
PHYSICAL REVIEW B 68, 134416 ~2003!
Optical and magneto-optical properties of nanocrystalline Fe-rich Fe-Si alloy films
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Magnetic, optical, and magneto-optical~MO! properties of nanocrystalline and amorphous Fe12xSix (0.0
<x<0.5) alloy films prepared by dc magnetron sputtering were investigated in the as-deposited state and after
annealing at 710 K. The optical conductivity~OC! spectrum of amorphous Fe0.51Si0.49 alloy film shows a great
resemblance to the OC spectrum of crystallinee-FeSi (B20) which implies that the same type of short-range
order is formed in this amorphous phase. All the crystalline Fe12xSix alloy films with 0.30<x<0.49 exhibit a
prominent absorption peak near 2.5–3.1 eV. The MO responses for nanocrystalline Fe12xSix alloy films
(0.21<x<0.30) exceed those of pure Fe films. Such an enhancement is closely related to the interplay
between the optical properties of Fe and Fe12xSix alloy films.
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I. INTRODUCTION

Since the discovery of the strong antiferromagnetic~AF!
coupling in the Fe/Si multilayered films~MLF! a lot of ef-
forts were devoted to understand its mechanism. If the sp
layer between Fe sublayer is not metallic, then the conv
tional theories of interlayer exchange coupling cannot be
plied to this system and such a coupling must involve a no
mechanism. It is well known that Fe and Si produce a r
variety of stable bulk binary compounds:1 nonmagnetic
orthorhombic b-FeSi2 (j phase!, nonmagnetic FeSi with
B20 type of structure (e phase!, ferromagnetich-Fe5Si3 with
Mn5Si3 type of structure and ferromagnetic Fe3Si with a
DO3 structure and a negative heat of formation of 19.4j
phase!, 17.6 (e phase!, 11.7 (h phase!, and 7.5 kcal/meta
atom, respectively.2 In addition to them several unstab
compounds at room temperature~RT! are also mentioned to
be grown. These include tetragonal metallic nonmagn
a-FeSi2, a metastable metallic nonmagnetic FeSi withB2
structure, and hexagonal ferromagnetic metallic Fe2Si (b
phase!.2,3 Therefore, it was hypothesized that a metal
metastable compound withB2 structure is spontaneous
formed in the Fe/Si MLF during the deposition. By using
combination of soft-x-ray fluorescence and near-edge x-
absorption fine-structure spectroscopy,4 x-ray structural
study,5 low-energy-electron diffraction, and Auger electro
spectroscopy6,7 and cross-sectional transmission-electr
microscopy8 it was confirmed that a metallic metastab
compound withB2 structure is spontaneously formed
Fe/Si MLF during the deposition.

The conclusion on the metallic character of the sponta
ously formed spacer between Fe sublayers in Fe/Si M
with AF coupling was also made in our previous work on t
basis of experimental and theoretical optical@and partially
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magneto-optical~MO!# studies.9 Extracted contribution from
the spacer to the total optical properties of the Fe/Si M
mostly matched to the results of the first-principles calcu
tions of the optical properties for the FeSi withB2 structure.9

The same approach was also employed by us to study
silicide formation in the Fe/Si MLF subjected to the io
beam mixing.10 By comparing the experimental OC spect
with the theoretical ones of various Fe silicides and referr
the results of magnetic measurements, we made the con
sion that the metastable Fe2Si silicide at RT is formed owing
to the ion-beam mixing on the top of such a MLF. Howev
these results were obtained by more or less indirect w
Therefore, it was interesting to grow such iron silicides a
study experimentally their optical properties. If the me
stable iron silicides are spontaneously formed between
and Si sublayers during the Fe/Si MLF deposition, it is na
ral to assume that this property may be used for the fabr
tion of pure silicide~without admixture of Fe! by choosing a
proper sublayer thickness. However, it was not successfu
fabricate these metastable silicides in this way.9

Some metastable phases of Fe-Si alloy phases can be
tained using a variety of techniques such as epitaxial-all
film growth, coevaporation, melt spinning, mechanical allo
ing, solid-state interdiffusion etc.11–14 In this work we
employed the codeposition of Fe and Si to produce of Fe
alloy films having a gradual change of alloy compositi
along the substrate from Fe-rich to Si-rich ones, expect
that a proper composition will be reached in some place
substrate, and due to the negative heat of the formation
silicide and/or additional heat treatment, some stable
metastable iron silicides can be grown.

