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Magnetic tunnel junctions (Mglr,-/Co,gFes/AlO,/NigoFeo) are investigated, whose barriers are irradiated
by a low energy Af ion beam immediately after plasma oxidation of the aluminum film. The tunneling
magnetoresistance prior to irradiation is up to 71% at 10 K. The ion irradiation increases the area resistance
product up to a factor of 40 for ion energies up to 150 V. Further, the tunneling magnetoresistance and the
dielectric stability is strongly reduced with increasing ion energies. From the analysis of the temperature and
the voltage dependence of the tunneling magnetoresistance we conclude that this is due to an irradiation
induced local change of the coordination of the Al and O atoms in the barrier. This leads to a thicker barrier and
an increase of the precursor density for the dielectric breakdown. Further, an increase of hopping conductance
through localized states is discussed. At energies larger than 150 V the resistance breaks down rapidly and the
tunneling magnetoresistance vanishes completely. This results from the enhanced intermixing and sputtering of
the barrier and electrode material. The results are also supported by investigations of the magnetic and the
noise properties of the junctions and the CyHi¢flectivity of AIO, multilayers.
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. INTRODUCTION —10 V during oxidation. Details of this preparation tech-
niqgue and the influence of the oxygen ion energy on the
In recent years the interest in magnetic tunnel junctionsTMR can be found elsewhefeFor irradiating the oxidized
(MTJ's) increased considerably, because MTJ's became Al-layer by a low energy Af ion beam(duration t,,) the
promising candidate for sensor and memory devicEse  ECR plasma source is operated with Ar instead gf(Ps,
formation of the tunnel barrier is the most challenging prepa=1.8x 102 mbar and plasma input power 275)\During
ration step for MTJS.The common preparation technique is jrradiation the sample is biased with a negative, time depen-
a postoxidation of a thin aluminum film. Often, a mixture of dent voltage with maximum amplitudé,,, [see Fig. 1a)].
Ar and G, is used for this plasma process. Thus the influencerhe time dependent voltage is used instead of a dc bias for
of a low energy Af bombardment on the properties is of avoiding arcing in the vacuum chamber at higher bias volt-
large interest for the preparation of MTJ’s. In this paper weages. Samples with systematically varied irradiation tippe
discuss the transport properties of MTJ's whose barriers ar@—60 g andV,,, (0—430 \) are prepared. The Ar and the O
irradiated by low energy Ar ions immediately after plasma jon flux densities measured by a three-grid retarding field
oxidation. In particular, the temperature and the voltage deanalyzer are comparable. We have used high purity gases
pendence of the tunneling magnetoresistafiddR) is dis-

cussed with respect to different tunneling and transport . 0.0
mechanismgdirect and assisted tunneling, hopping conduc- 52 -0.2; (a)
tance, which are the basis for the models proposed by Han ~ 044
et al,® Dimopoulos? and Shanget al® The aim of these ex- 2 'g'g'
periments is to understand the influence of the ion irradiation >$ :1'0:

on the transport properties of the junctions. Particularly, the r r r r r ]
0 10 20 30 40 50 60

possibility of structural changes in the barrier is discussed. In ) Ti
general, we find a degradation of the properties of the MTJ's. 5 me [ms]
g 10{
5, RT Py1
Il. EXPERIMENT g, 0.5{without Ar" irradiation .
_ The MTJs are prepared in a magnetron sputtering system 3 Py2 (o)
with a base pressure ofX110 ’ mbar. The layer stack con- g 0.0 ey SR —
sists of Cgo nnyNiBOFegonm (Pyl)/Mrgglrﬁ anyCOmFéonm/ s -80 60 40 20 0 20 40 60 80

AlT4 My oxidationt Ar™irradiation/NigFeh™  (Py2)/ Field [kA/m]

Ta® "Cw® " AU "™ on a thermally oxidized(100 nm) o .

4-inch silicon(100 wafer. The Al layer is oxidized for 100 s . FIG. 1. @ Schematlc_ diagram of the time _dep_ende_nge of the
. . bias voltageVsampie applied to the sample during irradiating the

by a remote plasma, i.e., the oxygen plasma is generated In

oxidized AIQ, barrier. (b) Typical major loop of an unpatterned
an electron cyclotron resonan¢eCR) plasma sourceqoz MTJ prepared withoutn situ ion irradiation of the barrier, mea-

