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Inherent temperature effects in magnetic tunnel junctions

A. H. Davis® and J. M. MacLaren
Department of Physics, Tulane University, New Orleans, Louisiana 70118

P. LeClair
Department of Applied Physics and COBRA, Eindhoven University of Technology, P.O. Box 513,
5600 MB Eindhoven, The Netherlands

Theoretical studies of the temperature dependence of the tunneling magnetoresistait®rtio

are presented. A successful elastic tunneling model has been extended to handle temperature
dependence. It treats Fermi smearing and applies Stoner-like behavior to the exchange split band
structure in the electrodes to calculate TMR As expected, the effects of Fermi smearing are
small, but small changes in the magnetic band structure produce large changes in TMR. For a
Co/l/Co junction produced by LeClaat al. [Phys. Rev. Lett84, 2933(2000], calculations using

bulk magnetization predicted 33% of the experimental loss of TMR from 0 to 300 K with only a
1.5% change in magnetization. A mere 3.2% change in magnetization produced 100% of the
observed drop in TMR. These results imply larger than imagined intrinsic temperature dependence
for TMR. © 2001 American Institute of Physic§DOI: 10.1063/1.1357126

Originally, extrinsic mechanisms were favored to ex-like.!'2 Therefore, the exchange splitting depends on tem-
plain the temperature dependence of TMR TMR(T)] be-  perature and collapses negyr. Shimizuet al*® showed that
cause Fermi smearing and the temperature dependence @fchange splitting is nearly proportional k&(T). The pro-
magnetization AM(T)] for 3d ferromagnets are mild below portionality constanp3 is mildly dependent of, but varies
300 K12 1n 1998, Zhang and Whiteproposed that the tem- so slowly that it can be considered a constant below room
perature dependence of TMR could be explained by spintemperature. For instance, the changegitfior iron is only
independent two-step tunneling via defect states in the bambout 2.5% between 0 and 300 K. Therefore we expect this
rier. Moodera et al® suggested thatATMR(T) can be assumption to slightly overestimate the exchange splitting
explained by the temperature dependence of the surface magecausedB/dT is negative. Assuming exchange splitting
netization of the leads vxhich is more dramatic (tghan bulkproportional toM (T) for a typical system yields
magnetization. Shanet al." modified Julliere’s modélwith _ B
a spin-independent conductance channel and temperature de- ABe=BM(T) =LV (T)=V(T)]. 2
pendent polarizatiorR(T). They concluded that direct elas- Using Eq.(1) and the usual definition d®,°
tic tunneling with a Bloch law dependent polarization was
the dominant factor in TMR).

Shang started with Julliere’s general formaldowever,
Julliere’s model is rarely exatand lacks the ability to pre-
dict temperature, bias, or barrier dependence because it ijthereV(T)=—AEg/2 andV (T)=+AE./2. The zero of
nores the details of the barrier by simply treating it with potential is the bottom of the resulting paramagnetic band at
spin-independent matrix elements. On the other hand, oufe- N _ _
model produces spin-dependent matrix elements and extends FOr Spef'f'c MTJs, we used published bulk magnetiza-
a successful free electron motleimilar to one proposed by tion curves* Intrinsic to these curves is the effect of mag-
SlonczewskP treating both barrier thickness as well as bar-nNons and other excitations on the temperature dependence of
rier he|ght Sp|n dependence arises not from a SpinIhe mag.netization in the leads. V\/.e.used a set Of parabOIiC
dependent barrigper se but rather from matching spin po- bands with the same exchange splitting and effective mass as

larized states in the leads to spin-independent states in tenneling bands calculated from first principles. Both ex-
barrier. change splitting and the difference in effective masses are

Free electron-like bands ned; in ferromagnets are allowed to relax with increasing temperatdfe™'°we as-
thought to be responsible for tunneling in magnetic tunnePUMe a step barrier with parameters deduced from the experi-
junctions (MTJ9.21° These can be modeled by exchangeMent. An applied voltage drops smoothly in the barrier form-
split parabolic bands with density of staté8OS) propor- ing a sloping barrier. The DOS are modified by Fermi—Dirac

_N2mf[E-V(T)]-V2mf[E-V,(T)]

- ’ (3)
V2m* [E—V(T)]+2m}[E-V (T)]

P(T)

tional to statistics and used to calculate parallel and antiparallel con-
— ductances to determine TMR using the barrier T
ki=v2m? (E—-V)), (D matrix1718 The results of calculations for a typical Co/l/Co

wherem? is the effective mass and, is the bottom of each system are displayed in Figs. 1 and 2.

