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The temperature dependence of spin-polarized tunneling is investigated between 77 and 420 K for various
ferromagnetic tunnel junctions. Both the junction resistance and the magnetoresistance decrease with increas-
ing temperaturd. The experimental results are successfully described by a model that includes two current
contributions. The dominant one is elastic, spin-polarized tunneling between the two ferromagnetic electrodes,
each with an electron polarizatidn that decreases with due to thermally excited spin waves according to
Px(1—aT¥?), i.e., in the same way as the surface magnetization. A smaller second conductance is due to
assisted, spin-independent tunneling which we find to be proportior&t¥s %15 [S0163-182608)50930-7

The observed magnetoresistance in ferromagnetic tunnel With regard to temperature dependence, there are three
junctions(JMR) has, at low temperatures, reached nearly thecandidates. First of all, elastic direct tunneling varies slightly
optimum values? expected from Julliere’s mod&lHow-  with T due to broadening of the Fermi distributions in the
ever, even with the best junctions there is a significant deelectrodes. Theory gives
crease in JMR at room temperatui@T) as compared to
values at 4.2 or 77 K. Although the strength of the tempera- Gr=GoCT/sin(CT), (]

ture dependence varies, it is present irrespective of the YR hereG. is a constant an@ = 1.387x 104d/ /%, with the
of tunnel barrier and ferromagnetic electrodes. No SatiSfaCE)arrier V\?idth @) in A and the bérrier heightt) in’ eV 4 For

tory explanation for the dependence of JMR on temperaturf-yloical barrier parameter&- at 300 K is only a few percent

(T)Bzzlisdggetgep}]]lt\)/ll:;hﬁc:ssl(zn?\/r\/.n that the junction resistancehigher than air =0 K. A second factor that may vary with
; . ' . J . 1s Gg, in a manner determined by the responsible physical
(R;) itself is also reduced at higher temperatures. This mechanism. which will be discussed later
depend_enqe ORJ is, however, not only f°“f?d fo_r ferro-_ Third, we introduce a variation of electrode polarizations
magnetic JL.mCt'OnS’ but also for ste_mdar_d ]un_ct|ons W'thPi with T. Conventionally, values folP are determined
nonmagnetic electrodes. These latter junctions dlsplayadroipom a tunneling measurement at low temperature with a
in resistance of about 25% between 4.2 K and RT, for WeII-Superconductor acting as spin analy¥dhus the polariza-
f%rmed4_éA_llgg3 fbatrrlers prtepared by oxtyger! .glO\?/md'S' tion values are only available foF<1 K. It is, however,
\(;sa'ltgl;havitl)sr ?/\(;itrsluzgr%i?pshgur;oggr?i%?se ;Cugﬁg%? anﬁ well established that in the case of alloysscales approxi-
N . X . mately with the magnetic moment of the all i m-
a-Ge, there is a substantially higher change Ryf with ately with the magnetic moment of the alloy as its co

. . position is varied. A logical extension of this proportionality
temperaturé. Theoret|c_al understanding of the tempergtureis to adopt a polarizatio® that varies withT as does the
dependence of tunneling conductance of@ylinsulators is

magnetizatiort® Such proportionality is also found for other

incomplete, whereas for the case of amorphous barriers, r?échniques that employ spin-polarized electrbri€ Magne-

sults have successfully been interpreted by using mOdelﬁzation versusT has been extensively studied, and is de-
based on hopping transpdt. '

In this paper we will address the temperature variation o cribed fairly well by thermal excitation of spin waves fbr
pap ; npers ar below the Curie temperatuté&:*4 This produces a term
JMR andR; of ferromagnetic tunnel junctions. A natural

i 302 iati i
starting point is the model proposed by Julliénhich we proportional toT>'< in the magnetization, which has been

) ! . . .. experimentally confirmed for bulk samples, ultrathin films,
will modify by assuming that in addition to the conductanceand surface magnetization as well. The latter is important

. %ince tunneling is an extremely surface-sensitive protess.
Gg, present. We tak&g, to be unpolarized and therefore not For the polarization, we thus can write

dependent on the relative orientation of the electrode magne-
tizations. The total conductance is thus expressed as P(T)=Py(1—aT3?). 3)

The material-dependent constadtis different for bulk or
G(6)=G{1+P,P,cod )} +Gg, @ surface, and is generally larger for the latter due to surface
exchange softenint.It has also been observed that b&t
whered is the angle between the magnetization directions ofand « are very sensitive to surface contaminatiohs.
the two electrode$#=0° or 180° for parallel or antiparallel To analyze the properties of ferromagnetic tunnel
magnetizations, respectivgly?, andP, denote the effective junctions we use two quantities, theeasuredresistance
tunneling electron spin polarizations of the ferromagnetsR,, for parallel magnetization of the electrodes and
while G+ is the prefactor for direct elastic tunneling. JMR. Using Eq. (1) these are written as
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JMR=(2P,P,)/(1+P;P,+ Gg,/G1) analysis givesP? as a function ofT for different ferromag-
netic electrodes, and allows a complete determination of the
and spin-independent current.
Ferromagnetic tunnel junctions were fabricated by
Rm=(UG1)/(1+P,Py+Gg /Gr). vacuum evaporation onto cryogenically cooled glass sub-

