Gg[1+P,P,cog0)], 2
ductance at low temperatur@) and small voltage \(),

where spin-exchange scattering produces so-called zero-bias G*=Ga{1+ P¥P3coq 0)], 3

anomalies. Nonmagnetic impurities influence the tunnel con-

ductance too, by creating states in the barrier that provide gex=Gs{1+ P,P,cog6)]+GS[1-P,P,coq6)].
additional current path¥:**This is well-established for tun- (4)
neling through amorphous barriéfs:’

Impurity scattering can occur in spin-polarized transportThe first contributiorG, describes the process of direct, spin-
in standard magnetic tunnel junctions, but also in tunnel-typ&onserved tunneling, in terms of tieéfectivetunneling spin
granular alloys, magnetic oxides, and semiconductor-baseRplarizationP, and P, of electrode 1 and 2, respectivefy.
systems, and will ultimately limit the magnetoresistance of! he prefactorG, controls the total conductance, whiteis
structures consisting of 100% spin-polarized materials. Ahe angle between the magnetization vectors of the two elec-
complete picture of spin-tunneling in these systems thereforfodes. The second ter@® denotes impurity-assisted tun- -
requires detailed knowledge about impurity scattering, whicH'€ling and is present when the barrier contains nonmagnetic
has so far been based on theoretical work or indirect experimpurities. The prefacto®g®is determined by the amount of
ments without spin sensitivity.*” In this paper we employ dopant-induced states available to mediate the tunnel current.
the controlled preparation of magnetic tunnel junctions toThe effective tunnelingolarization P{* for this process is
uniquely and directly probe the effect of impurity scatteringdetermined by the overlap of the electrode wave functions
on the conductance and tunnel electron polarization. This iwith the unpolarized impurity states, aef® is therefore
done using tunnel junctions “doped” with a well-defined expected to be significantly lower than for direct tunnefifg.
amount of foreign atoms deposited in the form of a thin sheeThe last termG®* represents the tunnel conductance associ-
of submonolayer thickness, in the middle of an®4 tunnel  ated with spin-exchange scattering in the barrier, which as
barrier between two ferromagnetic electrodes. The JMR foshown by Appelbaun®® contains a contribution from transi-
such 5-doped junctions was measured as function of theions in which there is no spin fligsuperscript nsf as well
nominal thickness of the doping layer, as well as verslis as a spin-flip partsuperscript st Here we have generalized
andV. Although a variety of elements has been u¥ede  the result of Appelbaum to a tunnel junction with magnetic
report only results for AlO; doped with Si or Ni. We choose electrodes, by multiplying with appropriate polarization fac-
Si because it forms ions with no magnetic moment aftertors. For the spin-flip part this requires a minus @ésterm,
oxidation. Impurity-assisted tunneling can then be studiedince the initial and final state of the tunneling electron are of
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opposite spin, with the spin recoil taken up by the magnetic 1.00
scattering center. We recast the exchange term into the fol-

lowing more convenient form 075

G*=Gg{1+ aP,P,cog0)], (5)

where G*= G+ G§f and a = (G[*— G)/G§* a parameter

between—1 and+1. WhenGS> G « is negative and an o)

inverse contribution to the JMR results. 025 T=77K Ni -
The JMR is definetf as Gp—Gap/G,, where the sub- Co / 8-doped ALO, / NiiFe,,

scripts p and ap denote parallelé&0 °) and antiparallel 0.00 ,

(=180 °) electrode magnetizations, respectively. The over- 0 1 2

all IMR _is det_ermin_ed by t_he relative vyeight of conductan_ce thickness(A)

due to direct, impurity-assisted and spin-exchange tunneling.

A general expression is easily deduced from E3s-(5). FIG. 1. Normalized JMR (at 77 K for Co/s-doped

Two limiting cases will be considered here. In the first one,Al,0;/NigsFe, tunnel junctions, as function of thicknesgor Si

we takeGg*=0 and add only an impurity-assisted conduc- (filled squaresand Ni(open circles Solid lines are fits based on

tance withP#=0 to the direct tunneling. This gives Egs.(6) and(7) for Si and Ni, respectively.

