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Abstrad Compositonally modulated FeSi/Si amorphous films with a fixed FeSi layer thick- 
ness and different Si layer thicknesses have been studied by -Fe conversion electron 
Masbauer spectroscopy at toom temperature. The results showed that, with decreasing Si 
layer thickness, the hyperfine fields of samples increased and the thickness of the interface 
dead layers arising from the atomic interdiffusion effect decreased. These are due to the 
couplingeffect between the magnetic layers. When the Si layers are thinner than 8.8 A, the 
direction of the magnetization is out of the film plane, 

1. Introduction 

Recently, the study of compositionally modulated films (CMFS) has attracted much 
attention because these films possibly exhibit new magnetic properties. In particular, 
amorphous CMFS have no serious crystal-lattice-matching problems at the interfaces, 
and it is easy to obtain better modulated structures. Amorphous FeSi/Si CMFS with a 
fixed FeSi layer thickness and different Si layer thicknesses have been prepared by RF 
sputtering, and a good modulated structure has been obtained. 

In the FeSi/Si CMF, atomic interdiffusion between magnetic and non-magnetic layers 
would inevitably exist because of the ion implantation effect during the sputtering 
process and the solubility of Fe and Si. This results in the formation of paramagnetic 
dead layers at the interfaces. These dead layers directly affected the magnetic properties 
of the CMF [I, 21. When the non-magnetic layers are thin enough, magnetic coupling 
between magnetic layers is induced and strengthened with decreasing non-magnetic 
layer thickness. This will influence the dead layers and the internal fields of samples. In 
this paper, 57Fe conversion electron Mossbauer spectroscopy (CEMS) has been used to 
study the coupling effects of interlayers for the FeSi/Si CMF. 

2. Experimental details 

The amorphousFeSi/Si CMFS were prepared by anwsputtering systemwith two targets. 
During the process of sample preparation, the base pressure was about 1 X 10-6Torr, 
and then 99.999% pure AI gas was introduced. The Ar gas pressure was kept at 
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5 x Torr. The winput power was about 180 W. The substrates were glass slides of 
0.2 mm thickness and were cooled by water. The deposition rates of FeSi and Si were 
0.85 8. s-l and0.88 8. s-l, respectively. By alternatively controlling the sputtering time 
of FeSi and Si, a series of samples was obtained. The thickness of the FeSi layers was 
fixed at 17 A, while the thickness of the Si layers vaned from 8.8 to 101 A. The total 
number of bilayers was 40 for all samples. The reason for choosing the thickness of the 
FeSi layers as 17 8, is as follows: the study on the FeSi/Si c m  with different FeSi layer 
thicknesses and fixed Si layer thickness at 53A showed that, when the FeSi layer 
thickness is 17 8, or thinner, the samples showed small magnetic hysteresis loops and 
had a lower Curie temperature and lower saturation magnetization. These are some 
characteristics of two-dimensional magnetism [3,4]. When the thickness of the Si layers 
is varied, the influence of the coupling of interlayers on the magnetic properties of the 
FeSi/Si CMF would be reflected more distinctly. Single FeSi l i lms were also prepared for 
comparison. The composition of FeSi films determined by the electron microprobe 
analysis was Fem,5Silp,s. This is the lower h i t  of the composition where the amorphous 
feature is observed 151. No crystalline peak was observed for single FeSi films from x- 
ray diffraction measurement. 

The structural analysis of samples was made by using a standard x-ray diffractometer 
with Cu KLY radiation. Large-angle x-ray diffraction showed that all samples were 
amorphous. B r a g  peaks due to the modulated structure were observed in the small- 
angle region for all samples. Four orders of diffraction peaks can be seen mostly. This 
indicated that all samples havegood modulated structures. The modulated wavelengths 
of samples calculated using the Bragg diffraction law were in good agreement with the 
design values according to the deposition rates and the deposition time of FeSi and Si. 
The error was within 5%. 

Conversion electron Mossbauer spectra of samples were recorded at room tem- 
perature using a gas flow (CH3COCH3) proportional counter, a 5 mCi 5’Co-Rh source 
(in the constant-acceleration mode), and a 1024-channel multichannel analyser. The 
spectrometer was calibrated with a standard &-Fe foil. 
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3. Results and discussion 

Figure 1 shows the Mdssbauer spectra of FeSi/Si CMF samples with different thicknesses 
of the Si layers and a single FeSi film. For the FeSi/Si CMFS, the spectra can be roughly 
divided into two subspectra: one is a ferromagnetic sextet spectrum which originated 
from the ferromagneticpart in FeSi layers. Since the samples were amorphous, the lines 
are broadened. Theother isaparamagneticspectrumoriginatingfrom the nonmagnetic 
part at the interfaces, i.e. the dead layers. The spectra were fitted with the above two 
subspectrausingMeisel’s[6] method on aPDP 11/34computersystem. The fittedcurves 
are shown as the full curves in figure 1. The data of the Mossbauer spectra are listed in 
table 1. 

