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 system (0 
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≤

 

 1) com-
bining semiconductor and magnetic properties are
promising materials for spintronic devices whose oper-
ation is based on the spin-dependent properties of
charge carriers. In recent years, heterostructures
comprising alternating layers of iron and silicon
(Fe/Si) with thickness on the order of several nanom-
eters have been extensively studied. Investigations of
the exchange between ferromagnetic layers via a non-
ferromagnetic spacer is of both applied and basic inter-
est [1–3].

The preparation and investigation of Fe/Si hetero-
structures encounter considerable difficulties related to
a significant interdiffusion of iron and silicon with the
possible formation of various iron silicides at the inter-
faces between layers, which strongly modify the phys-
ical characteristics of these heterostructures. Owing to
their extremely high surface sensitivity, various elec-
tron spectroscopy techniques including the Auger elec-
tron spectroscopy (AES), X-ray photoelectron spec-
troscopy (XPS), and electron-energy-loss spectroscopy
(EELS) are best suited due for the study of elemental
composition and the formation of chemical compounds
in such thin films and multilayer structures. Investiga-
tions of thin iron and silicon films by various spectros-
copy techniques reported previously (see, e.g., [4–6])
mostly employed a traditional approach to the interpre-
tation of spectra, which is based on an analysis of the
positions and intensities of peaks as functions of the
ratio of iron and silicon concentrations and the experi-
mental parameters. However, this approach is fre-
quently low-effective because the electron spectra vary
rather weakly depending on the chemical composition.
For example, the energy positions of the peaks of bulk

plasmon losses in the EEL spectra of various iron sili-
cides vary within only about 1 eV at a peak width of
several electronvolts, which complicates the study of
the formation of chemical compounds at the Fe/Si
interfaces by the EELS method. At the same time, anal-
ysis of the available experimental data [7–9] shows that
the maximum differential cross sections for the electron
scattering in silicon and iron differ by a factor of more
than 2. In addition, the shape of the dependence of the
cross section on the electron energy losses and the posi-
tion of maximum in this dependence for Fe and Si are
also significantly different. These features provide a
basis for the quantitative study of the elemental compo-
sition and chemical compounds in the given system
using data on the differential cross section for inelastic
scattering of electrons.

At present, there is a sufficiently large amount of
experimental data on the cross sections for inelastic
scattering of electrons in various materials and their
relationships with the parameters of the EEL spectra.
Tougaard and Chorkendorff [10] first demonstrated the
possibility of calculating the differential cross section
for inelastic scattering of electrons using the EEL spec-
tra measured in the reflection mode. The original
numerical algorithm was verified on the reflection EEL
(REEL) spectra of aluminum. The cross section deter-
mined in this way was used for subtracting the back-
ground of inelastically scattered electrons from the
photoelectron spectra of aluminum excited by the
Mg

 

K

 

α

 

 and synchrotron radiation. In order to provide
a deeper insight into the properties of the electron scat-
tering cross section of various solids and determine
the limits of applicability of this approach, systematic
investigations of the cross section were performed for
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Abstract

 

—The values of the product of the inelastic mean free path and the differential cross section for inelas-
tic scattering of electrons have been determined from the reflection electron-energy-loss spectra of thin films of
the Fe
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Si

 

1 – 

 

x

 

 system (0 

 

≤

 

 x

 

 

 

≤

 

 1). A new approach to the quantitative analysis of components in such composite
media is proposed.
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a broad class of materials. In particular, Tougaard and
Kraaer [9] reported on the cross sections of Si, Cu, Ag,
Au, Ti, Fe, and Pd determined from an analysis of the
experimental REEL spectra for the primary electron
energies in the 300 eV–10 keV range. Based on these
results, Tougaard has developed a commercial program
package for the quantitative analysis of surfaces by
electron spectroscopy (QUASES

 

TM

 

_XS_REELS) [11],
which is intended for calculations of the product of the
inelastic mean free path (IMFP) and the differential
cross section for inelastic scattering of electrons using
the data of REELS. With this software, it is possible to
perform calculations in various regimes depending on
the type of experimental spectra.

The present investigation is devoted to assessing the
possibility of applying a new approach to the quantita-
tive analysis of the Fe

 

x

 

Si

 

1 – 

 

x

 

 system using experimental
REELS data on the product of the IMFP and differen-
tial cross section for inelastic scattering of electrons.