0.50

normalized JMR

JMR=JMR? 1 (6) stood on the basis of the expected oxidation states, i%", Si

a 1 and/or St* (both nonmagneticand NP and/or NF* (both
1+R¥1—-| 5 |IMR° . : . :

2 with a magnetic momefitin Al,O3). We therefore attribute
as ~a 9 the strong effect for Ni doping to spin-exchange scattering of
where R _GQS/GO and JMR is atshe e‘)J(MR for the case of ynneling electrons by Ni ions, whereas the reduction found
direct tunneling only (when Gg’,Go’=0). When spin-  for Sj is explained by assisted tunneling through Si-induced
exchange scattering is present B§*=0 we get states in the barrier. This interpretation will be further cor-
roborated by the variation witil presented below. The

_ (1+aR) dopant-induced barrier stafésan be intrinsic dopant levels
JMR=JMR° , 7 : . .
. l-« R0 or arise from introduced structural disorder or defects. The
1+R%1- 2 M solid lines in Fig. 1 represent fits based on Ej.for Si and

Eqg. (7) for Ni, assumingR® and R®* proportional tot for
where R®*= GSX/GO. The normalized magnetoresistance submonolayer coverage. We obtaiR?{Si)=0.12 and
JMR/IMP is rather insensitive to typical variations in R®(Ni) =0.64 (with t in A), while the value of—0.2 used
JMR®, that might arise from differences in preparation con-for « is deduced from fits of th@ dependence, to be dis-
ditions, or from the variation of or V. Note that the stron- cussed below.
gest reduction of JMR occurs when tunneling with spin flip  Figure 2 shows resistance and JMR ver$usr barriers
dominates &= —1). with Si, as well as for the undoped control junction. Ass

Magnetic tunnel junctions were prepared by thermalreduced from 290 to 6.5 K, the average resistance increases
evaporation in a high vacuum system, as describedy a factor of 1.25 and 1.28 for the Si-doped and the control
previously’® Onto a glass substrate, with a 10 A Si seedjunction, respectively. Thus, thE dependence of resistance
layer, 80 A thick Co strips are deposited. Half of each indi-is not altered by Si doping. The behavior of JMR ver3us
vidual Co strip is coated with 14 A of Al without dopants, for Si is also similar to that of the control junction, except
for the other half a submonolayer of dopants is sandwichethat the JMR is reduced by an approximately temperature-
between two 7 A thick Al layers. Liquid-nitrogen cooling of independent factof0.81 at 290 K, and 0.87 at 6.5)KWe
the substrate ensures a uniform dopant distribution. Subsatress that the JMR reduction is not due to the increased
quently, the structure is plasma oxidized ixxZ0°2 mbar  barrier width that results from thaddition of Si. For, in
oxygen at a dc voltage of 1.8 kV, for 110 to 120 s. Thisexperiments with identical tunnel junctions the JMR was
completely transforms the Adndthe dopants into oxides, as found to be essentially constant for barriers formed from Al
was confirmed by x-ray photoelectron spectrosc@pyop  layers between 6 and 18 A thiék Thus, increasing the bar-
electrodes are cross strips ofghfie,y (100—150 A thick. rier width by 1 or 2 A produces no significant change in the
For each individual Co bottom strip, three gjfie,g cross JMR, especially not when junctions are prepared simulta-
strips go over the doped 4D, barrier and three over the neously as done here. Hence, the observed JMR reduction is
clean ALO;. The latter serve as control junctions. Film attributed to the extra conductance due to assisted tunneling
thicknesses are determined with a quartz crystal monitovia the Si-induced barrier states. The wd8akependence of
with an absolute accuracy of 8%. the reduction indicates that this process is mainly elastic in

Figure 1 displays JMRat 77 K) as a function of the nature. Note that the extra conductance only partially com-
thicknesd of the & layer for Ni and Si. Data is normalized to pensates for the conductance decrease due to the larger bar-
that of the simultaneously prepared control junctions. Whilerier width, such that the net resistance is higher with Si. Also
for Ni doping a strong reduction of JMR is observed, Sinote that for both junctions the JMR is independentTof
produces only a relatively weak, but nevertheless significanbelow ~40 K. Since theT dependence of JMR arises pre-
decrease. The difference in behavior can easily be undedominantly from thermally excited spin wav&sthis sug-
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FIG. 2. Resistancé¢op panel and JMR(bottom) between 6.5
and 300 K, for a junctions doped with 1.2 A Si(open circle§
together with the corresponding undoped control junctifiifed  at low T the resistance with Ni deviates from the approxi-
squares Labels P and AP, respectively, denote parallel and antimately linear behavior of the control junction. Thus, the Ni-

FIG. 3. Same as Fig. 2 but now fora@layer of 1.8 A Ni.

cussed in the text.

As a result, the IMRFig. 3, bottom panglgoes up by more

) ) ~ than afactor of 3, i.e., significantly faster than for the control
gests that below 40 K no spin waves are excited. This imjynctions. Detailed analysis shows that fitting the JwiRl
plies a low-energy cutoff of 3.5 meV in the spin-wave regjstance versiEcurves simultaneously, cannot be done by

spectrum. A cutoff of a few meV is often observédand
can result from anisotropy or from spatial incohereffte.