On the other hand, Zhouet al. reported that the iron-rich
Fe-Si alloys exhibit a noticeable enhancement of about 4
50 % Kerr rotation in comparison with that for pure F
©2003 The American Physical Society16-1
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TABLE I. Parameters of prepared and investigated Fe-Si alloy films.

Sample Alloy Film thickness Film structure Film structure
No. composition ~nm! ~as deposited! ~after annealing!

1 Fe0.93Si0.07 417 cryst. N/A
2 Fe0.92Si0.08 384 cryst. N/A
3 Fe0.85Si0.15 182 cryst. N/A
4 Fe0.79Si0.21 134 cryst. N/A
5 Fe0.70Si0.30 137 amorphous ? cryst.
6 Fe0.61Si0.39 117 amorphous cryst.
7 Fe0.51Si0.49 135 amorphous cryst.
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film.15 However, without knowing the detailed optical pro
erties of these alloys, such an enhancement is hard to un
stand. Unfortunately, the only accessible data are concer
mainly nonmagnetic and nonmetallice-FeSi and FeSi2
silicides.16 To the best of our knowledge the optical and M
properties of neither FeSi (B2) nor Fe2Si as-well as Fe-rich
Fe-Si alloys were not experimentally investigated so
Thus, the purpose of this work is to fabricate the iron-ri
silicides and to experimentally study their optical and M
properties.

II. EXPERIMENTAL DETAILS

A set of Fe12xSix alloy films with 0,x,1 have been
prepared by the dc-magnetron face-to-face sputtering f
Fe and Si targets onto glass substrates (253120 mm2 in
size! held at RT. Because of the distance between two
gets, a certain compositional gradient was maintained al
the long side of the substrate. After deposition the film w
cut into 12 pieces along the short side of substrate, and
alloy samples of different composition were obtained. T
composition of each Fe12xSix alloy sample was determine
at its central part by x-ray fluorescence. We concentrated
attention on the iron-rich and equiatomic iron silicide
Therefore, only Fe12xSix alloy films from the compositiona
region of 0,x,0.50 were investigated. The parameters u
in the preparation of the Fe12xSix alloy films are summarized
in Table I. The structural characterization of Fe12xSix alloy
films was performed by high-angle x-ray diffraction~XRD!
with Co-Ka and Cu-Ka radiations. The magnetic propertie
@in-plane magnetization loopsM (H)] were measured at RT
and in a magnetic field of 1.5 T by using a vibrating sam
magnetometer~VSM!. Ferromagnetic resonance~FMR!
spectroscopy at RT for in-plane and out-of-plane configu
tions was also employed for the magnetic study. The det
of the measurements for the diagonal components of the
electric function~DF! tensor («̃xx5 «̃yy5 «̃zz5«5«12 i«2),
optical conductivity@(OC)s5«23v/4p# and MO @equato-
rial Kerr effect ~EKE! dp] can be found elsewhere.17 Since
the compositional region of 0.30<x,0.50 is the most appro
priate one for the expected silicides formation, the Fe12xSix
alloy films with 0.30<x,0.50 were annealed at 710 K fo
90 min in a high vacuum condition and then another co
plete set of measurements was repeated again.
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III. RESULTS AND DISCUSSION

A. Structural and magnetic properties of the Fe1ÀxSix
alloy films

The XRD results are shown in Figs. 1 and 2. It is seen t
the XRD spectra for Fe-rich alloys withx50.07;0.15 ex-
hibit only one well-defined diffraction peak located rath
near but not coincided with the~110!-peak position for bulk
Fe and the most intense diffraction lines for several ir
silicides. Further increase in Si content leads to the broad
ing of diffraction lines and to a rapid decrease in intensiti
The diffraction peak position and its width were obtained
fitting the raw XRD curves with Lorentzian function. Th
obtained data were also used for the calculation of me
grain size by using Debye-Sherrer formula. It is seen that
as-deposited Fe12xSix alloy films are nanocrystalline~or
even amorphous forx>0.39 where no XRD peaks were ob
served! with rather small mean grain size which strong
depends on the silicon content in alloy~see Fig. 2!.