The samples were prepared in the preparation cham-
ber of a LAS-2000 ultrahigh-vacuum Auger spectrom-
eter (Riber, France) by thermal deposition of silicon
and iron onto 

 

p

 

-type Si(111) substrates with a resistiv-
ity of 5 

 

×

 

 10

 

–10

 

 

 

Ω

 

 cm and dimensions 22 

 

×

 

 5 

 

×

 

 0.3 mm.
Prior to deposition, the substrates were cleaned from
surface contaminations by annealing in vacuum
at 600

 

°

 

C for 4 h, followed by flashing to 1200

 

°

 

C for
1

 

−

 

2 min at a residual gas pressure of (1–2) 

 

×

 

 10

 

–7

 

 Pa.
The source of Fe atoms was a resistively heated tanta-
lum stripe with welded pieces of pure iron. The source
of Si atoms was a resistively heated silicon plate with
the same dimensions as the substrate. The rate of sili-
con deposition was about 0.07 monolayer per minute.
The composition of deposited films was varied by control-

ling the rate of Fe deposition. In this way, five samples of
the Fe

 

x

 

Si

 

1 – 

 

x

 

 system were prepared, in which the atomic
fraction of iron was 

 

x

 

 = 0, 0.22, 0.48, 0.70, and 1.
The atomic concentrations of elements were mea-

sured using the differential AES spectra and the known
elemental sensitivity coefficients. The primary electron
energy in these measurements was 

 

E

 

0

 

 = 3000 eV. The
concentrations of Fe ad Si were determined for the
Auger electron peaks at 92 eV (Si) and 703 eV (Fe),
using the elemental sensitivity coefficients from [12].
The film growth on the substrate was performed at
room temperature and a residual gas pressure of about
1 

 

×

 

 10

 

–7

 

 Pa.
The REEL spectra were recorded in the differential

mode at a primary electron energy of 

 

E

 

0

 

 = 300 and
1600 eV and a modulation voltage amplitude of 0.3 V.
For the quantitative analysis, the spectra were numeri-
cally differentiated, and the positions of peaks were
determined as corresponding to the maximum of

 

d

 

2

 

N

 

/

 

dE

 

2

 

, where 

 

N

 

(

 

E

 

) is the number of electrons with
the energy 

 

E

 

. Figure 1 shows the typical REEL spectra
of samples measured at a primary electron energy of

 

E

 

0

 

 = 300 eV. In the spectrum of pure silicon, the main
peak at 17.0 eV corresponds to the excitation of a bulk
plasmon, while the peaks at 33.9 and 50.7 eV are due to
losses for the excitation of double and triple bulk plas-
mons. The other peaks are, according to the published
data [5], due to the excitation of a surface plasmon
(10.3 eV) and the 

 

E

 

2

 

 interband transition (6.3 eV) in sil-
icon. The spectrum of pure iron also exhibits the char-
acteristic peaks [6] due to the bulk plasmon (22.5 eV)
and the surface plasmon (15.0 eV). The peak at 7.6 eV
is usually attributed to transitions from the edge of the
Fe3

 

d

 

 band to vacant states 1.5 eV above the Fermi
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Fig. 1.

 

 The typical REEL spectra of various samples of the
Fe

 

x

 

Si

 

1 – 

 

x

 

 system (shifted along the vertical axis in the order
of increasing Fe content), measured at a primary electron
energy of 

 

E

 

0

 

 = 300 eV. Figures at the peaks indicate their
positions in electronvolts; multipliers (

 

×

 

2, 

 

×

 

5) indicate the
amplification coefficients used in recording the spectra at a
gain exceeding unity.
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Fig. 2.

 

 The spectra of 

 

λ

 

K

 

 products calculated using the
experimental REEL spectra of silicon and iron recorded at
a primary electron energy of 

 

E

 

0

 

 = 300 eV.
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energy, while the peak at 55.5 eV corresponds to the

 

M

 

23

 

 interband transition. The quantitative interpretation
of the REEL spectra of intermediate compositions is
complicated because of a complexity of the spectra of
components and the large widths of the loss peaks. It is
only possible to follow a monotonic decrease in inten-
sity of the interband transition in iron with decreasing
content of this element in the composite structure.

After subtraction of the instrumental function and
numerical integration, the REEL spectra 

 

j

 

(

 

E

 

) were pro-
cessed using the QUASES

 

TM

 

_XS_REELS program
package for determining the product of the IMFP (

 

λ

 

)
and the differential cross section for inelastic scattering
of electrons 

 

K

 

(

 

E

 

0

 

, 

 

E

 

0 

 

– 

 

E

 

), where 

 

E

 

0

 

 is the primary elec-
tron energy). The algorithm for calculating the product
of 

 

λ

 

K

 

(

 

E

 

0

 

, 

 

E

 

0

 

–

 

E

 

) is as follows [10, 13]:

where 

 

c

 

 is the area under the elastic peak.