Calculation$**” show that impurity-assisted tunneling via
a single barrier state gives an elasfieindependent contri-
bution to the conductance. Tunneling via two states gives a
term proportional tor*®, due to the involvement of phonons
to accommodate the energy difference between the I&{els.
Our data for Si confirms the expectatiorihat assisted tun-
neling is weakly polarized, and reduces the JMR. Assuming
P#=0 and using Egs1)—(5), a good fit to both resistance
and JMR versud is obtained, see the solid lines in Fig. 2
(the cutoff in the spin-wave spectrum has not been taken into
account, leading to a slight deviation between data and fits
below 40 K. First the JMR and resistance versLigurves
for the control junction are fitted following the procedure
outlined in Ref. 24. This already includes a contribution due
to spin-independent tunneling, for which several mechanisms
were proposed* Subsequently, the data for Si are fitted by
only?” addingto the conductance @ term, which contains
a constant, and &dependent part with an exponent that was
not fitted but taken to be 4/3 as expected. We get for the
extra spin-independent conductance due to Si-dopRfg
=0.18+6x10"° T*3 (with T in K). The first term, due to
tunneling mediated by one Si level, dominates up to rdom
and is responsible for most of the JMR reduction. This con-
tribution is elastic and thus persists at Idw

Results for Ni-doped barrierd-ig. 3 are quite different.
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adding only an unpolarized conductar(es was done for Si
dopant$. Rather, it requires the presence ofiamersecon-

Ni (1.8 A)

/5
- Ni(J.BA)\

control

-06 -04 -02 00 02 04 06

V applied to Co electrode (V)

FIG. 4. Differential conductancel/dV for parallel and antipar-

A strongerT dependence of the resistance is observed, withllel electrode magnetizatiortop panel and JMR(bottorm versus

an average resistance change by a factor=af9 between

bias voltage, for a junctio® doped with 1.8 A Ni, together with

290 and 6.5 K, compared to 1.35 for control junctions. Also,the corresponding undoped control junction, at 6.5 K.
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tribution to the JMR. The solid lines in Fig. 3 are fits, where T-dependent contribution tB8**. For a Ni layer of about 0.5

the difference between control and Ni-doped junction isML, we can expect that some isolated Ni ions coexist with
entirely’’ due to an added spin-exchange teRf*=1.1  groups of magnetically interacting Ni ions, both of which
+0.0025 1, with a=—0.2. The negativex demonstrates Pproduce spin scattering. For an isolated Niwvith S=1/2,

that the process contributes inversely to the JMR, W@ ~ SPin exchange with a tunneling electron reverses the Ni
>GJ". Note that the above values are obtained by neglectoment at the expense of the Zeeman enggyHer;. With

ing a possible contribution from unpolarized impurity- Herr typically <100 Oe, the energy is equivalent
assisted tunneling via Ni ions, and therefore represent apy 10 MK. This process is thus thermally allowed over the
upper boundary oR®*. If a nonzeroG®is included the con- full T range use_d here and is believed to be responsible for_
ductance takes the formsy[1+ R+ R+ PP, cos()(1 the constant spin-exchange conductance, that causes the Ni-
+aR™] for P2=0. An equally good fit can therefore be doped bqrrlers to have astrongly reducgd JMR even at6.5 K.
obtained ifR?is nonzero for Ni. This, however, requirg€* To explain theT-dependent spin-scattering contribution, we

to be reduced correspondingly, which in turn requires thdrOPOse tnneling glectron; exg:ite collective magnetic
magnitude ofx to be increased. Since 1< <1, the maxi- modes in groups of interacting Ni moments. The relevant

mum possibleR?= 4(1.1+0.00251/5 is obtained fora temperature scale is compatible with that of our experiment.
=1, leaving a minirﬁunRéX: (1.1+0.0025 Y /5. Thus In conclusion, we have shown that impurity scattering can
we ca,nnot uniquely determir®s hex énda but the con’- drastically reduce the spin-polarization of tunneling. Non-
clusion about the presence of a spin-exchange conductan@%""gn.etlc lons reduce th.e JMR due to weak]y or unp.olarlzed,
and its inverse contribution to the JMR are left intact. |mpur|ty-a55|sted tunnelm_g, foun_d to b_e mainly elastic. Mag-
The bias voltage dependence of JMR ahiddV for a netic dopants produce inelastic spin-exchange scattering
Ni-doped junction is compared to that of the control junctionWhICh enhance; thé. andV dependence Of.‘JMR.’ and was
in Fig. 4. With Ni in the barrierdl/dV rises much faster shown to contribute inversely to the JMR with spin-flip tran-

with V. This implies that the rati®®* increases with/. Con- sitions dominating.

sequently, the JMR with Ni falls about twice as fast with The authors thank A. Bratkovsky, J. Nowak, and R.J.M.

as without spin-exchange scattering. For Si, such enhancedn de Veerdonk for stimulating and fruitful discussions. We

bias dependence is not observed. acknowledge support from ONR, Grant No. NO0014-92-J-
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