The interplanar spacings for 0.07<x<0.39 determined
from the diffraction peak position are nearly independent
x. This contradicts to the well-known compositional depe
dence of the~110! a-Fe interplanar spacing for bulk Fe-S
alloys which follows the Vegard’s rule.~see Fig. 2!. On the
other hand, the theoretical lattice constant of Fe-Si solid
lution is almost independent of the concentration of Si wh
0<x<0.25.18 At the same time, the application of the e
tended x-ray absorption fine structure spectroscopy~EXAFS!
for the structural analyses of the Fe12xSix alloy films (0

FIG. 1. High-angle XRD spectra for the as-deposited films.
curves are shifted upward with respect to the curve 7 for clar
Arrows at the bottom indicate the location of the most intense
fraction peaks for bulk Fe,~a! «-FeSi(110), ~b! Fe3Si(220), ~c!
Fe2Si(110) ~Refs. 2,29!.
6-2
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,x,0.50) prepared by dc magnetron sputtering revea
that the substitution of Fe atoms by Si atoms within b
structure of a-Fe is observed forx<0.3 compositional
region.14 According to the phase diagram of bulk Fe-Si a
loys for 0.11<x<0.24 ana1-phase (DO3) is equilibrium at
RT. However, because of a little difference in lattice co
stants of these phases~2.48 and 2.44 Å, respectively! prob-
ably they cannot be distinguished in the nanocrystall
Fe-Si alloy films. The formation of the structure with a loc
order close to Fe5Si3 phase in amorphous Fe0.60Si0.40alloy
films was also observed by Dı´az et al.14

Annealing of the Fe12xSix alloy films with 0.30<x
<0.49 results in crystallization with a mean grain size
about 7–8 nm and some shift of the diffraction peaks to
high-angle side~see Fig. 2!. However, the location of thes
diffraction peaks is still far from the position of the mo
intense diffraction peaks for the possible iron silicides~see
Fig. 2!. Therefore, the results of XRD study do not allow
to confidently conclude that which kind of short-range ord
or local environment is formed in the annealed and parti
larly in the as-deposited Fe12xSix alloy films.

Figure 3 present the results of the magnetic measurem
for as-deposited and annealed Fe12xSix alloy films. M (H)
curve for the Fe0.79Si0.21 alloy film ~not shown! is nearly the
same as the Fe0.70Si0.30 film. It is seen that the saturatio
magnetizationM s gradually and nearly linearly decreas
with Si content. The observedM s(x) dependence for the
as-deposited Fe12xSix alloy films is in a good qualitative
agreement with the well-known results for bulk Fe-
alloys19 and experimental data of Zhouet al.20 for the nano-
crystalline Fe12xSix alloys prepared by mechanical alloyin
though the magnitude is slightly smaller. The compositio
dependence of magnetization measured by VSM for the
deposited Fe12xSix alloy films also agrees with the results
the FMR measurements~not shown!; the effective magneti-
zation of the Fe12xSix alloy films determined by the

FIG. 2. Interplanar spacing~solid symbols! for the as-deposited
~triangle! and annealed~square! Fe12xSix alloy films ~left scale!.
Dotted lines are for the guide to eyes only. Open symbols~right
scale! show the compositional dependence of mean-grain size
the as-deposited~triangle! and annealed~square! states. Solid
circles show compositional dependence of the~110! spacing for the
a-Fe ~Ref. 29!. Arrows labeled by 1, 2 and 3 indicate the~210!,
~110!, and ~220! interplanar spacings for thee-FeSi, Fe2Si, and
Fe3Si, respectively~Ref. 29!.
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absorption-derivative positions as well as the peak inten
also decreases as the Si content increases.

It is known that bulk Fe-Si alloys are magnetically so
and have coercivitiesHc of about 1 Oe. However, the coe
civity of our as-deposited samples forx<0.30 is noticeably
larger~about 30 Oe!. The softness of the nanocrystalline m
terials is related to low effective magnetostriction and sm
magnetocrystalline anisotropy due to random orientation
grains. Relatively high coercivity~for x<0.30 region! may
be related to the reduction of the magnetic-domain-wall m
bility due to grain boundaries with a high stress and dopi
For x>0.40, Hc increases by about an order of magnitu
~see Fig. 3!. The same behavior was also observed by Va
et al.21 for the nanocrystalline Fe12xSix alloys prepared by
melt spinning and by Ve´lez et al. for amorphous Fe12xSix
alloy films prepared by dc magnetron sputtering.22 According
to Varga et al.,21 in the x<0.30 region the cubic phase
(DO3 and bcc! are dominant in the nanocrystalline Fe12xSix
alloys. Vargaet al. relate the rapid growth ofHc for x
.0.30 to the appearance of the hexagonalh-Fe5Si3 phase,
which is called a ‘‘killer’’ of soft magnetic properties.21 A
strong decrease in the FMR line width observed for o
Fe12xSix alloy film with x50.30 in comparison with those
with x,0.30 can be explained in terms of small magne
anisotropy of this alloy. This result nicely agrees with t
well-known fact that Fe0.70Si0.30 alloy possesses the lowe
magnetic anisotropy among the Fe-Si alloys. The increas
Si content in the as-deposited Fe12xSix alloy films up tox
50.39 causes significant broadening of the FMR absorp