Figure 2 shows the results of processing of the
experimental REEL spectra of pure silicon and iron
recorded at a primary electron energy of 

 

E

 

0

 

 = 300 eV.
The results qualitatively and quantitatively agree with
the available published data [7–9]. Analogous results
were obtained for a primary electron energy of 

 

E

 

0

 

 =
1600 eV and for other samples with various contents of
silicon and iron. Figure 3 presents a plot of the maxi-
mum values of the 

 

λ

 

K

 

(

 

E

 

0

 

, 

 

E

 

0

 

–

 

E

 

) product versus iron
content in the system. As can be seen, these plots are
linear for both primary electron energies. The results of
our simulations of the λK value for silicon and iron

λK E0 E0 E–,( )

=  
1
c
--- j E( ) λK E0 E' E–,( ) j E'( ) E'd

E

E0

∫– ,

using a specially developed software [14] based on the
model of Yubero and Tougaard [7] showed that this
product for silicon increases from 0.080 eV–1 at E0 =
300 eV to 0.092 eV–1 for E0 = 1600 eV, while the prod-
uct for iron exhibits the reverse change, decreasing
from 0.027 eV–1 at E0 = 300 eV to 0.022 eV–1 for E0 =
1600 eV. These results agree with the experimentally
observed changes in the slope of the plots in Fig. 3
depending on the primary electron energy.

Thus, it is established that the values of the product
of the IMFP (λ) and the differential cross section (K)
for inelastic scattering of electrons can serve a quanti-
tative measure for determining the elemental composi-
tion of a composite medium from the calibration graph
of λKmax constructed for a series of reference samples.

Acknowledgments. This study was supported
within the framework of the “Spintronics” Program of
the Department of Physics of the Russian Academy of
Sciences (project no. 2007-3-1.3-24-01-286) and the
Russian Foundation for Basic Research (project no. 07-
03-00320).

REFERENCES

1. R. W. E. van de Kruijs, M. Th. Rekveldt, H. Fredrikze,
et al., Phys. Rev. B 65, 064440 (2002).

2. D. E. Bürgler, M. Buchmeier, S. Gramm, et al., J. Phys.:
Condens. Matter 15, S443 (2003).

3. R. R. Gareev, D. E. Bürgler, M. Buchmeier, et al., Phys.
Rev. Lett. 87, 157202 (2001).

4. M. V. Gomoyunova, D. E. Malygin, and I. I. Pronin, Fiz.
Tverd. Tela (St. Petersburg) 48, 1898 (2006) [Phys. Solid
State 48, 2016 (2006)].

5. V. G. Lifshits and Yu. V. Lunyakov, Electron Energy Loss
Spectra of Surface Phases on Silicon (Dal’nauka, Vladi-
vostok, 2004) [in Russian].

6. B. Egert and G. Panzner, Phys. Rev. B 29, 2091 (1984).
7. F. Yubero and S. Tougaard, Phys. Rev. B 46, 2486

(1992).
8. C. J. Tung, Y. F. Chen, C. M. Kwei, and T. L. Chou, Phys.

Rev. B 49, 16684 (1994).
9. S. Tougaard and J. Kraaer, Phys. Rev. B 43, 1651 (1991).

10. S. Tougaard and I. Chorkendorff, Phys. Rev. B 35, 6570
(1987).

11. http://www.quases.com.
12. P. V. Palmberg, G. E. Riach, R. E. Weber, and N. C. Mac-

Donnald, Handbook of Auger Electron Spectroscopy
(Physical Electronics Industries, Minnesota, 1972).

13. S. Tougaard, Surf. Interface Anal. 11, 453 (1988).
14. S. A. Kushchenkov, G. A. Aleksandrova, and A. S. Par-

shin, Proceedings of the 10th Regional Conference of
Students, Post-Graduates, and Young Scientists on the
Physics of Semiuconductor, Dielectric, and Magnetic
Materials (Inst. Automation and Control Processes,
Vladivostok, 2006), pp. 65–68.

Translated by P. Pozdeev

0.09

0 0.2
x

λKmax, eV–1

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0.4 0.6 0.8 1.0

E0 = 300 eV

E0 = 1600 eV
0.08

0

Fig. 3. Plots of the λKmax values versus iron content in the
FexSi1 – x system constructed using REEL spectra measured
at different primary electron energies E0.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