band. Recent evidence shows that these bands are Stoner- To facilitate a qualitative comparison, we have plotted
TMR/ITMR jax; P/Pmax @nd M/M o In Fig. 1, P is nearly
dElectronic mail: adavis@tulane.edu proportional to the magnetization. This near proportionality
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FIG. 1. Calculations for a typical Co/l/Co MTJ using bulk magnetization. FIG. 3. TMR(T) for various barriers. High thin barriers give milder
ATMR(T).

is associated with the coincidentally small curvature of the
bands near the Fermi level. HowevetP/dM is slightly — dependent barrier effect should be related to the degree of
larger at greateM (lower temperatune and d(TMR)/dM dissimilarity between the bands. Therefore we expect maxi-
shows a similar but exaggerated behavior. We see a larggum barrier effect for maximum splittindow temperaturg
(small sensitivity to small changes i at low (high) tem-  and minimum effect as the bands converge at high tempera-
perature. ture. This would account for the qualitative differences be-

Figure 2 shows the comparison between our model anéveenM(T) and TMRT) where we see that(TMR)/dT is
Julliere’s formula using a temperature dependent polarizagreater thamM(T)/dT at low temperature, can be similar to
tion. Our model produces greatAlTMR(T). For instance, dM(T)/dT at intermediate temperatures, and is less than
Julliere’s modified formula predicts a drop in TMR of 11.2% dM(T)/dT at high temperatures. In fact, a calculation using
when the magnetization changes by 5.0% while the tunnelinon which has greateAM(T) and lower T, produces a
calculation predicts a drop of 16.4%. At higher temperature®ell-shaped curve. Figure 4 shows that the temperature de-
d(TMR)/dT for the model may actually be less thdR/dT. pendent band structure contributes more strongly to the tem-

The difference between the two models is the way inperature dependence than does Fermi smearing. Figure 5
which the effect of the barrier is handled. The different pre-compares the model with data from a Co/@4/Co junction
dictions of the two implies that the results are sensitive to thdy LeClair et al*®
barrier description. Figure 3 shows the effect of varying bar-  LeClair's MTJs were prepared by ultrahigh vacuum
rier geometry on TMRT) where high-thin barriers give dc/rf magnetron sputtering(5x 10~ *° mbay through metal
milder ATMR(T). contact masks on &i00). In situ cleaning in Q plasma was

We can explain the barrier sensitivity of TMR in terms used to remove contamination and produce insulation from
of spin-dependent matrix elements which come from matchsubstrates. Barriers were formed by plasma oxidation of 2
ing spin-dependent states with spin-independent barriem Al in 10~ ! mbar G. A uniform exchange biasing direc-
states at two interfaces a finite distance apart. The barrigion was promoted by annealing in a magnetic figfdsitu
states depend on the barrier height. Our model only distinX-ray photoelectron spectroscopy ae# situ optical tech-
guishes between spins insomuch as the tunneling states origliques confirmed no Co oxidation and minimal metallic Al.
nate from different bands, so the magnitude of the spinin situ scanning tunneling microscopy on control samples

indicated flat films, small grains, and a mean roughness of

Temperature Dependence: Co/I/Co
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FIG. 2. Theoretical TMRT),P(T) using bulkM(T) for cobalt. Julliere’s
TMR calculated usind(T). FIG. 4. The effect of Fermi statistics.
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Temperature Dependence of TMR structure and is very sensitive to the barrier because of the
3¢ j j " ' LeClair X matrix which results from the matching of states at the inter-
AM=3.0% gﬁ?ggg? faces. The temperature dependence should be greatest at low
-------- 2M73:2% (To= 650K temperature where exchange splitting is maximum, but high
— T ] T. produces milderATMR(T) becauseAM(T) is milder.
w 30 K . More surface-like magnetization produces the best fit to the
£ .| ey S experimental signature.
**\ Finally, the assumption of bulk-like magnetization and
28 r R T exchange splitting proportional t™(T) likely underesti-
e | ~, mates the importance of the intrinsicTMR(T). Therefore
due to its large sensitivity to small changes in the magnetic
22 2o 100 150 200 250 sco  aso  Structure, large enhancements of TMR can be leveraged by
Temperature (K) small enhancements of magnetization.

FIG. 5. Calculated TMRT) compared to experiment. The top curve uses the Support at Tulane University was provided by DARPA
bulk magnetization curve for cobalf,c,=1402 K. The middle curve as- Grant No. MDA 972-97-1-003. P. LeClair is supported by

sumes a 30% reduction if, to 982 K. T, has been adjusted to fit the data the Dutch Technology Foundation STW. Thanks to Jinke
for the bottom curve. The total changehfrom 0 to 300 K was 3.2%. Tang, John Perdew, and Dave Ederer for many enjoyable
and useful exchanges.
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