or

FIG. 3. Magnetization hysteresis loops for the as-depos
~solid lines! and annealed~dashed-dotted lines! Fe0.61Si0.39 alloy
film ~upper panel! and the compositional dependence of magneti
tion ~right scale, solid symbols!, and coercivity~left scale, open
symbols! for the as-deposited~circles! and annealed~triangles!
Fe12xSix alloy films.
6-3
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KUDRYAVTSEV, LEE, DUBOWIK, AND RHEE PHYSICAL REVIEW B68, 134416 ~2003!
line. Such a behavior also nicely corresponds to our mag
tization data obtained by VSM~see Fig. 3!.

Annealing of the Fe12xSix alloy films (x50.30;0.49)
results in noticeable changes of their magnetic propertie
different ways for different samples even though the satu
tion magnetization increases by nearly two times for
samples~see Fig. 3!. The coercivity for the annealed allo
films with x50.30 and 0.49 are nearly the same as for
deposited state, whileHc for annealed Fe0.61Si0.39 alloy film
is reduced by more than 2 times in comparison with
as-deposited state. It is seen that the in-plane saturation m
netic fieldHs for the annealed Fe0.70Si0.30 alloy film increases
by nearly an order of magnitude, while for Fe0.61Si0.39 alloy
film the opposite tendency is observed~see the upper pane
of Fig. 3!. On the other hand,Hs for the annealed Fe0.51Si0.49
alloy film is practically the same as for the as-deposited fi
The changes in the magnetic properties (M s andHc) due to
annealing of Fe12xSix alloy films observed by VSM are
similar to the changes in the FMR spectra. In-plane FM
absorption lines for all annealed films are shifted to the lo
field region, indicating the enhancement of magnetizat
and the absorption line for the annealed Fe0.70Si0.30 alloy film
becomes broader, while for the Fe0.61Si0.39 film it becomes
narrower. The changes in the linewidth~as well as inHs)
reflect the increase in perpendicular magnetic anisotropy
the Fe0.70Si0.30 alloy film possibly owing to the formation o
columnar structure and its decrease for the sam
Fe0.61Si0.39.

The structural dependence of the saturation magnetiza
for nanocrystalline Fe12xSix alloys was also observed b
Zhou et al.;23 the better the crystallinity, the larger the ma
netization. According to Zhouet al., both imperfections in-
side the grains and grain boundaries result in low magn
zation of nanocrystalline Fe-Si alloy films. Thus, th
enhancement of the saturation magnetization for our
nealed Fe12xSix alloy films may be due to some improve
ment of crystallinity. In addition to this mechanism the e
hancement of the saturation magnetization, as well
changes in coercivity, in the annealed state may be expla
by some structural and hence magnetic transformations~see
below!.

According to the Ostwald’s rule, a metastable system
ing to the equilibrium state has to come through the state
intermediate stability.24 A correlation between atomic struc
ture of liquid Fe-Si alloys and peculiarities of the phase d
gram was established by Il’inskiiet al.25 According to this
phase diagram the formation of the Fe3Si and FeSi clusters
near the corresponding compositions (x50.25 and 0.50! in
the liquid state was experimentally proven.25 Furthermore,
an EXAFS study of the nanocrystalline and amorpho
Fe12xSix alloy films by Dı́az et al.14 reveals that the loca
environment in amorphous phase at each Si concentra
corresponds to the simplest crystalline phase of alloy
such a concentration. Thus, using the phase diagram for
Fe-Si alloys and coming from the liquid state down the te
perature scale along the composition corresponding
Fe0.70Si0.30 one can find first an amorphous phase~as an ana-
logue of liquid state!, then a more stable structure, i.e.,
mixture of metastable at RTh phase and stablea1 phase
13441
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may be observed, and eventually, a mixture of both sta
ferromagnetica1 and nonmagnetice phases at RT will ac-
complish the way to the equilibrium state. For Fe0.61Si0.39

