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The magnetization of Fe/Si multilayers, grown by thermal evaporation in an ultrahigh vacuum
system, was investigated at high temperatures. Magnetization and its temperature dependence up to
a high temperature of 800 K depend on individual Fe layer thickness dg.. This dependence is the
result of the formation of an Fe-Si interface layer (nonmagnetic phase) during the synthetic
procedure. The fraction of this Fe—Si nonmagnetic phase is estimated versus dp.. At temperatures
higher than 400 K an irreversible decrease in the magnetization occurs. A quantitative analysis of
this irreversible behavior is proposed in terms of an exponential diffusion-like kinetic equation for
the reaction that produces the Fe—Si nonmagnetic phase. The coefficients of the rate equation are the
activation energy E, and the prefactor D\, which have been determined for different dp.. © 2008
American Institute of Physics. [DOI: 10.1063/1.3005973]

I. INTRODUCTION

Interest in (Fe/Si),, multilayer magnetic structures has
increased in recent years as a result of their unique physical
properties and prospects for practical applications.l_9 The
transport of spin-polarized electrons across a ferromagnetic/
semiconductor interface with a Si semiconductor layer is
also interesting for spintronics because it opens the possibil-
ity of integrating the spin degree of freedom into Si-based
technology.

In addition to dimensional quantum effects and the inter-
layer magnetic coupling effect, the physical properties of the
multilayer structure (Fe/Si), are governed by the iron sili-
cide phases formed at the interface.'” Thus, (Fe/Si), films
with controlled nanometer-thickness layers are good systems
in studying iron silicide synthesis by solid-state reactions.

According to the Fe-Si phase diagram11 there are two
stable silicide phases (FeSi and FeSi,) below 800 °C. The
solubility of Si in Fe is about 26 at. % in this temperature
range. As the composition of Fe,;_,Si, with x close to 0.25 is
approached [i.e., the a-Fe (bcc structure) region on the phase
diagram], the film transforms into an ordered structure with a
cubic unit cell of the BisF type. The considerable contribu-
tion of the interface to the total energy of (Fe/Si),, films with
nanometric layers results in the formation of phases that do
not exist on the equilibrium bulk phase diagram. The identi-
fication and study of such silicide phases with diffraction
techniques are difficult because of their small volume.

From experimental investigations of the structure and
composition of Fe/Si films (by Mossbauer spectroscopy) it
was concluded that the following stable phases are formed at
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the Fe/Si interface: magnetic solid solutions Fe—Si,lz’16 non-

magnetic silicides e-FeSi, B—FezSi,lz’ls’16 and metastable sil-
icides Fe;Si,'*"® a-FeSiy,'*'"” and ¢-FeSi.'*'*!* In Ref. 14 it
was shown that for Si layers up to 1.5 nm in Fe/Si multilay-
ers grown by molecular-beam epitaxy (MBE), the whole in-
termediate layer between Fe layers is formed by crystal
monosilicide c-FeSi (metastable metal phase with a structure
of the CsCl type), with the lattice epitaxially arranged with
the neighboring Fe layers. This conclusion is restricted to the
growth method and sample quality described in Ref. 14, and
cannot be generalized to all Fe/Si structures.

Nonmagnetic silicide phases in (Fe/Si), films are
formed both during and after the synthetic procedure. The
volume of nonmagnetic phases is determined both by the
equilibrium phase diagram and the kinetics of phase forma-
tion, because the time required to reach thermodynamic equi-
librium at room temperature (RT) is very long. The high
concentration of structural defects in (Fe/Si), films causes
considerable changes in the kinetic factors of the various
atomic transport processes existent in the films, in compari-
son with diffusion in bulk samples.'7

The objective of this work is to find the relative amount
of nonmagnetic phases, which are formed both during the
synthetic procedure of (Fe/Si),, films and, as a result, of high
temperature silicide formation processes, using magnetic
measurements. We study in situ temperature and time depen-
dences of film magnetization during annealing in a supercon-
ducting quantum interference device (SQUID) magnetome-
ter.