) ) ) strates using shadow masks as described in Ref. 1. Ferro-
Thus, if Gg, is present, the JIMR is always smaller than themagnetic electrodes included Co andy¥gy. A glow dis-
value (22,P;)/(1+P,P,) predicted by Julliere. Moreover, cparae oxidized Al layer1.2-1.6 nm formed the A}O,
notice that the ratio JMR, , which is equivalent tAG  ,nne| barrier. In the case of symmetric junctions such as
=G(6=0)—G(6=180), does not contais, : Co/AlLO;/Co (hereafter referred to as a Co-Co juncticie
top electrode was exchange biased by a 40 nm NiO film
prepared by reactive evaporatibtOverall 30 different junc-
tions with Ry, in the range 0.4—10(%k and a JMR 0f=10%
at RT were studied using an ac resistance briddge-700).

Care was exercised to have junctions that had ferromagnetic
films with well-separated coercivities, to obtain complete
magnetization reversal at all.
Ge=(G)—G 5) In Fig. 1, the temperature dependencdrgf and JMR for

S L three representative junctions is shown. B&j and JMR

where (G) is the conductance averaged over parallel andlecrease with increasing temperature up to a certain critical
antiparallel magnetization. This provides a means to extrad@mperature. Above that, the junction becomes unstable and
Gg, and its variation withT. Ry may go up or down with time depending on the improve-
We will now describe in detail the measured temperaturén€nt or degradation of the barrier. We consider only the
dependence of the JMR aRi, between 77 K and=400 K, behavior below such a critical temperature, where the junc-
for junctions with ALO; barriers and a variety of ferromag- tons are staple. For the junctions in Fig. 1, the temperature
netic electrodes. We show that the data can be described vefigPendence is quite S|gn|f|ca2t. For example, for _th? Co-Co
well with the above model, which includes the effect of spin-lunction, Ry decreases by 17% from 7Z to 300 KO simulta-
wave excitations on the electron polarization, and a spin€ously, the JMR decreases from 21.2% to 17.6%. For both
independent contribution to the tunnel conductance. Dati’€ Co-NiFe junctions the decrease of JMR is stronger than
that of the Co-Co junction. Moreover, the two Co-NiFe junc-
T - T . T . T tions have slightly different JMR at the lowektand a some-

AGZZGTP]_Pz. (4)

As already noted, the dependence@f on T is small and
can be calculated from E). Therefore, a plot cAG vs T
directly reflects th& dependence d?P; andP,. In addition,
one can easily see from Efl) thatGg, is given by

10F @ A what different decay witfT, even though the same electrode
| materials are used. With respectRg, we note that classical
Og tunneling theor§ [Eq. (2)] predicts a change iRy, of only
=~ 8 J 1.5%, for this junction withd=1.3 nm and ¢$=3.4¢V.
g o 0o Therefore, a large discrepancy exists between the experimen-
= i 1 tal observation and the theory based on purely direct tunnel-
o' . . o
6 ing only. This suggests the presence of an additional current
i A mechanism that has a stronger temperature dependence.
| o ) In the following, the proposed model is successfully ap-
od plied to the experimental data. In Fig. 2, we sha(T)/
4k .
X
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FIG. 1. Temperature dependence of junction resistédacand
magnetoresistang®) for three junctions: Co/AD;/NiFe (circles, FIG. 2. Temperature dependence of the normalix&lifor two
Co/Al,O3/Co/NiO (squares and Co/AbO;/NiFe/NiO (diamond$. representative ferromagnetic junctions. The solid lines are the fits to
The solid lines represent the theoretical fits. the theory based on thermal spin-wave excitations.
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AG(77 K) vsT for two representative junctions, each with a

1.4 nm Al layer oxidized to form the barrier. The plot shows 0.03
that AG decreases considerably &s increases. For the
Co/Al,O3/NiggFe,, junction, AG decreases by approxi-
mately 30% ad increases from 77 K to about 400 K, indi-
cating a substantial reduction Bf We remark here that the
behavior ofAG cannot be attributed to thE dependence of
Gt [Eq. (2)] since it has the wrong sign. The solid lines in
Fig. 2 are fits obtained by using Eq®)—(4), where in Eq.
(2) experimentally determined barrier parametéyased on
Ref. 4 are used. The fitted curves agree well with the ex- ;
perimental data, except for a few data points at high 0.2} (b) EH»G
These deviations are due to irreversible changes of the bar- o

rier as already mentioned, and, in Co-Co junctions, also due
to the loss of the exchange biasing fiétd.