alloy the sequence of possible phases is assumed to b
follows; amorphous phase, then a mixture of metastableb
phase and stablee phase at RT, the next step to stability w
be a mixture of metastableh phase and stablee phase at RT,
and finally~as for the case of Fe0.70Si0.30 alloy! a mixture of
both stablea1 phase ande phases at RT. The differenc
between them is ascribed to the different contents ofa1 and
e phases in alloy. According to the phase diagram
Fe0.51Si0.49 alloy should be nonmagnetic after crystallizatio
to e phase. However, due to compositional gradient~of about
10% per sample width! the actual path to the equilibrium
state may be the same as for Fe0.61Si0.39 but with another
ratio of the formed stable phases at least for the iron-rich s
of this sample. Thus, the significant decrease in coerci
for the Fe0.61Si0.39 alloy due to annealing may be explaine
for example, by the structural transformation from the st
with an intermediate stability~mixture of h and e phases,
where the magnetically hardh phase is the dominant phas!
to an equilibrium state~a mixture of stablea1 ande phases!.
Insignificant changes inHc for the as-deposited and anneal
Fe0.70Si0.30 alloy films may be explained by the fact that
both states~metastable and stable! the magnetically softa1
phase is the dominant phase.

The enhancement of magnetization of Fe12xSix alloy
films upon annealing also may be explained with the help
the phase diagram. For the Fe12xSix alloy films with x
50.30 ~or 0.39! the total magnetization for the last step b
fore equilibrium one may be expressed asMFe0.70Si0.30

i 5Ma1

3Ca1

i (0.30)1Mh3Ch
i (0.30) @or MFe0.61Si0.39

i 5Mh

3Ch
i (0.39)1M e3Ce

i (0.39)] whereMa1
, Mh , andM e are

magnetization of thea1 , h, ande phases, respectively,Ca1
,

Ch , andCe are their contents in the state with an interm
diate stability. After the structural transformation of alloys
the stable configuration their resulting magnetization may
written asMFe0.70Si0.30

s 5Ma1
3Ca1

s (0.30)1M e3Ce
s(0.30) @or

MFe0.61Si0.39

s 5Ma1
3Ca1

s (0.39)1M e3Ce
s(0.39)]. It should

be reminded here that, in contrast to the phase diagram
the events in such a discussion take place at RT. Becaus
Ca1

s @Ca1

i for x50.30 ~as well as forx50.39, see phase

diagram! and Ma1
.Mh the Malloy

s .Malloy
i even thoughe

phase is nonmagnetic (M e50). In such an estimation the
saturation magnetization for the nanocrystalline Fe0.75Si0.25
and Fe0.625Si0.375 ribbons of 1.6mB and 0.7mB , respectively,
were used.26

Thus, our magnetic measurements suggest that the c
phases (DO3 or B2) are dominant phases for the a
deposited and annealed Fe12xSix alloy films with 0.21<x
<0.30. A significant amount of the magnetically hardh
phase is present in the as-deposited Fe12xSix alloy films with
0.39<x<0.49. Annealing of latter films causes the structu
transformation ofh1e→a11e type which explains the en
hancement of magnetization and decrease in coercivity
these samples.
6-4
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B. Optical properties of Fe1ÀxSix alloy films

s(\v) and«1(\v) spectra of the as-deposited Fe12xSix
alloy films (0.21<x<0.49) together with those of pur
Fe-film9 are shown in Fig. 4. It is seen that the optical pro
erties of pure Fe and Fe-rich Fe0.79Si0.21 alloy films practi-
cally identical to each other exhibiting a prominent abso
tion peak at 2.2–2.3 eV in the OC spectra. Increase in
content leads to the decrease in the magnitude of the O
the Fe12xSix alloy films, to some blueshift of the maximum
and also to the appearance of a small feature just below 1

Based on our magnetic measurements and also cons
ing the phase diagram of bulk Fe-Si alloys we are able
conclude that Fe12xSix alloy films with x50.21 and 0.49
contain mainly cubic (DO3) ande-FeSi phases, respectivel
This conclusion is further supported by the fact that the
spectrum for the as-deposited Fe0.51Si0.49 alloy film is rather
similar to those of bulk e-FeSi alloy and anneale
(0.4 nm Fe/0.4 nm Si)120 MLF, which crystallizes into
e-FeSi phase, taken from our previous work9 @see panels~c!
and ~d! in Fig. 5#.