Il. EXPERIMENTAL

The starting samples were grown on Si(100) and Si(111)
substrates with a thin SiO, buffer layer by thermal evapora-

© 2008 American Institute of Physics
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tion in ultrahigh vacuum (UHV) at RT using the modernized
MBE “Angara” setup.18 The base pressure in the growth
chamber was 2.1 X 1077 Pa. The component materials were
evaporated from refractory (boron nitride) crucibles. The
evaporation process was controlled by a computer system,
which includes a hardware-software complex for the opera-
tion of the UHV and of the evaporators block.'® The growth
rate was monitored in situ by a high-speed laser ellipsometer
LEF-751M, and was 0.3 nm/min for iron and 1.4 nm/min for
silicon. The films investigated are Si(hkl)/SiO,/Fe(d)/
Si(1.5 nm)/Fe(d)/Si(1.5 nm)/Fe(d)/Si(10 nm) with vari-
ous values of dp, (1.2, 1.6, 2.6, and 3.8 nm). Additional
checks of the thickness of the Fe layers were carried out ex
situ by x-ray fluorescence analysis. The compositions of the
layers deposited were studied by Auger electron spectros-
copy and electron energy loss spe:ctroscopy.18 The small-
angle x-ray scattering (SAXS) data for the multilayer
(Fe/Si), films obtained revealed typical superlattice peaks.
The composition modulation periods (from SAXS) are in
good agreement with the values determined using such ex-
perimental parameters as the evaporation time and the
growth rate."”

The magnetic measurements on (Fe/Si), were carried
out using a SQUID magnetometer with applied fields up to
50 kOe. The measurements in the temperature range from
4.2 to 400 K were done with the standard plastic straw
sample holder. From 300 to 800 K the oven option was used
with the sample holder consisting of a twisted thin aluminum
foil sheet where the sample is located in the middle of the
resulting rod.”® In the SQUID the sample was held in a he-
lium atmosphere of 2 mbar pressure providing clean anneal-
ing and in situ measurements during the annealing.

The easy axis of magnetization is parallel to the film
plane at zero field, as evidenced by the typical rectangular
magnetization hysteresis loops measured with applied field H
parallel to the film plane. The value of the coercivity for the
samples ranges from 60 to 200 Oe."” The magnetization M
versus temperature T measurements for (Fe/Si), multilayers
were carried out in the external field H=700 Oe sufficient to
guarantee magnetic saturation.'* The diamagnetic contribu-
tion, determined in an independent measurement on a blank
substrate, was subtracted from the data.

The values of the magnetization of the a-phase in the
Fe-Si system are in the range of 1200 Gs (Fe;Si) to 1700 Gs
(Fe).21 Thus, reduction in the magnetization below these val-
ues is caused by the formation of nonmagnetic phases (sili-
cide); therefore, the amount of nonmagnetic phases is pro-
portional to the loss of magnetization.

lll. RESULTS AND DISCUSSION

The temperature dependence of magnetization is pre-
sented in the Fig. 1. Magnetization is calculated as the ratio
of the total magnetic moment of the sample to the total vol-
ume of Fe in the film. It is evident that both the absolute
magnetization value and its temperature dependence are dif-
ferent in films with various d.; with decreasing df, the value
of magnetization at T=0, (M) decreases, and the slope of
the low temperature dependence increases. The M(T) curves
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FIG. 1. The magnetization M(7T) as a function of temperature (in heating
process) of the Si(hkl)/SiO,/Fe(d)/Si(1.5 nm)/Fe(d)/Si(1.5 nm)/Fe(d)/
Si(10 nm) samples. (a) Si(100) substrate. (b) Si(111) substrate.

