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Study of the barrier height in exchange coupled
Fe/Fe,_,Si, (x>0.70) multilayers

Yasushi Endo,® Osamu Kitakami, and Yutaka Shimada
Research Institute for Scientific Measurements, Tohoku University, 2-1-1 Katahira, Aoba-ku,
Sendai 980-8577, Japan

FelFg _,Si, multilayers show distinct antiferromagnetiAF) coupling for a wide spacer
composition range 0.50x<1.00. As the Si content increases, the spacer changes from metallic
to insulating and the AF coupling strength is significantly enhanced from 0.05 to 1.20 ergfcm

We have explained the temperature dependence of the coupling cordstants], in terms of the
guantum interference model by taking an unknown energy differénceU —eg) as a fitting
parameter, whereg is the Fermi level of Fe and is the potential of the Re ,Si,. The aim of the
present work is to determine the quantityexperimentally for the insulating composition range of
x>0.70. The quantityA was evaluated both fromi—V characteristics and the temperature
dependence of the resistivity with the current perpendicular to the sample plane using a crossed
electrode geometry junction. It is found that the barrier height increases from 0.15 to 0.70 eV with
increasing the Si content These values almost agree with the paramataeteduced from the
temperature dependence &f and J,. This agreement supports the validity of our previous
calculations based on the quantum interference model20@0 American Institute of Physics.
[S0021-897€00)88708-3

I. INTRODUCTION nominal Fe_,Si, layer thicknesg, varied from 5 to 25 A.

Interlayer magnetic coupling of metallic multilayers has The Si contenix of the spacer was varied in the range of
been investigated intensively since the discovery of the giar@.70<x=<1.00, where the spacer exhibits insulating proper-
magnetoresistance effect in Fe/Cr multilayerRecently, ties, such as high electric resistivity and its negative tempera-
there has been a renewal of interest in the interlayer couplingire dependence. During the deposition process interdiffu-
between adjacent magnetic layers across a nonmetallon occurs at Fe/ke,Si; interfaces to some extent,
spacer, such as Si, Ge, and so on. A typical example is theducing the effective spacer thicknés$ According to our
Fe/Si multilayer systerﬁfg Very strong antiferromagnetic precise structural characterization using low-angle x-ray dif-
(AF) coupling has been found when the Si layer is very thinfractometry and magnetization measureméniffusion is
(~10 A). However, the origin of the coupling still remains most serious for pure Si1.00) and consequently de-
unclear. In the previous workwe found distinct AF cou- creases the effective spacer thickness. By decreasing the Si
pling in Fe/Fe_,Si, for a wide Si composition range of content of Fe_,Si,, the effective spacer thickness ap-
0.50<x=<1.00. With the increase of the Fe,_,Si, changed proaches the nominal valiugdue to suppression of interdif-
from metallic to insulating around~0.70 and both bilinear fusion. The barrier heightA was evaluated froml -V
and biquadratic coupling constants,J, were considerably characteristics with the current perpendicular to the sample
enhanced. As shown in Fig.%the J, monotonically in- plane using a crossed electrode geometry juncfiofine
creases from 0.08at x~0.05 to 1.20 erg/crh (at x=1.00). barrier thickness is assumed to be equal to the effective
The interlayer coupling in the insulating spacer region is
extremely strong compared with those of usual metallic

multilayer systems. We explained this strong coupling and ‘GE\ 15
its temperature dependence in terms of the quantum interfer- o T
ence model formalized by Brukbby taking the energy dif- 5 :
ferenceA(=U—¢g) as a fitting parameter, wheeg is the I 4L
Fermi level of Fe andJ is the potential of Fg_,Si,. B C

The aim of the present work is to determine the barrier 5 B
heightA experimentally in order to check the validity of our = 0.5
previous calculations based on the quantum interference by i
model. & o ;.
IIl. EXPERIMENT 8

Si content x

A series of Fe/Fg_,Si,/Fe trilayers was grown by sput-
tering with the Fe layer thickness fixed at 100 A and theFIG. 1. Interlayer coupling, andJ, of Fe/Fg _,Si, multilayers as a func-
tion of Si contenix (see Ref. § Empty circles(O) and solid diamond§4 )
indicateJ, andJ,, respectively. The solid and dotted lines are guides to the
3E|ectronic mail: endo@rism.tohoku.ac.jp eyes.
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FIG. 2. Barrier height A and crystalline coherence lengtl§ of GC> =
Fe(100 A)/Si(ts A)/Fe(100 A) as a function of spacer thicknéss Empty X c L
circles(O) and solid diamond¢# ) indicate A and ¢, respectively. E L
» SF ¢
2 -
spacer thickness determined by the structural analyses de- :Eg Goloooelonaalernl
scribed elsewherIn this work, the junction area was set to | 07 08 09 1