=1.8x 1_0_3 mbar and plasma input power 275)\&ind the  sured at RT by magneto-optical Kerr effédMOKE). The contribu-
oxygen ions are accelerated to the santfile source-sample tions of the pinned CgFey, layer, the NiFe,o (Pyl) buffer, and
spacing is about 200 miwhich is biased by a dc voltage of the soft NiFe, (Py2 electrode to MOKE signal are labeled.
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only (impurity level <0.001%) to avoid impurity related o 101 T Go Fo
effects. To activate the exchange biasing of thesE&,, the 2 T | 70" 730
complete layer stack is vacuum annealed at 523 K for 5 min 3 0.8 1 |
in a magnetic field of 80 kA/m. The stacks are then patterned hs 0.6: ]
by optical lithography and ion etching. Figuréol shows a % ]
typical magnetization loop of a junction. The exchange bias @ 0.4 4
field of the bottom CeyFe;, electrode is about 50kA/m, S 1
which ensures well separated switching fields for the soft and E 0.2 1
the hard magnetic electrodes. z, 0'
The transport measurements are performed with dc bias. 00 05 10 15 20 25 3.0
The current density (current/junction areas measured as a depth [nm]
function of bias voltage$), temperaturél, and the external 25 v v . wl
magnetic field. The area resistance product in the parallel (b) o ®
(antiparalle] state is defined aRp=U/jp (Rap=U/jap), 2.04 o ® 7
the conductance is determined correspondin@y=1/Rp sl .' -."-a(-ATQE););‘I-.éﬁrﬁ-_
(Gap=1/Rpp). The mean area resistance prodRcts de- £ "
fined asR=(Rpp+Rp)/2. The amplitude of the tunneling _05 1.04 .. i
magnetoresistance is given by TMRR,p— Rp)/Rp. Fur- n. ]
thermore, we use the differential conductance in the parallel 0.5- L
state G2''=djp/dU) for assessing the current-voltage ® lon fluence reduced to 2%
characteristics of the junctions. 0.0 0 100 500 300 400
lon energy [eV]
Ill. RESULTS AND DISCUSSION FIG. 2. (8) Normalized ion fluence in the sample for different

ion energies calculated by Monte Carlo simulatiofty. Energy
dependence of the characteristic ion penetration degth At d,,,

As discussed in the following sections, our experimentakhe ion fluence is reduced to 2%. The densitiemss/volumg of
results depend essentially on the ion energy. Therefore, wibe different layers used in the simulations are taken from x-ray
start with some general remarks concerning the interaction gkflectivity measurements.
the ions and the sample. The "Aions penetrate into the
barrier and lose their kinetic energy by inelastic e|ectronicpenetrati0n of the ions is still strongly localized to the barrier
(ion-electron interactionand nuclear(ion-atom collisiony ~ and the region near to the interface between the barrier and
energy loss. This energy transfer from the ions to the targethe lower electrode.
atoms may result in a relocatidatomic mixing and a re-
moval (sputtering of sample atoms. The penetration depth of B. Magnetic properties
the ions into the sample and, therefore, the mixing zone with
relocated atoms increases with increasing ion enefput-
tering also increases with ion energy in the energy rang
relevant for our worK. For comparing the ion induced
changes of the sample properties with the’ Aon penetra-
tion depth we performed energy dependent Monte Carl

simulation§ of the ion trajectories in the irradiated sample P

) ) changed. In contrast, the coupling fighk;,;;; between the
(Si0,/Cu™ ”"}’N|80|_:e‘2‘0”m_/Mn83|r1§ nWyCWOFeéonm/Al_Zoé'g " ferromagnetic electrodes decreases for Ihtigher ion energy.
The assumed bar_ner thickness of 1.8 nm is mot|vat_ed by thgpe ferromagnetic A& coupling field decreases exponen-
often found 30% increase of th@.4-nm-thick metallic Al a1y \with increasing thickness of the nonmagnetic spacer

layer during oxidatioh and agrees well with the effective between the electrodd® Furthermore, the N coupling is
barrier thickness extracted from the measured current-

voltage characteristics of the reference junctigsse Sec. 04 oeee o e o l04
[l C). The densitiegmass/volumg of the different layers 0'0 * ¢ _0'0

used in the simulations are taken from x-ray reflectivity mea- 04 A S
surements. Figure(8) shows the calculated ion fluence in = 0‘8 A —r ola :
the sample for different ion energies. The fluence is strongly T A [T

reduced with increasing depth, whereas the penetration depth 1.2 fon = 605 }-1.2
increases for higher ion energies. The energy dependence of
the characteristic penetration deptth,, (“embedding
depth”), defined by a reduction of the ion fluence in the FiG. 3. Magnetic properties of the soft magnetic electrode
sample to 296,is summarized in Fig. ®). For example, at  (Py2: Coercivity Hc (®, left scalé and coupling fieldH gt (A,
150 eV the embedding depth is equal to the assumed barrigght scale of MTJ's with irradiated AlQ barriers for different ion
thickness of 1.8 nm. But also for higher ion energies theenergies and fixed irradiation time, measured at RT by MOKE.

A. Simulation of ion penetration depth

The magnetic properties of the soft ghfte,; electrode
Py2 and the pinned GgFey layer are investigated by
agneto-optical Kerr effeddtMOKE). Figure 3 shows, that
the coercivityH¢ of the soft electrodéPy?) is not affected
by the ion irradiation, indicating that the growth of the soft
@lectrode on top of the irradiated barrier is not significantly

[kA/m]
A/m]
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FIG. 4. Mean area resistance prodBf MTJ's with irradiated FIG. 5. Mean tunneling magnetoresistance TMR of MTJ's with
AlO, barriers for dn_‘ferent_lon energigg) and irradiation timegb), irradiated AlQ, barriers for different ion energigs) and irradiation
measured at RT with a bias voltage of 10 mV. times (b). All measurements are performed at RT with a bias volt-

age of 10 mV.