are different for films prepared on substrates of silicon cut
along different crystallographic orientations, (100) and (111).
The common feature of all M(T) dependence is the irrevers-
ible magnetization behavior above a temperature 7 in the
range of 400-650 K (Fig. 2). The films deposited on Si(111)
(for all films with different values of dp,) and some films on
Si(100) (dp.=1.2 and 1.5 nm) become nonmagnetic after
high temperature measurements above T, (T is the tempera-
ture of a-Fe phase disappearance in the process of nonmag-
netic silicide formation); i.e., after long annealing at these
temperatures and subsequent cooling to RT the films are non-
magnetic. In contrast, for the films deposited on Si(100) with
dr.=2.5 and 3.8 nm the magnetization is nonzero after cool-
ing from high temperatures; i.e., after the irreversible trans-
formation in these films some amount of the magnetic phase
still remains. The irreversible reduction in magnetization at
high temperatures (above Ty) is caused by the formation of
nonmagnetic silicides. It should be noted that the M(T) be-
havior above T and T, value will be affected by the rate of
heating, which was 5 K/min for the curves presented in
Fig. 1.

The difference between the properties found for (Fe/Si),
deposited on Si(100) and Si(111) substrates is characteristic
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FIG. 2. The typical magnetization dependence on temperature for the
sample  Si(111)/SiO,/Fe(1.2 nm)/Si(1.5 nm)/Fe(1.2 nm)/Si(1.5 nm)/
Fe(1.2 nm)/Si(10 nm). Solid curve corresponds to the spin-wave theory
fitted to the data below 400 K and extrapolated above. The arrows indicate
the heating and cooling thermal processes. T is the onset temperature of the
irreversible formation of silicides and 7/ is the end temperature of complete
transformation. T is the predicted Curie temperature in the absence of the
transformation process.

and reproducible. It seems surprising, because usually the
Si(100) and Si(111) wafers are covered with native amor-
phous silicon oxide, which should result in the same behav-
ior. We can explain this behavior in the growth studies as
follows. For the thick samples with dr,=2.5 and 3.8 nm the
amount of Fe and Si atoms is such that after all chemical
transformations the two phase mixture of the nonmagnetic
iron silicide and the magnetic Fe;_,Si, solid solution with the
bce Fe structure is formed according to the equilibrium
Fe—Si phase diagram. For films with dr.=1.6 and 1.2 nm the
composition should fall in the phase diagram region of the
mixture of two nonmagnetic silicides, FeSi and FeSi,. The
data of Fig. 1(a) for Si(100) are in full agreement with these
arguments. Nevertheless for the films on the Si(111) there is
no magnetic phase after heating for any dp.. This suggests
that in this case there is some external source of Si atoms and
we think that it is the substrate itself. The lower quality of
the Si(111) surface morphology, in our opinion, may result in
pinholes in the silicon oxide native layer, and the extra Si
atoms penetrate through these pinholes into the Fe-Si inter-
face. The better quality of the Si(100) surface prevents this
process for the Si(100) substrate.

The reversible M(T) dependence in the range of tem-
peratures from 4.2 K up to 400 K has been studied in detail
in Ref. 10. The experimental curve has been fitted with the
expression

M(T)=M(1 - BT*> - CT°?), (1)

where the thermal reduction in magnetization is due to exci-
tation of thermal magnons. It allows the determination of
such parameters as the magnetization M, at 0 K and the
value of the Fe—Fe exchange constant. In Fig. 3 the values of
M, versus dg, are shown. The decrease in M|, with decreas-
ing dp, is a result of the formation of Fe silicide compounds
at the Fe/Si interfaces during the synthesis. The other reason
for M, suppression may be the antiferromagnetic interlayer
exchange coupling, which is known for the Fe/Si/Fe struc-

J. Appl. Phys. 104, 094703 (2008)

Er=i0bFe --mrmrmrmmmmmomomnoneanee G-
1500 | 0
F- FesSi L S R ———
m I
€ 1000 - .
= [
500 |
0“ll\\\\II\\\I!\\\II\\\\II

o

1 2 3 4 5
dFe (nm)

FIG. 3. The saturation magnetization at 7=0 K, M,, for the different
samples with varying dg.. (O) Multilayers deposited on Si(100) (@) Multi-
layers deposited on Si(111). (—) Saturation magnetization of bulk a-Fe and
Fe;Si.

ture and has also been detected in our samples by magnetic
resonance measurements.® However in this work we measure
the magnetization in an external magnetic field sufficiently
strong so as to overcome the antiferromagnetic coupling.

