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Spin-dependent tunneling has been shown to occur througBs@a the insulating tunnel barrier.
Magnetic tunnel junctions of the type Co/s&s/NigFe,, were prepared by oxidizing thin metal

layer of Ga in oxygen plasma and characterized. The highest junction magnetoresistance observed
was 18.2% at room temperature, increasing to 27.6% at 77 K. The average barrier height was
estimated to be about 2 eV, as opposed to over 3 eV for junctions wilgAlarrier of comparable
quality. Otherwise these junctions behave similar to those wis®AIThis shows the feasibility of
obtaining lower resistance junctions with &g as the barrier for magnetic storage applications.
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Tunneling studies in magnetic tunnel junctiofidTJs) 1.6-1.8 kV for varying timg5-110 3. After pumping down
are being actively pursued in the last few years for theiragain, cross strips of the top electrodgdNg,,, 10 nm thick,
fundamental complexity as well as their application potentialwere deposited at RT. An overall protective layer of 1 nm
in data storage industry2 It has been shown that the quality thick Al film was deposited to complete the structure. In each
of the tunnel barriers plays a critical role in the success ofun a total of 72 cross geometry planar junctions were pre-
spin tunneling in MTJS.Aluminum oxide is widely used as pared with 12 junctions of a given type.
the insulating barrier since Al metal film can be reproducibly ~ The resulting junctions, Co/G@;/NiggFey, of junction
grown as ultrathin layet:” The excellent insulating proper- area 6<10 8 m? showed resistanceR() in the range of
ties of ultrathin ALO; as well as its large forbidden gap, in tens of(} to tens of K), depending on the Ga layer thickness
general, lead to high resistance-af®#) product, which is and the oxidation condition—junctions having the thinnest
unfavorable from the application point of view. Recently barrier, as expected, showing the low&st Junction mag-
there are reports wherein MTJs having lower RA valueshetoresistance)MR) was measured by four terminal dc tech-
were obtained, using ultrathin 4D, barriers®~8 Also, from  nique both at 295 and 77 K. In this letter we present data
the fundamental physics viewpoint, there are theoretical preenly for junctions having thicker Ga layers aRd in the K2
dictions and some experimental interpretations of barrier derange. The best value of JMRIefined as the ratio of the
pendence of spin polarized tunnelitdhe motivation and change inR; in a magnetic fieldH to the highesR; in H)
necessity to study alternative tunnel barrier materials thawas observed for Ga thickness of about 1.3—-1.4 nm, oxi-
show good spin tunneling properties is thus apparent. In thigized for 80 s.
letter, our successful study of spin tunneling with,Gaas The variation of resistance as a function of applied field
tunnel barrier, in MTJs, is described. for a junction formed with 1.4 nm Ga film barrier is shown in

Ga0; is an insulator with a forbidden gap of 4.8 eV and Fig. 1. At room temperatur&; and JMR are 14.7@® and
is the only reported stable pha€e’? However, there have 15.1%, increasing to 19.2kand 24.6% upon cooling to 77
been studies about the nonstoichiometric compound forma. Increase inR; and JMR was commonly observed upon
tion. Ga0;_, becomesi-type semiconductor due to oxygen cooling, whereas those junctions with either very thin or very
vacancies, which act as shallow donors with activation en-
ergy of 30—40 me\t! Ga metal can be readily oxidized,

relatively slower than AlO;, having a heat of formation en- ASO

ergy (kJ/mo)) of 1080.2 compared to 1675.6 for &s.1° Sl 7K
MTJs were prepared in a high vacuum systépase ¢

pressure of 10% Torr) thermal evaporation systehinitially § 30t f W, ) 205K

the LN, cooled glass substrate was coverechwaitl nmthick @

Si seed layer, followed by an 8-nm-thick Co electrode of & 20 k

long strips. Shadow metal masks were used to define the filn™

and the junction pattern. A gallium film with the thickness 10
ranging from 0.4 to 1.8 nm was deposited to cover the entire 8 60 40 20 0 20 40 60 &
Co layer. After the substrate was warmed to room tempera- Magnetic field (Oe)

ture (RT) the Ga layer was oxidized in oxygen glow dis- FiG. 1. Resistance vs applied magnetic field for a Cof3#NiggFe, junc-
charge plasma at a pressure of 80 mTorr and a dc voltage ¢én (with 1.4 nm Ga film oxidizeyiboth as-grownopen and solid circle