very sensitive to the correlation of the upper and the lower

barrier interface roughness,s;,s; decreases for weaker cor- creases strongly with increasing,, (a) up to a broad maxi-
relation. Therefore, the decreasilhtyif; hints to a larger mum between 100 V/60 s and 270 V/60 s. ’gg,, fixed at
nonmagnetic spacer thickness after ion irradiation and 400 V, the resistance increases strongly with increasing
lower correlation of the interface roughness, respectively. IfFig. 4(b)] and hence with increasing ion dose. The changes
we include the simulated embedding depth of thé Aons  of the barrier are, at least in the observed time scale, due to
(which is only larger than the AD; thickness, if the ion an accumulative process. Taking only direct tunneling into
energy exceeds 150 ¢Yor V,,,<150 V the reduction of the account this suggests that either the Ali@comes thicker by
Hsnif hints to an increased spacer thickness, i.e., an increaden irradiation, or/and the height of the tunneling barrier in-
of the mean atom-atom distances in the tunneling barrier. &reases. The mean effective barrier height and thickhess
change of the upper barrier interface roughness may alsihe samples without ion irradiation is 2:89.10 eV/1.76
partly contribute. For higher ion energies the number of ions=0.09 nm at RT, where an effective electron mass ofrQ.4
reaching the lower barrier interface becomes more significariti the barrier was assumed. Due to the exponential thickness
and an increase of the intermixing of the tunneling barrierdependence of the direct tunneling currEnan increase of
and the lower electrode can be expected. This further reducdke barrier thickness of abb@ A can account for the resis-
the correlation of the surface roughness of both ferromagtance increase after irradiation. The increase of the barrier
netic electrodes and increases the thickness of the nonmaleight(without increasing the barrier thickngssould have
netic spacer layer by the addition of the thin intermixingto be about 1.2 eV. As discussed in Sec. llID, by
zone. Both effects reduddsi;;. We like to emphasize that Cu-K,-reflectivity measurements we have further indication
up to the highest ion energies the penetration of the ions intthat the barrier becomes thicker by ion irradiation for low ion
the hard magnetic electrode is limited to the first few ang-energies. But we cannot rule out simultaneous alterations of
stroms of the Co-Fé¢see Fig. 2a)]. The interface between the barrier height. The most important feature of an MTJ is
Co-Fe and Mn-Ir is not reached. Therefore, the strength ofts tunneling magnetoresistan€EMR). The TMR of MTJ's

the exchange bias coupling energy at the FM-with irradiated AlQ, barriers is shown in Fig. 5. The TMR
antiferromagnetic interface is not changedere FM stands strongly decreases with increasiVg,, (a). For ion energies

for ferromagnetiz and we expect only minor changes of the higher thanV,,,=270 V nearly no TMR is found. Simulta-
magnetic properties of the pinned layer. In fact, the coercivheously, the TMR decreases slightly for longer irradiated
ity HSOT® of the Co-Fe increases only slightly from 12.2 sampleg(b) V,,, fixed at 100 M.

+1.5 kA/m to 13.9-2.8 kA/m and the exchange bias field  Actually, this behavior separates most clearly the two
Hgg'Fe of the Co-Fe becomes slightly larger. It increasescharacteristic ion energy ranges. Up to 150 V a considerable
from 52.2+ 2.0 kA/m for samples without ion irradiation to TMR is found, whereas the mean area resistance increases up

56.8+ 2.2 kA/m for the samples irradiated at largest ion en-t0 680 M um?. For higher energy the TMR nearly van-
ergies €on=60 SV,on=430 V). The higheH oF® after ir- ishes and the resistance decreases. This is related to the en-
radiation corresponds to a reduction of the nominalge, €9y dependence of the ion penetration depth. As discussed
layer thickness by 2—3 A, if we use the common inverse FM" Sec. lll A the penetration of the ions is limited to the

thickness dependence of the exchange Yiakhis agrees barrier for energies up to 1SQ e.V_, for higher ene_rgies the
with the existence of a thin intermixing zone just discussedOWer electrode is reached, a significant number of ions cross

with respect to the reduction ¢fg,;;. The influence of the the lower barrier interface. In the following we discuss the
ion irradiation induced structural alterations of the barrierinfluence of the ion irradiation on the structural properties of

and the barrier interface regions on the magnetotranspowe barrier region and its possible implications for the trans-

properties will be discussed now. port properties. _ ,
For the ion energy range up to 150 (ibn penetration

limited to the barrier itse)fthe local change of the coordina-

tion of the Al and O atoms is essential, which obviously
The mean area resistance prodRaif MTJ's with irradi-  reduces the direct tunneling conductance. Because the num-

ated AIQ, barriers is shown in Fig. 4. The resistance in-ber of Al and O atoms is not increased during irradiation, the