As shown in table 1, with decreasing thickness d8 of the Si layers, the hyperfine field 
Hf of the sample increases, while the percentage of paramagnetic component in the 
wholespectrum decreasesand sodoes the thicknessd,oftbedeadlayers whichisdefined 
as d,,,ap. Here d,  is the thickness of the FeSi layers; in our case, d,= 
17 8.. The parameters of the paramagnetic subspectrum (an isomer shift (IS) of about 
0.22 mm s-l (with respect to a-Fe), the quadrupole splitting (QS) of about 0.65 mm s-’ 
and thelinewidth(~w)ofabout 0.35 mm s-l) areindependentofthesi layerthicknesses. 
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Figure 1. Conversion electron Mossbauer spectra at mom temperature for asiogle FeSi film 
and FeSi/Si MFS: (a) the single FeSi film with a thickness of 1370 A; (b) FeSi (17 ,&)/Si 
(8.8 .&);(c)FeSi(l7A)/Si(13.2,&);(d)FeSi(17A)/Si(26.4~); (e)FeSi(17.&)/Si(53.&); 
(f) FeSi (17 A)/Si (101 A). The full a w e s  are the fitted a w e s .  

Table 1. CEMS data of the amorphous FeSi/Si w. d, is the thickness of the Si layers; Hr is 
the hyperfine field of samples (assume that Hr = 330 kOe for a;Fe), TIS is the linewidth of 
the first or sixth line and 6 is the isomer shift of the ferromagnetic subspectrum; IS, QS and 
Lw are the isomer shih,quadrupolesplittingandlinewidthoftheparamagneticsubspectrum, 
respectively;a',is thepercentageofthe paramagneticcomponent in the wholespectra;d,is 
the thickness of the dead layers. 

Ferromagneticcomponent Paramagneticcomponent 

Hr 6" Is' QS LW =P 
Spectrum &) (kOe) (mms-') (mms-') (mms-') (mms-') (mms-') (%) 

FigureI(a)b - 289.69 0.98 0.07 - - - - - 
Figurel(b) 8.8 725.87 0.80 0.17 0.22 0.65 0.35 4.06 0.69 
Figurel(c) 13.2 208.22 0.82 0.19 0.24 0.63 0.32 12.39 2.11 
Figurel(d) 26.4 195.26 0.84 0.22 0.21 0.72 0.36 16.80 2.86 
Figure l(e) 53 192.30 0.87 0.23 0.21 0.68 0.31 18.01 3.06 
Figurel(fj 101 190.82 0.85 0.23 0.22 0.62 0.34 18.50 3.14 

' With respect to #-Fe. 
Single FeSi film with a thickness of 1370 A. 
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Figure2.Thehyperfmefield H,(O)and thethick- 
ness dp (0) of lhe dead layers as functions of the 

0 thickness~,oftheSilayen.Thefullcurvesfor H, 
0 20 40 60 80 100 and d,, are from equation (1) and from equations 

(4) and (S), respectively. 

- ' O O L 1  

d. I l l  

They are the same as those of the FeSi/Si CMF with different FeSi layer thicknesses [I]. 
and close to those obtained from FesoSiso amorphous films reported by Oswald eta1 [7]. 
This indicates that for the FeSi/Si CMF with different FeSi or Si layer thicknesses, the Fe 
atomsin the dead layersarein thesame chemicalcircumstancesandgeometric structures 
which are similar to those in the amorphous FesoSiso films. 

Figure 2 shows the hyperfine fields Hf of samples and the thickness d ,  of the dead 
layers as functions of the thickness d, of the Si layers. When the Si layers are thicker than 
30 A, the values of Hf and d, change slightly with varying 4. When d$ becomes smaller 
than 30 A, the thickness of the dead layers decreases rapidly and the hyperfine field of 
the samples increases rapidly. When ds is reduced to a certain value, the thickness of the 
deadlayersdecreases tozero. Thisindicates that there is a coupling between the magnetic 
layers when the Si layers are thin enough. This coupling includes the dipolar and 
exchange interactions of magnetization in the magnetic layers through the barrier of the 
Si layers, and the exchange interaction of magnetic moments of the Fe atoms in the 
interfaces through the Fe atoms which are inevitably introduced into the Si layers by the 
sputtering process. Because of the atomic interdiffusion of interlayers which mainly 
came from the ion implantation effect during the sputtering process, a dead layer which 
consists of the paramagnetic clusters of iron atoms and a weak magnetic transitional 
layer with a lower concentration of iron atoms would be formed at the interface. When 
the Si layers are thick enough, the coupling between FeSi layers is very weak and even 
isolated, the magnetic properties of samples are mainly determined by the individual 
FeSi layers. When the Si layers are thin enough, the coupling between the magnetic 
layers strengthens rapidly. This results in a decrease in the number of paramagnetic iron 
atoms in the dead layers, and enhancement of the magnetic moments of iron atoms in 
the weak magnetic transitional layers. Therefore, the thickness of the dead layers 
decreases and the hyperfine field of the samples increases. 