and afte 1 h vacuum annealing at 140 °©pen and solid triangje JIMR

increased from 15.1%295 K) to 24.6% (77 K) for as-grown junctions

dAuthor to whom all correspondence should be addressed; electronic maihereas after annealing the corresponding values were 18.2% and 27.6%,
moodera@mit.edu respectively.
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FIG. 2. Bias dependence of JMR for the same junction as in Fig. 1, before 0.7
and after annealing.
9 03 r Sample B
thick Ga layer oxidized for a short time, showed significantly 05 02 |
less JMR.(As an example, avoiding the current crowding <
. . . . 0N
effects)” the JMR value for a junction with 0.7 nm thick Ga S|
film was 9% and 13% at 295 and 77 K, respectively. In this ' £
. . Sample A
low thickness range of Ga, further studies on ultrasmall area
junctions with careful oxidation are needed to have optimum 0.0 —_—
and reliable JMR valuesSuch was also the case with earlier 0 50 100 150 200 250 300 350
studies of A}O; barriers>’ Some of the junctions were an- T(K)

nealed in Vacu_um (Id; Torr) at 1_40 O_C for 1 h. The effect FIG. 4. Temperature dependence(a¥f normalized spin dependant part of
of such annealing is also shown in Fig. 1. B&hand JMR  the conductancéG, and(b) relative contribution of spin-independent con-
increased after annealing, to 28.Q kand 18.2%, respec- ductance G normalized to total conductance. The junctions are
tively, at 295 K and the corresponding values at 77 K were-0/Ga0s/NigFey formed with 1.4 nm Ga oxidized for 90 (sample A
36.2 K) and 27.6%. The increase of JMR aRyj values and 80 s(sample B. Solid lines are fits to the data.
shows that during annealing the barrier quality has improved,
similar to the case of AD; barrier junctiond:®*~*®How-  Fitting the conductance versus bias data to Brinkmann’s
ever, the annealing conditions were not optimized, whereaformula?! the estimated average barrier heig#t and thick-
further studies can be expected to show better results. ness(s) are 1.9(2.3) eV and 1.661.60 nm, respectively, for
The dc bias dependencies of JMR at 77 K for the aboveis-grown (annealejl junction. Barrier asymmetry reduced
junction in the as-grown state and after annealing are showgipon annealing the junctionThe barrier heights obtained
in Fig. 2. The JMR decreases noticeably as the dc bias infor various junctions were on the order or less than 2 eV. In
creases, and it is asymmetric. This is the case before as webmparison, similar quality junctions with 4D, barrier
as after annealing, although the JMR values are consistentlyave showns>3 eV.”!” This is consistent with the fact that
higher at allV for the annealed junction. Although the de- the forbidden energy gap for 4D, is higher than that for
crease in JMR withV. is significant, it is similar to initial  Ga,0,.22 A lower barrier height increases the possibility for
results on AJO; barriers:”'® In the latter case, there has obtaining MTJ devices with lower RA product than with
been a steady improvement—the dc bias, at which JMR rea|,0, barriers, due to the exponential dependence of tunnel
duces to half its zero bias value, reachir@.5 V, as the  current on the barrier height.However, it should be noted
junction quality improved. The bias dependence has beenthat if the GaO, were nonstoichiometric, possibly creating
addressed before, although not well understotid>*° extra tunneling channels via defect states in the barrier, it
Shown in Fig. 3 are tunnel conductances as a function ofyould lead to an estimation of lowe#. It was observed that
dc bias at 77 K. The conductance curves are asymmetric iByen in the case of unannealed junctions, cooling to 1 K
the two bias directions and two orientations of relative magsnpowed only a marginal improveme(@%—3% in the JMR
netization. Notice also the broad bumpy feature at arounggajues from their 77 K values, similar to the behavior of
100 mV, a feature always seen for junctions when one of th,nctions with ALO; barrier. This indicates that the barriers
electrodes is either Permalloy or Ni and with,@% barrier’”  5re relatively free of defects. The increasefofipon anneal-

ing can be partly attributed to a reduction of defects in@a

5 150 p— barrier, in gddition _to a pois,ible sharpening of the
S ps-grown ferromagnet/insulator interfacéd!
i’r 100 | In order to understand the role of such defects in the
g barrier on spin tunneling, detailed temperature dependencies
‘§ 50 W of JMR andR; were measured from 295 to 80 K, for a
2 number of samples. Based on our method of analysis as dis-
Q Annealed . o . . .
O o - . . cussed in detail in an earlier publicatiéhthe conductance

-0.5 0.3 0.1 0.1 0.3 0.5 data were separated into spin depend&jtand spin inde-

Bias voltage (V) pendent Gg) parts. This is shown in Fig. 4 for two junc-

FIG. 3. Dynamic conductance as a function of dc bias for parallel andtlons' The normalized magnetocondUCta /56(80 K)

antiparallel orientation of magnetizations of electrodes for the same junctior(WhiCh is proportional to the product of s_pin polarization in
as in Fig. 1. The lines are guide to the eye. the FM9 decreases as the temperature increases due to the
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