C. Area resistance product and tunneling magnetoresistance
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experimentally indicated increase of the barrier thickness 1071 ' " " i " "]
corresponds to larger mean atomic distances of Al and O in . with Ar* irradiation
the AIO, network. Sputtering cannot be important in this — 105’

energy range, because a decrease of the barrier thickness o 107

would lead to a strong reduction of the resistance. This is % 10°3

compatible with the very low sputtering yield of Al@t low S 10°3

ion energy:® For higher energies the ion penetration is ex- £ 407

panded to the first few angstroms of the Co-Fe and the resis- 10'] without A7 Tradiation

tance breaks down rapidly. Due to the higher energy deposi- —— T
tion inside the barrier and the increased penetration depth of 00 05 10 15 20 25 30 35 40
the ions atomic mixing in the barrier becomes stronger and, 26 [deg]

additionally, atomic mixing at the lower barrier interface be-
comes_important. Thi§ can lead to an increasg of the densit¥ OXi.) x 10 and (A4 "M Oy + Ar* @[ Vg,=100 V01,
of additional unpolarized conducting paths in the barrier,_ g, 9) respectively.

. . . .. xX10»
which shorten the tunneling resistance. As originally pro-
posed by Shangt al® to explain the temperature depen- o . )
dence of the magnetoresistance these conducting paths c&RUSe the termination of the barney material and the surface
be, e.g., chains of localized electronic statespping con- roughness of the upper barrl_er mterfac_e can b_e altered.
ductance or pinholes. The formation of pinholes by the ion Changes of the barrier p_otentlal pro_f|le Ilk_e the m_creased
irradiation should be especially supposable, if the atomidhickness may also contribute. For higher ion enefigns
mixing becomes very strong for higher ion energies. As disfeach the Ipwer barrier interfacéhe additional intermixing
cussed detailed in Sec. Il F an increase of the conductioR the barrier and the bottom electrode material may be im-
contribution due to defect states in the barrier after irradiaPortant, because the sharpness of this interface is reduced
tion is already found for the energy range below 150(ievi (enhanced_ interface |mperfe_ctDorWe cannot quantlfy the
penetration limited to the barrier itsglfThe further increase Particular influence of the different possible alterations on
of this current contribution by increasing the defect densityih® TMR amplitude at room temperature, but as discussed in
with higher ion energy is reasonable, because more energy the fpllowmg s_ectlons, the changes of the dielectric stability,
deposited in the barrier, which is available for defect forma-the investigations of the temperature, and voltage depen-
tion. Furthermore, a reduction of the barrier thickness due t§l€nce of the TMR an®R as well as the noise properties
sputtering becomes more likely with higher energy. This carfMPhasize the importance of defect formation by the ions.
additionally decrease the resistance at zero bias. The increaseFOr the application of the barrier irradiation technique, the
of unpolarized current contributions reduces the TMR ampli-dépendence dR and TMR on the ion energy has the impli-
tude by shortening the spin-dependent tunneling current. Bifation that the resistance can be adjusted over a wide range
here we also have to consider alterations of the effective spif" low ion energies with good TMR amplitudes maintained
polarization of the tunneling current itself. As discussed by2t the same time. But an intentional decreas&kafvhich
many authors, spin-dependent tunneling depends essentiaH‘ﬁPmd be desirable for preparing Iovy resistive junctions for,
on the atomic and electronic structure of the MTJ, i.e., par€:9- TMR read heagidy means of ion sputtering directly
ticularly on the atomic positions of the barrier and electrodefter barrier oxidation cannot be achieved.
atoms. For example, the influence of the barrier termination
on the atomic and electronic structure in Ca®4¢/Co junc-
tions is pointed out by Oleinilet al1* The spin polarization
can also be effected by the actual profile of the potential For measuring the barrier thickness of samples with and
barrier'>16 the disorder in the barriéf,and the mechanism Wwithout ion irradiation by an independent method, we re-
of bonding at the interface between the barrier and th&orded the Cu-K-reflectivity of two specially prepared AlO
electrode’® The degrading influence of nonideal interfacesmultilayers: (a) (Al "™ Oxi.) 10 and (b) (Al** "™+ Oxi.
on the TMR is discussed recently by Bagretsal!® If the ~ +Ar" @[V,o,=100 V t;,,=60 g]) 1o, respectively. The
TMR at 4.2 K and 300 K is compared for different scatteringlarge oscillation period in Fig. 6 corresponds to the AIO
parametersy (see Fig. 8 in Ref. 19 a stronger relative tem- multilayer, the smaller period to the 100-nm-thick Si@yer
perature dependence TNBO0 K)/TMR(4.2 K) with increas-  of the thermally oxidized Si wafer. The overall thickness
ing y was found, that means with increasing imperfection ofdyxgrp (Where XRD stands for x-ray diffractigrof the multi-
the interfaces between the barrier and the electrodes. Finalllgyers is accurately extracted from Ieast-squareéofim
magnon- and phonon-assisted tunneling can alter the TMEhese data. For sampk (without ion irradiation we find
amplitude at room temperatdré(we will come back to this  dxrp=21.7 nm and for sampl® with ion irradiation the
in Sec. Il F. overall thickness is about 6% largedyzrp=23.0 nm).