The dependence of the thickness dp of the dead layers on the Si layer thickness d8 is 
assumed to be the following relation: 

d, = dp(-)U - exp[-P(d, - 01) (1) 
where dp(m) is the thickness of the dead layers with d, -+ y and tis the thickness of the 
Si layers at which d, = 0. pis a coefficient which determines the decreasing rate of the 
thickness of the dead layers with decreasing thickness of the Si layers. Equation (1) 
indicates that the iron atoms introduced into the Si layers by the sputtering process are 
in an exponential distribution with respect to depth into the Si layers. The experimental 
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data of dp are fitted by using equation (1). The result of the fittin is shown by the full 
cu~eofd~infigure2,whered,(m) =3.1 A,f= 58,and/3=0.13,&’.Thismeansthat, 
when the thickness of the Si layers is reduced to 5 A, the iron atoms diffused into the Si 
layers from the FeSi layers on both sides of Si layers superpose so seriously that the 
number of paramagnetic iron atoms in the dead layers decreases to zero, and the dead 
layers disappear accordingly. 

The hyperfine fields of the FeSi/Si CMF can be expressed as follows [l]: 

H f  Ht(m)[l - db/(dm - dp)l (2)  
where Hf(m) is the hyperfine field of amorphous Fe80,5Si19,, bulk alloy, d, is the thickness 
of the FeSi layers (in our case, d, = 17 A), dp is the thickness of the dead layers for the 
FeSi/Si CMF with the Si layers thickness of dv df, is the thickness of the effective ‘dead 
layer’ which originated asfollows. The weak magnetic transitional layersin the interfaces 
can be divided into two parts: one with the same hyperfine field as that in the interior of 
the FeSi layers and the other with a zero hyperfine field which is defined as the effective 
‘dead layer’. Since the CEMS measurements were performed at room temperature, the 
value of db would include the contribution of the dimensional effect [l]. It is easy to 
infer that, only when the thickness of the Si layers is reduced to zero, will the value of 
df, be zero and the value of H ,  will reach the maximum which corresponds to the 
hyperfine field of amorphous FeSi bulk alloy. Assume that the relation between db and 
d, satisfies equation (l) ,  i.e. 

df, = db(m)[l  - exp(-p’d,)] (3) 

where df,(-) is the thickness of the effective ‘dead layer’ when d,-t rs.. Substituting 
equations (1) and (3) into equation (2), the dependence of Hf on ds can be obtained as 
follows: 

and 

HI = Hf(m)Il  - [df,(m)/d,,,I[l- ex~(-P’d,)D ford, ~ t .  (5) 
Here Hr(m) = 302.4 kOe was obtained from the C E M  experiment on the FeSi/Si CMF 
with different FeSi layer thicknesses [l]; d,,, = 17 A, dp(m) = 3.1 A, f = 5 8, and p = 
0.13 A-’. A fit to the experimental data bas been made by using equations (4) and (5). 
The result is shown in figure 2 by the full curve of Hf, where db(m)  = 5.1 A,  and p’ = 
0.18A-’. As shown in figure 2, the theoretical curve is in good agreement with the 
experimental data. This indicates that equations (4) and (5) describe appropriately the 
dependence of the hyperfine fields of samples on the thickness of the Si layers. 

In the Mossbauer spectra with six l i e s ,  the relative peak intensity of the second or 
fifth line reflects the angle between the direction of the hyperline field and prays. We 
can see from figure l (b)  that, for the sample with Si layers as thin as 8.8 A, the peak 
intensity of the second or fifth line in the Mossbauer spectrum is much lower than others 
but, for other samples with thicker Si layers, the peak intensity of the second or fifth l i e  
is higher than that of the first or sixth line as shown in figure 1. In order to identify this 
difference, we inspected the magnetic properties of various samples with different 
Si layer thicknesses and found that the sample with Si layers as thin as 8.8 8, has a 
perpendicular anisotropy as large as 3 x 10‘ A m-’ (about 400 Oe) (measured by the 
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hysteresis loop and the magnetic torque), but the others do not have this anisotropy or 
only have avery small anisotropy. Thisindicates that the difference between the relative 
peak intensities of Mossbauer spectra is caused by the difference between the mag- 
netization directions of the samples with respect to the yray direction, For the sample 
with Si layers as thin as 8.8 A, the direction of magnetization is out of the film plane, but 
for the others it is in the film plane. The origin of this perpendicular anisotropy is not 
clear yet. It seems different from the surface (or interface) anisotropy proposed by N6el 
[8] and Gradmann [9] and is probably related to the coupling of interlayers. 

X D Ma et al 

4. Conclusions 

The CEMS study on amorphous FeSi/Si CMFS showed that the coupling between the 
magnetic layers strengthened with decreasing Si layer thickness. This results in decreas- 
ing thickness of the dead layers at the interfaces and increasing hyperfine fields of FeSi/ 
Si CMFS. The thickness of the dead layers decreases exponentially with decreasing Si 
layer thickness. When the thickness of the Si layer is reduced to 5 A, the dead layers 
disappear. When the Si layersare thinner than 8.8 A, the direction of the magnetization 
is out of the film plane. 
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