A fully satisfactory description of the optical properties
Fe12xSix alloy films with x50.30–0.39 can be made b
means of two-phase model. The components of DF of m
tiphase system may be expressed in terms of the effec
medium approximation as follows;«alloy5CI3« I1(12CI)
3« II , whereCI is the fraction of alloy in phase I, and« I and
« II are DF for the phases I and II, respectively. This appro
is valid when the dimensions of the regions confining th
phases are comparable to the skin depth. It is seen tha
experimentals(\v) and«1(\v) spectra for Fe12xSix alloy
films with x50.30 and 0.39 may be reasonably described
this model withCI50.68 and 0.28, respectively~see Fig. 4!.
The obtained results look reasonable for bulk Fe0.70Si0.30 al-
loy in terms of the fractions of these phases in different sta
of alloy and may unexpected for the Fe0.61Si0.39 alloy. In-
deed, according to the results of our magnetic measurem

FIG. 4. Experimental~a! OC and ~b! «1 spectra for the as-
deposited Fe12xSix alloy films with x50.21 ~up triangle!, 0.30
~down triangle!, 0.39~circle!, and 0.49~square!. Both pure-Fe spec-
trum ~solid line! and fitted spectra~dashed and dotted line! are
shown.
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theh phase should be the dominant phase forx50.39. How-
ever, this contradiction may be avoided if some similarity
the optical properties ofa1 (Fe0.75Si0.25) and h phases
(Fe0.625Si0.375) will be assumed.

Annealing of the Fe12xSix alloy films causes noticeabl
changes in the OC spectra in a somewhat different way
different composition as shown in Fig. 5. While the over
magnitude of the OC spectra increases as a whole owin
the annealing of the alloys withx50.30 and 0.39, the ab
sorption peak in the OC spectrum of Fe0.70Si0.30alloy is blue-
shifted by about 0.3 eV, whereas it is almost unchanged
x50.39. After annealing the OC spectrum of Fe0.51Si0.49 al-
loy film resembles that of Fe0.41Si0.39 alloy. According to
previous discussions, all annealed Fe12xSix alloy films
should contain in the equilibrium state a mixture ofa1 ande
phases in proportions depending on alloy compositions.
annealing leads to more resemblance in the OC spectr
Fe12xSix alloy films; all OC spectra have rather simila
shape and exhibit an interband absorption peaks locate
2.5 eV (x50.30), 2.85 eV (x50.39), and 3.1 eV (x
50.49). It is also seen that the high-energy shoulder of th
peaks for the annealed samples is getting more intense, a
Si content increases~see Fig. 5!. The consistent blue-shift o
this peak in comparison with that of Fe0.70Si0.30 ~with in-
crease inx) results from the increased contribution from th
e-FeSi phase. The absorption peak observed at 2.5–3.1 e

FIG. 5. OC spectra for the as-deposited~solid! and annealed
~open! Fe12xSix alloy films with ~a! x50.30, ~b! x50.39, and~c!
x50.49. Panel~d! shows the OC spectra extracted from the spo
taneously formed silicide in the (30 Å Fe/22 Å Si)50 MLF ~solid!
and after ion-beam mixing~dashed!, annealed (4 Å Fe/4 Å Si)120

MLF ~dashed dotted-dotted line!, and bulke-FeSi alloy~dotted!.
6-5
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the OC spectra of Fe12xSix alloys (x50.30–0.49) may have
the same origin as the 2.4 eV peak of the Fe spectrum.
lattice constant of thea phase rapidly decreases with Si co
tent ~see Fig. 2!. This process should be accompanied b
‘‘stretching’’ of the energy bands from the Fermi level, an
considering the origin of this peak with its blueshift. How
ever, according to the results of our structural study, the
terplanar spacings of the as-deposited Fe12xSix alloy films
are nearly independent ofx. Therefore, the actual nature o
the main absorption peak in the OC spectra ofa1 phase may
be understood by the results of the first-principles calcu
tions. At the same time the complete diversity between
optical properties of newly obtained Fe12xSix alloy films ei-
ther in the as-deposited or annealed states and those of s
taneously formed spacer in the Fe/Si MLF or the top laye
the ion-beam-mixed one allows us to conclude that the m
stable FeSi (B2) and Fe2Si (B2) iron silicides cannot be
obtained by codeposition of Fe and Si.