The ion irradiation changes the structure of the junction inTherefore, these investigations also indicate an increase of
the region near the barrier and, therefore, can imply a manithe AlQ, thickness induced by the moderate ion irradiation.
fold of influences on the effective spin polarization. StartingAdditionally, the §— 26 scans of the AIQ multilayers show
at low ion energiegions do not reach the lower barrier in- no Bragg peaks which could correspond to a crystalline,AlO
terface, the effective spin polarization may be changed, bephase.

FIG. 6. Cu-K,-reflectivity of two AIQ, multilayers: (AF4"M

D. Thickness of AlIQ, multilayers
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FIG. 7. Dielectric breakdown voltadé;,; of MTJ’s with irra- T [K,]

diated AlQ, barriers for(a) different ion energies an) irradiation 12001

(b) ]

times, measured at RT. 1000
“ g0g] 4 with Ar" irradiation
E. Dielectric stability é 45f= O without Ar' iradiation T
An important quality for the insulating AIQfilm is its = 40] ]
dielectric stability if high bias voltages are appl@dGener- @ 35; :
ally, the dielectric breakdown of a tunnel junction occurs by 30 . . .
a sudden large increase of the current at a certain applied 0 100 200 300

voltage, which originates from the formation of a highly con- T[K]

ducting localized path, shunting the tunneling resistahce. FIG. 8. Temperature dependencies of (BETMR and (b) the
By chta?deurﬁjr?g ggpeillm_e 1n (Seed e:[.g., Ref('j ath&”tg a rlil(;np area resistance product of two MTJ's without and with irradiated
Speed o - mv's = we adetermine € rea own AlO, barriers €,,,=60 sV,,n=100 V). The black lines are fits
voltageUgrs;, which denotes the voltage of the first sudden, ..o rding to Eqs(1)—(4), the gray lines are fits according to the

current. increaseU;rs; decreases strongly with increasing model of Hanet al. (Ref. 3. All measurements are performed with
Vion [Fig. 7(a), tjon=60 s] to merely 300 mV at 430 V. For 3 pias voltage of 10 mV.

moderate ion energies ®,,=100 V a slight reduction for

longer irradiation time is founfFig. 7(b)2]‘-1 This behavior can  rier and the bottom electrode material at high ion energy may
be explained according to tHe model;™ where the break- |eaq to another type of potential precursors for the dielectric
down process is triggered by a field induced displacement ofreakdown at the bottom electrode-barrier interface. These
ions in the barrier, i.e., a bond in the amorphous Al@t-  additional precursors can be chemical bonds between inter-

work breaks up under the influence of the applied electrignixed barrier and electrode materials, respectively.
field. This leads to new localized states with energy levels in

the band gap of the AlIQ Charge trapping at these localized
states and their wave-function overlap results in the forma-
tion of a conduction subband and a thermal run-away due to
Joule heating in the final state of the breakdown process. For distinguishing between different spin-polarized and
Similar to the dielectric breakdown of thin Si@ilms dis-  unpolarized transport mechanisms in the low ion energy
cussed by McPherson and Modfiiwe expect that the pre- range, we now discuss the temperature and the voltage de-
cursors for the bond breaks are relatively weak bonds in theendence of the magnetotransport for two junctions without
amorphous AlQ network. This may be Al-Al bonds, which ion irradiation and with softly irradiated barri€t00 V/60 3.
result from an oxygen vacancy, or simply distorted bondsThe temperature dependence of the TMR and the area resis-
(e.g., distorted Al-O-A). Within the framework of theE  tance producR at 10 mV bias for these samples is shown in
model the probability density for the breakdown process defigs. 8a) and &b). The sample without ion irradiation shows
pends on one hand on the strength of the electric field, and TMR of 71.3% at 10 K, which is close to the largest re-
on the other hand it is proportional to the density of theported values of Nishikawat al?® The TMR of the irradi-
precursors. The reduction d&fg;; by ion irradiation can ated sample is considerably smal{8.3%. Both TMR and
therefore be understood as an increase of the precursor deR-decrease monotonically with increasing temperature. The
sity. This is due to the irradiation induced local change of therelative temperature dependence of the area resistance prod-
coordination of the Al and O atomsee Sec. Il ¢ which  uct and the TMR is more pronounced for the irradiated junc-
increases the mean atomic distances in the,/Al&work and  tion. The same holds for the bias voltage dependence of the
obviously results in an increased number of distorted andMR [see Fig. 8a)]. At 500 mV and 10 K(330 K) the TMR
weakened bonds. The proposed process can also be regardededuced to 47%58%) of its maximum value for the

as the opposite to the healing of defects in the barrier bygample without irradition, whereas for the irradiated sample
thermal annealing, which results in a strong increase of thae find only 38%(10 K) and 37%(330 K). The conductance
dielectric stability” The precursor density for the dielectric differenceA G=Gp— G,p depends slightly stronger on tem-
breakdown increases with higher ion energy, because thgerature  for the  sample  without irradiation
penetration depth and the deposited energy increases wiflh G(330 K)/AG(10 K)=0.84 instead of 0.87 for the irra-
elevated ion energy. Furthermore, the intermixing of the bardiated samplg Generally, the conductance can be split up