For the Co-Co junction in Fig. 2,AG shows a
much weaker decay as compared to the other junctions 0.1 o
having NgoFe,, as one electrode. From data for over 10 o
junctions, we obtain ac,=1-6x10"°K 32 and apire o
=3-5x10"°K %2 Thus, the spin-wave-related reduction & . . '
of P is approximately an order of magnitude larger for 100 200 300
NigoFe,p. This result agrees with the rough trend that spin-
wave excitations are less effective in reducing the magneti- T(K)
zation for ferromagnefts with a higher Curie temp_erature FIG. 3. Temperature dependence of the spin-independent con-
(Tc=1360 K for Co while 850 K for NjgFey). The obtained ductanceGg; (a)pand its reIaFt)ive contribution topthe totgl conduc-

valges_fora are comparable to_those derived f“_’m the_mag'tance(b) for two Co/Al,O3/Co/NiO junctions. The solid line in Fig.
netization measurements. For instaneéor bulk NigdFexis 35 is a fit to a power-lawT 7.

1.23x 107 % K~%2.13 Since the present tunneling experiment
probes the electron polarization at the ferromagnet’s surfacelown with T even faster than due to spin-wave excitations
we are dealing with th& dependence of the surface magne-alone. This has probably played a role in many of the earlier
tization, which can have as more than twice as large as the results, where a sizable JMR was obsergaly at 4.2 K, and
corresponding bulk valug:'* The experiments also show essentially no effect<2%) was reported at R
that « for the same material may take different values, which  Several physical mechanisms may be responsible for the
depends largely on the junction interface quality. Higherspin-independent contribution. First of all, imperfections in
contamination at the interface can lead to higheresulting  the AlL,O; barrier may be present in sufficient density to pro-
in a considerable decrease Bf with increasingT. This  vide a noticeable hopping conductance through the associ-
might partially explain many of the previous results on fer-ated localized states. Hopping is known to dominate trans-
romagnetic tunnel junction$. Valuable insight into these port through amorphous Ge or Si barrfeand, if responsible
phenomena is expected to be obtained from temperaturéer Gg, in the present case, it suggests a somewhat amor-
dependent measurements in ferromagnetic tunnel junctionphous character of the AD; insulator. Theoretical wofk
complementing other methods for determining surface magshows that hopping through chains bf localized states
netic properties, while at the same time providing input forshould have a power law dependence Tanthe exponent
theoretical work aimed at relating the tunneling spin polar-being y(N)=N—[2/(N+1)]. The temperature dependence
ization to intrinsic properties of the ferromagnetic materials.originates from phonon emission or absorption at the transi-
Next we consider the spin-independent conduct&Bgg  tion from the first to the next localized state along the chain,
which can now completely be determidédrom Eq. (5).  to overcome the energy difference between the two levels.
The obtainedsg, as a function off, together with its ratio to  Elastic tunneling is, however, assumed between the first and
the total conductanceQ), is illustrated in Figs. @) and last state on the one hand, and the electrodes on the other
3(b), respectively, for two Co-Co junctions. It is seen thathand. ForN=1 this leads toy=0, but for N=2 we have
Gg, increases monotonically dsis raised. The experimental y=4/3, surprisingly close to our experimental finding.
data were fitted to a power-laGg(T)=T?, as given by the Yet, we stress that other processes have to be considered.
solid lines, yieldingy=1.33. However, some uncertainty in For instance, some ions of the electrodes may be misplaced
the values oP limits the overall precision with whiclycan  in the AlL,O; producing states near the barrier interfaces.
be determined! Using available data on a number of junc- Alternatively, nonuniformity in the Al layer possibly leaves
tions gives ay of 1.35+0.15, withPy=34+2% for Co and pinholes and/or causes oxidation of the bottom electrode.
Po=42%=3% for NiggFe,n. We conclude thaBg rises much  Magnetic oxides often have poorer insulating properties, or
faster withT than the(spin-polarizedl direct tunneling does are semiconducting. For the resulting extra conductance, the
[such that the rati@s,/G increases ag goes up, see Fig. expected temperature dependence is not well known.
3(b)]. This explains the unusually strong reduction of the The above-mentioned mechanisms @&, do not rely on
overall junction resistance, while it causes the JMR to gahe ferromagnetic nature of the electrodes. This explains why
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junctions with nonmagnetic electrode8also display a 15to  scribed by a simple model that contains two contributions to
25% drop in resistance between 4.2 and 300 K. In contrasthe tunnel conductance. The dominant one is due to direct
the emission or absorption of spin waves by tunneling elecelastic tunneling, with the tunneling electron polarizat®n
trons, as previously proposetiand recently calculated by decreasing as +aT%2 The existence of a second, spin-
Zhanget al*®in an attempt to explain the bias and tempera-independent conductance was invoked to explain the varia-
ture dependence of JMR, can only explain the variation otjon of the junction resistance with, while it also adds to
resistance formagnetictunnel junctions. Moreover, spin- ihe reduction of JMR withT. Temperature-dependent mea-
wave-assisted tunneling is an inelastic, higher order proces§,rements in ferromagnetic tunnel junctions can thus be used

with an associated tunneling matrix element that is smallef, gy dy the surface properties of ferromagnetic materials.
than that for direct elastic tunnelif§.In our first order de-
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