C. Magneto-optical properties of Fe1ÀxSix alloy films

The EKE spectra for the Fe12xSix alloy films in the as-
deposited state and after annealing are shown in Figs. 6
7. It is seen that Fe12xSix alloy films (x<0.30) have mainly
the cubic structure (DO3 or bcc! and have the EKE spectr
which practically coincide with that of pure Fe film take
from our previous work.9 Although the concentrations of S
in these alloys are 21 and 30 at %, the magnitudes of
EKE spectra near 1.7 eV exceed~especially for annealed
Fe0.70Si0.30 alloy film by about 13%! that for pure Fe film
~see Figs. 6 and 7!. The EKE spectrum for the intermedia
region of compositionx50.39 still preserves the similarity
in the spectral shape, however, its magnitude is noticea
smaller. The EKE spectrum for the as-deposited Fe0.51Si0.49
alloy film drastically differs from all the other spectra in i
shape and magnitude. Annealing of the Fe12xSix alloy films
causes some enhancement of the MO response by abou
15 % without significant changes in the spectral shape~see
Fig. 7!. The enhancement of the magnitude of EKE spec
upon alloying of Fe with Si is somewhat smaller than th
observed by Zhouet al.15 for the nanocrystalline alloy films
with similar compositions, but the trend is the same.

As well known, the MO response of a medium depen
on its off-diagonal and diagonal components of dielec

FIG. 6. Experimental EKE spectra for the as-deposi
Fe12xSixalloy films ~symbols! and pure Fe film~Ref. 9! taken at the
angle of incidence ofw566°.
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tensor. Therefore, this phenomenon may be caused by
interplay between the optical constants of Fe and Fe12xSix
alloys and/or by the enhancement of the off-diagonal co
ponents of the DF.

In order to elucidate which mechanism is actually resp
sible for the enhancement, simulations of the EKE spec
for the Fe12xSix alloy films have been performed in th
framework of the effective-medium approximation. All th
cubic phases present in the Fe12xSix alloys for 0<x<0.28
@i.e., a-Fe, a1 (DO3), or a2 phases~bcc!# are based on the
bcc lattice. It is also well known that down tox'0.30 the
saturation magnetization for bulk Fe12xSix alloys decreases
nearly linearly with the Si content.19 In the region of solid
solutions~up to x'0.25) the resulting saturation magnetiz
tion (Ms) forms the so-called Slater-Pauling curve.18,27 This
means that the constituent atoms in Fe-Si alloys still h
their intrinsic properties. All these facts allow us to assu
that the nearly linear behavior of exchange-interactio
related parameters~i.e., the off-diagonal components of DF!
will also decrease nearly linearly withx.

The transverse or equatorial Kerr effect in a medium o
served at the angle of incidencew can be expressed in term
of the diagonal («̃5 «̃xx5 «̃yy5«11 i«2) and off-diagonal
( «̃xy52 «̃yx5 i «̃8; «̃85«1

82 i«2
8) components of its DF as28

dp52 sin 2w3S A3«1
8

A21B2
1

B3«2
8

A21B2D ,

where

A5«23~2«13cos2w21!,

d

FIG. 7. Experimental EKE spectra of the as-deposited~circle!
and annealed~triangle! Fe12xSix alloy films with ~a! x50.30, ~b!
x50.39, and~c! x50.49. The EKE spectrum for Fe-film~solid
line! and the model EKE spectra~dashed lines! are also shown. The
angle of incidence is 66°.
6-6



F

s

-
u

es
e-
th

lin

nt
-

Its

e

ed

le
th

p

c

a
an
in

line

s
per-
e-

ated

ase

on
ies

ter-

f

ag-
d by

us

of
f
An-
f

ear
ses
-

be-

d
cific
be-

gi-
nce
tion

- ia,

OPTICAL AND MAGNETO-OPTICAL PROPERTIES OF . . . PHYSICAL REVIEW B 68, 134416 ~2003!
B5~«2
22«1

2!3cos2w1«12sin2w.