F. Temperature and voltage dependence
of the magnetoresistance
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1.0 of the four fitting parametergzero-bias/zero-temperature
5 conductances,, magnon contributiolG,, phonon con-
T 08 tribution AG,,, and low cutoff energyg, of the magnons
E 0.6. they are therefore without a real physical meaning. The
= N stronger temperature dependencé & for the sample with-
2 0.4qge without irradiation @ 330K ™S out ion irradiation could suggest that the phonon contribution
< — with irradiation @ 330K is more important for irradiated samples. On the other hand,
0.2; O without irradiation @ 10K 1 ; : : ,
= B el frmeiodi the stronger bias-voltage dependence of the irradiated MTJ’s
with irradiation @ 10K . . .
0.0O T3 02010001 0203040 would imply a reduced importance of the phonon-assisted
020420302 < '1U V] 71 0F 0= D4 0 processes, in contradiction to the temperature dependence of
o AG. From this we conclude, that the extension of the
5 20 (b) 10K magnon-assisted tunneling model by a phonon-assisted pro-
5 18 e with irradiation cess cannot be sufficient to explain the influence of the ion
O 1.6 O without irradiation irradiation on the transport properties.
5 14 The temperature dependence of MTJ’s was first investi-
£ 1.2l gated by Shangt al® The fit of our temperature dependent
08 1.0] ] data achieved by using this phenomenological model is con-
05-04-03-02-01000102 03 04 05 siderably better than the results discussed above. Shang
U V] et al? split up the total conductance into a spin-polarized and

. ) an unpolarized contribution,
FIG. 9. Bias-voltage dependence(af the normalized TMR and

(b) the normalized differential conductance in the parallel state _
G2=djp/dU. The irradiation is performed with,,=60 s and G(60,T) =Gl 1+ Prire(T) PCO'FQ(T)COSG]+GUP(T)'(1)
Vion=100 V.
ewheree is the angle between the magnetization directions of
etge NiggFe,, and the CegFey, electrode [therefore Gp
=G(0°) andG,p=G(180°)]. G is the prefactor for direct
elastic tunneling, which increases by a few percent in the
Different models for the temperature and the voltage dejnvesti_gated temperature range from 10_ K to 330 K due to
pendence have been proposed up to now. First, we Compa§g1ear|ng of the Ferml_dlstnb_utlon. We will neglect_ this tem-_
our data with models containing only a few current Contri_pfarature.de.pendence in the first-order approximation and will
butions. Han et al® were able to fit their data of 0iSCUsS its influence belowyire andPcore are the effec-
Co,sFe,5/AlO, /CossFess junctions by extending the model tive spin polarizations of the e, and the Cofey elec-
of magnon excitation developed by Zhaetgal 2’ If we ana- trodel, refspecF|ver. The temperature dependence of _thls spin
lyze the temperaturisee Figs. &) and 8b)] and the voltage polgnzgtmn IS assumed. to be govemed by spin-wave
dependencésee Fig. 9a)] on the basis of Eqs(15—(19) excitation$ of the magnetization,
from this work?® a discrepancy between our experimental
data and the proposed model is found, which is more pro-
nounced after ion irradiatiohsee gray solid lines in Figs. . . .
8(a) and 8b)]. Especially the curvature of the theoretical where_ ax 1S the Spin-wave parameter arithy is the_: fuII_
curves do not accord with our temperature dependent datg_ffectwe spin pol_anzat|on ar=0 K. T_hat means, In this
This leads to the conclusion that our results cannot be e)gpodgl magnons |nf[uencg the tu_nne]mg current via th? re-
plained only on the basis of magnon-assisted tunneling. II;iiucuon of the effective spin polarization and not by assisted

connection with this it is worth to emphasize that the TMRtunnellng processessas used in Refs. 3 and 4. In the original
of our reference samples is higher than that in Ref. 3. work by Shanget _al. _the temperature dependence of the
Dimopoulog took magnon- as well as phonon_assis,[edunpolarlzed contribution was fitted by the power law
y :
tunneling into account for fitting his temperature dependenpUP(T)mT - They found ay of 1.35+0.15, which was
data of optimally annealed MTJ's reasonably. Magnons deg;lose to the exponent 4/3 in the power-law temperature de-

creaseAG and increasés,p; phonons increase both. The pendence OT hopping _through a chain of two Iocali;ed
addition of phonon interactiéns was necessary, becA@e state’® Starting from this result we assume in the following

increased with increasing temperature, which he could onl hat thﬁ Iunplc?laréze? tconﬂyc;]tqncel IS I((:iomma;[edb by hqppmg
explain by an spin-conserving inelastic contribution to the rough localized statesvhich is also known to be an im-

tunneling current. As mentioned above, in our sampEs portant transport mechanism in other amorphous barriers like

decreases with temperature, and therefore the extension gf and G&). Therefore, we write the temperature depen-

the magnon model by a phonon-assisted contribution is no ence 90f this hopping contribution at low voltage as a power
unambiguously justified. Furthermore, the(fite used a non- Series,

linear least-squares-fitting routine based on the Levenberg-

Marquardt algorithm of our temperature depe.ndenceceﬁ' GUP(T):E SyTN-2MN*+D) with N=1,2,..., (3)
andG,p according to Ref. 4 suffers from a high correlation N

into a spin-polarized and an unpolarized part. The strong
bias voltage dependence of the TMR at both temperatur
after irradiation implies that the voltage and temperature de
pendence of the unpolarized contribution is enhanced.