100 um? to keep uniform current flow over the junctidh. Si content x

FIG. 3. (a) Barrier heightA and (b) effective spacer thicknesgy of
IIl. RESULTS AND DISCUSSION Fe/Fg_,Si /Fe as a function of Si content of Fe,_,Si,. In (a), empty
circles (O) show the barrier height determined fromV properties, and
Figure 2 shows the crystalline coherence len§jilong  crossegx) indicate the values deduced from the temperature dependence of

the film normal and the barrier heightA of J; andJ, based on the quantum interference modeke Ref.
Fe(100A)/Si¢;A)/Fe(100A) as a function of Si spacer
thickness. The coherence lengtls larger than each Fe layer
thicknesst,=100A for t;<15A and becomes equal t@
for t>15A. This result indicates that the spacer is crystal
line for t<15A due to severe interdiffusion and an amor-
phous or heavily disordered phase appeargdorl5A, as
already confirmed by low-angle x-ray diffractometry and
cross-sectional transmission electron microscdp&EM)
observation§:® This structural change affects the barrier
Bﬁfshet Z)'(?Qtlll!c?r?gyt-)a'r:r?;trsieliZjﬁ,iSV\;hSefsem;meagfggfﬁg\Lf with the barrier height deduced from the temperature depen-
which is equal to the value of amorphous Si reported bfence ofJ; andJ,.

Meserveyet al® In a previous paper, we have already dis-

cussed the interlayer coupling behavior caused by amodY. CONCLUSION

v 4 . .
phous Sﬂ_ With decreasingts below 15 A, the Spacer  |n summary, we have determined the barrier height of
changes into a diffused crystalline phase and the barrigte/rg _ Sj, /Fe for the insulating spacer composition range
height abruptly increases abode-0.70 eV. In general, very (x~(.70) from thel -V characteristics with the current per-

strong AF coupling has been found in this thickness ranggengicular to the sample plane using a crossed electrode ge-
(ts~13A).% From the present result, strong AF coupling ometry junction. It is found that the barrier height in-

in Fe/Si is mediated by the diffused insulating spacer Withgreases from 0.15 to 0.70 eV with increasing the Si content
the energy gap of 2~1.40eV. This value coincides with y These values agreed very well with those deduced from
the barrier h(gelght dedu_ced from the temperature dependengge temperature dependencelefandJ, based on the quan-

of J; andJ,,” as described later. In the present work, NOW-ym interference model. All these present results indicate that
ever, we assumed t'hat the barrier thickness is equal to thge very strong AF coupling found in Fe/FgSi, multilay-
effective spacer thickness evaluated from the structurgy,s is caused by the diffused insulating spacer with a some-

analyses. Therefore, to some extent, there might be SOMgnhat |arge barrier height and a small effective spacer thick-
uncertainty in the evaluated barrier height. ness.

In the same manner, we evaluated the barrier helght
and the effective spacer thickneds; for a series of
Fe/Fg_,Si /Fe0.70<x=<1.00). Figures @) and 3b) show
the barrier height\ and the effective thicknegsy as a func- One of the authorgY.E.) was Research Fellow of the
tion of the Si contenk. In Fig. 3a), open circles indicate the Japan Society for the Promotion of Science and acknowl-
measured barrier height using the experimentally determineddges financial support by the Storage Research Consortium
tefr and crosses show the values deduced from the temperax Japan. The low-angle XRD measurements were performed
ture dependence df andJ,.® We note that both data agree at the Laboratory for Developmental Research of Advanced

very well and give a monotonic increase of the barrier height
and a decrease of the effective thickness with increasing the
Si contentx of Fe, _,Si.
As mentioned above, it is concluded that the very strong

AF coupling found in Fe/Fe ,Si, multilayers is caused by
the diffused insulating spacer with a somewhat large barrier
height and a small effective spacer thickness. The barrier
height depends on the Si conteqtand this value coincides
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