In our model the scaled off-diagonal components of pure
were chosen as those for the DF of the Fe12xSix alloy films,
i.e., «1,2(Fe12xSix)

8 5 f (x)3«1,2(Fe)
8 , where f (x) is a scaling

factor. The measured optical constants of Fe12xSix alloy
films were used in the model as the diagonal component
the DF. The simulated spectra for Fe0.79Si0.21 ~not shown!
and Fe0.70Si0.30 @see Fig. 7~a!# nicely reproduce the experi
mental spectra for the as-deposited alloy films. The sim
lated EKE spectrum for the Fe0.61Si0.39 alloy film also rea-
sonably describes the experimental one, but with l
confidence@see Fig. 7~b!#. Furthermore, the resemblance b
tween the experimental and simulated spectra for
Fe0.51Si0.49 alloy film is completely lost@see Fig. 7~c!#. For
the region of linear decrease in magnetization the sca
factor f (x) is expected to be equal to (12x). However, in
order to fit the magnitudes of the modeled and experime
EKE spectra the scaling factorsf (x) were found to be some
what smaller than corresponding values of (12x), and the
higher the Si content in alloy, the larger the deviation.
compositional dependence may be expressed asf (x)5(1
2x)3y(x), wherey(x) is another fitting parameter. Figur
8 shows the compositional dependence of the functiony(x)
for the Fe12xSix alloy films in the as-deposited and anneal
states. The crossing of they(x) curve andy51 line occurs at
x'0.20 and x'0.30 for the as-deposited and annea
states, respectively. It means that the region, where
Slater-Pauling curve is still valid, is restricted byx'0.20
andx'0.30 for the as-deposited and annealed states, res
tively. This may manifest the enrichment of the cubic DO3
phase in the annealed films.

Thus, it is clear that the experimentally observed enhan
ment of the MO response for Fe12xSix alloy films with
0.20<x<0.30 in comparison with that of pure Fe film is
result of interplay between the optical constants of Fe
Fe12xSix alloy films. The deviation from linear decrease
the magnetization with increase inx and occurrence of the

*Electronic address: yplee@hanyang.ac.kr
1Binary Alloy Phase Diagrams, edited by T.B. Massalski~Ameri-

can Society for Metals, 1986!, Vol. I, p. 1100.
2P. Veillars and L.D. Calvert,Pearson’s Handbook of Crystallo

graphic Data for Intermetallic Phases~American Society for

FIG. 8. Compositional dependence of they coefficient for the
as-deposited~circle! and annealed~triangle! Fe12xSix alloy films.
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plateau of constant magnetization for the nanocrystal
Fe12xSix alloys in 0.2,x,0.3 region observed by Zhou
et al.15 and Dı́az et al.14 may have the same origin~i.e., in-
terplay of the optical constants! and should be considered a
an artifact, because these measurements have been
formed by using MO tool. At the same time, the disagre
ment between the shape of the experimental and simul
spectra for Fe12xSix alloy films with x50.49 ~and partly for
x50.39) allows us to presume that another noncubic ph
is the dominant phase in Fe12xSix alloy films in this compo-
sitional region.

IV. CONCLUSIONS

A set of nanocrystalline and amorphous Fe12xSix alloy
films with 0,x,1 have been prepared by dc magnetr
sputtering and their magnetic, optical and MO propert
were investigated for the 0,x<0.5 compositional range. By
analyzing the magnetic properties we can indirectly de
mine the structures of the Fe12xSix alloy films. According to
this approach the cubic structures (DO3 or bcc! are formed in
the Fe12xSix alloy films with x<0.30, while some trace o
hexagonalh-Fe5Si3 is present in 0.30,x,0.50 region. An-
nealing of the films causes noticeable changes in their m
netic properties. Most of these changes may be explaine
the enrichment of the cubic DO3 phase in the films.

The optical properties of nanocrystalline and amorpho
Fe12xSix alloy films with 0.21<x<0.49 were firstly investi-
gated. The OC spectrum of the amorphous Fe0.51Si0.49alloy
film shows the great resemblance with the OC spectrum
crystalline e-FeSi (B20), implying that the same type o
short-range order is formed in this amorphous structure.
nealing of the Fe12xSix alloy films results in the increase o
the resemblance between the OC spectra for all films~i.e.,
causes the formation of the prominent absorption peak n
2.5–3.1 eV! presumably due to the formation of same pha
in the equilibrium state of alloys, but with a different con
tents of these phases. For 0.21<x<0.30 compositional range
the MO responses of Fe12xSix alloy films exceed that of pure
Fe films. Such an enhancement is due to the interplay
tween the optical properties of Fe and Fe12xSix alloy films.

We were not able to fabricate the metastable FeSi (B2)
and Fe2Si (B2) alloy films by using codeposition of Fe an
Si and post-heat treatment. This may be explained by spe
growth conditions of the iron-silicide phases embedded
tween Fe and Si sublayers.
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