Px(T)=Pox(1—axT¥?) with X=Ni-Fe, Co-Fe, (2)
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TABLE I. Fit parameters determined from the temperature depend&use(1)—(4)] of the conductance
of two MTJ’s without and with ion irradiation of the AlQbarrier ¢,,,=60 SV,,,=100 V).

Parameter MTJ without MTJ with
ion irradiation ion irradiation

Poni-reX Pocore 0.263 0.229

Gt (Q 1 um2?) 2.488+0.006x10°8 8.62+0.04x1071°

(aniret dcore)l2 (K3 1.34+0.04x10°° 1.14+0.06x10°°

S, (O~ tum 2K 37 1.85+0.13x 10712 3.40+1.95x10 ¥

S, /Gy (10 °K 37 7.4+05 3.9-2.3

S; (Q7um™2K =572 8.74+1.78x107 16 1.53+0.26x 10716

S; /Gy (107 8K ™57 3.5+0.7 17.7-3.0

whereT is the temperature i, N is the number of partici- electrodes. The prefact@ for direct elastic tunneling re-
pating localized states, arf§, are prefactors depending on flects the strongly increased area resistance product after ion
the density of localized states in the barrier. At higher tem4rradiation, which was attributed to an increase of the effec-
perature the distinctive power law-temperature dependenag/e barrier thickness in Sec. Ill C. The mean spin-wave pa-
for hopping favors chains with highé. Another important  rameter @y re+ acore)/2 is slightly smaller after ion irra-
result from Ref. 29 is the exponential thickness dependencgjiation (due to its higher Curie temperature the contribution
which also greatly favors chains in whitis large; in ad-  of Co-Fe to the mean spin-wave parameter is smaller than
dition, the thickness dependence for direct tunneling is stronge contribution of Ni-Fg This parameter is extracted from
ger than for hoppingon the other hand long chains are sta-yhe temperature dependence of the absolute vAIGe[see

Combiion 1 e ol ot lonts, an cronse ar EG (4, whic s proporional ey A5 mentoned above
the barrier thickness without changing the area density o‘fAJT increases with increasing temperaturghis effect is

localized states increases the relative contribution of hoppin@trotnger for tthlck_er dand/ 0(; |O\;V(;.'I‘ bf‘r:”é’;ﬁ.“‘ IS assu(Ted tOTh
via localized states to the total conductance. € temperature independent for the Titting procedure. the

Now we apply the model of Share al® to our tempera- increase ofwy is (at least partially due to the .stronlger tem-_
ture dependent data. The prodR§yireX Pocore is de-  Perature dependence Gir, because the barrier thickness is
rived from the TMR values at 10 mV/10 K first. The®, Ia}rger after ion |rrgd|at|9n. The stronger Qecrease of the re-
and ay are extracted from the temperature dependence gfistance for the irradiated samples with temperature is

AG=Go—Grn" mainly reflected in a larger prefact@®;, the ratio of this
PoTAR prefactor for hopping through three states and direct tunnel-
AG%G[1—(acoret anire) T2+ acoreaniceT?]- ing Gt is about five times larger for the irradiated than for

(4) the reference samples. This hints to an increase of the density
of localized states in the barrier due to the ion irradiation and

The last term in Eq(4) is small in the investigated tempera- therefore the conductance through longer hopping chains be-
ture regime and we can neglect it. Finally, the parameSgrs comes more likely. It has to be mentioned that the ratio of the
are deduced from the temperature dependenc&f ac-  prefactorS, for hopping through two states and direct tun-
cording to Eq.(1). The experimental data can be fitted very neling Gt is smaller for the irradiated than for the reference
well [see black solid lines in Figs(& and 8b)], if terms up  samples. This seems not to be in accordance with a general
to N=3 are taken into account. If the nonlinear least-squaregcrease of the hopping conductance after ion irradiation. But
fit is done withN<3, thex? of the fit increases strongly. For on the other hand, details of the spatial and energetic distri-
N=4 there is no further reduction gf?, but the correlation bution of the localized states involved in hopping are not
between the parameteBs ;3 4 . increases strongly and these known and may be responsible for this inconsistency.
fitting parameters start to lose their physical meaning. The Finally, the increase of the hopping conductance qualita-
fitting parameters are summarized in Table | for the twotively accords with the stronger voltage dependence of the
samples. The produ®gyi.reX Poco-re Of the full effective  TMR after ion irradiationsee Fig. @a)], which is especially
spin polarizations, in fact, the general reduction of the TMRmore pronounced at elevated temperature. The polarized and
after ion irradiation, was discussed in Sec. Il C with respecthe unpolarized conductance contribution introduced by the
to structural changes at the barrier and its interfaces to thphenomenological model of Shaegal® are not only tem-
electrodes. We like to mention that the temperature indeperperature dependent, but both have a specific voltage depen-
dent term in Eq(3) (N=1) cannot be separated from the dence. As analyzed in detail by Xat al?® the hopping con-
full effective spin polarizationPyx at T=0 K. Therefore, ductance also increases with higher voltage, especially for
the reducedPyy can partly originate from a more pro- larger N. Therefore, the stronger influence of the localized
nounced unpolarized hopping conductance through one Icstates on the temperature dependence suggests that the volt-
calized state, which increases both the conductance for paage dependence of the TMR should also become stronger,
allel and for antiparallel alignment of the ferromagnetic which is in accordance with our experimental results.
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o The Hooge parameter, is a measure of the area normal-
1x107%]  T=300mV o (la) 1 ized 1f? noise;a is the exponent which describes the slope
1x10™3 with Irradiation of the frequency dependence of the nolég, is the dc bias

N 1x10™ voltage, andA is the junction area. By fitting,(f) at 10 Hz

T 107 for different V4, according to Eq(5) we can determiner .

o X107 Figure 1@b) shows the results for three irradiated and three
1x10™% reference samples. Although we have a large scatter of the
1x107°4 data points for each set of samples, the strongly increased
1x10™"7 . . - power spectral noise density after ion irradiation is obvious.

10' 10° 10° Nowak et al° attributed the 1/ noise to charge trapping
1410° . f[Hz] . processes at defect states in the barrier or near the FM-barrier
(b) mterfac_e. Trapping of an 9Iectroq in a !ocallzeq state would
¥ .. == o0 locally increase the effective barrier height, which decreases
T¥ig’y WL Ar lradrten the local tunneling probability of the electrons. Therefore the
< . higher noise after ion irradiation suggests a higher density of
3 1x107; 3 defect states. This is in accordance with the analysis of the
s without Ar” irradiation temperature and the voltage dependence of the TMR, which
1x10° = 3 was discussed in the preceding section and also suggested a
more pronounced influence of localized states on the total
1x107 ] i conductance.
10° 10°
R [Qum?]

FIG. 10. (a) Power spectral densit,(f) of the noise as a IV. CONCLUSION

fgnction of the frequency (measured at RT in the parallel s_tate, In summary we have investigated the transport properties
bias voltqges are 0 mV and 300 m\b) Strength of Fhe noise, ¢ Mngalry7 / CosgFes/ AlO, /NiggFe,, MTJ's whose barrier
characterized by the Hooge parametgr, for threg irradiated100 is irradiated by a low energy Arion beam immediately
V/60 s) and three reference samples as a function of the area re5|s-fter lasma oxidation. The TMR of more than 70% at 10
tance productR. The sample sizéd was 40 000um? (O) and a plasma -y . 0
90 0002 (@), respectively. K/lo mV |nd|cate_s t_h_e high quality of the.r_efere.nce junc-
tions. The most significant effect of the additional irradiation
step is an increase of the resistance up to a factor of 40 for
moderate ion energy up t¥,,,=150 V. This behavior is
C591ccompanied by a reduction of the TMR and the dielectric
stability and an increase of the noise in the junctions. We
gonclude that this is due to an ion irradiation induced local
change of the coordination of the Al and O atoms in the
barrier, which leads to a thicker barrier and an increase of the
precursor density for the dielectric breakdown. Furthermore,
) _ a higher contribution of the hopping conductance through
G. Noise properties localized states to the total conductance is suggested from
Because noise is a good measure for defect states in tiee comparison of the measured temperature and voltage de-
barrier>® we also performed noise measurements for the irpendence of the tunneling magnetoresistance with different
radiated and reference sampleseasured at RT with 0, 10, models. The increase of the barrier thickness is also sup-
100, and 300 mV bias voltage in the parallel staféigure  ported by the experimental results concerning the magnetic
10(a) shows the power spectral dens®y(f) of the noise properties and by Cu-kreflectivity of AIO, multilayers. At
measured at 0 mV and 300 mV for the two junctions dis-higher energy the resistance breaks down rapidly and the
cussed in the preceding section. The noise of the irradiateinneling magnetoresistance vanishes completely. This re-
junction is considerable larger than the noise of the referencsults from the enhanced intermixing and sputtering of the
junction. By comparing the noise levels at 0 mV of the barrier and electrode material.
MTJ’s with the noise of appropriate standard resistors we can
conclude that these zero-bias levels are mainly due to the
current input noise of the preamplifier. The low frequency ACKNOWLEDGMENTS
noise of the MTJ can be well described by the phenomeno-

logical relation between the noise power spectral density 'N€ authors gratefully acknowledge T. Eick for perform-
S,(f) and frequency, which is given by Ing the noise measurements at IPHT Jena, Germany, A.

Davis, T. Dimopoulos, and T. Eick for stimulating discus-
V2 sions; A. Thomas and M. D. Sacher for assisting the sample
aHﬁ_ (5)  Preparation, and S. Heitmann for assisting the XRD mea-
Af? surements.

For summarizing this section we can state that the tem
perature and the voltage dependence of the TMR Rufiak
softly irradiated samples accords best with the phenomen
logical model of Shangt al® containing unpolarized hop-
ping conductance. The experimental data cannot be repr
duced by taking only magnon excitatftf{ or magnons and
phonon$ into account.

Sv(f)=
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