The diffusion coefficients at RT in the Fe—Si system are
(in decreasing order): the diffusion of Fe in Si (Ref. 22)
(~7X 1071 cm?/s), the diffusion of Si in a-Fe (Ref. 11)
(~8x1073¢ c¢m?/s), and the self-diffusion of Fe in a-Fe
(Ref. 11) (~1x10™*" cm?/s). The characteristic time of Fe
diffusion in Si to a depth of ~1 nm is of the order of several
seconds at RT. It assumes that the primary process in our
samples during synthesis is Fe diffusion into Si, which re-
sults in the iron silicide formation. It is most probable that all
Si atoms of the silicon spacers (1.5 nm) participate in iron
silicide formation. Besides, silicide formation at high tem-
peratures is also originated by the diffusion of Si (from the
top layer of ~10 nm) into the reaction zone through the
already formed silicide layers.23 The enthalpies of formation
for the two silicides FeSi and FeSi, are equal to —8.8 and
—6.2 kcal/mol, respectively;'l therefore the formation of
FeSi is more probable.

The value of magnetization M, can be expressed in
terms of the nonmagnetic silicides volume fraction x as fol-
lows:

M0=Mbcc(1_x)’ (2)

where M. is the magnetization of a-phase of iron. Using
the value My..=1740 Gs and the values of M, in Fig. 3, we
have estimated the volume fraction of nonmagnetic silicides
x, which have been formed during the synthesis (Table I).

TABLE I. Volume fraction of nonmagnetic silicides x for the samples with
Si substrate cut along the indicated crystallographic directions at RT.

dFe (nm)
1.2 1.6 2.6 3.8
x on Si(100) 0.50 0.42 0.21 0.00
x on Si(111) 0.48 0.25 0.14 0.01
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Here x=Vjicige/ Viiim and the dg. increase at constant silicide
volume results in a decrease in x. The deviation of this de-
crease from 1/dg, dependence indicates that the volume of
nonmagnetic silicide itself depends on dp.. We relate the neg-
ligibly small values of x for dg.,=3.8 nm to the better quality
of the thicker layers, where the presence of fewer structural
defects impedes the diffusion. Below, we discuss the activa-
tion energy versus dg, dependence that supports this argu-
ment. For dp.=3.8 nm the diffusion activation energy is al-
most twice as large as the same energy for dg.=1.2 nm.

Heating the sample above Tg brings on a second process
involving nonmagnetic phase formation. The ensuing de-
crease in the average magnetization is generally caused by
two mechanisms: (a) The “magnetic” one is the equilibrium
reversible magnetization dependence from 7=0 K to 7=T
of any ferromagnet. Its value will not depend on the experi-
mental measurement time (this mechanism is the unique rea-
son for the reduction in magnetization at low temperatures).
(b) The “chemical” one is the reaction producing nonmag-
netic phases at the expense of the magnetic fraction, and it is
irreversible. As a consequence, above T, the magnetization
decreases with both increasing time and increasing tempera-
ture.

To separate the magnetic and chemical contributions to
the experimental data, the following method was applied:

e Normalization of the value of M as m=M/M/(0).

e Use of a power function m(T) (solid line in Fig. 2)
satisfying the following boundary conditions: m;(0)
=1, m(T-)=0, and m,(7), fits the reduction of mag-
netization in the temperature range from 0 to 300 K.

e Calculate the value X'=(m,(T)—m(T))/m(T), which
is equal to the volume fraction of the nonmagnetic
phase.

The m(T) and X’ values depend on the choice of T.
There are different ways to estimate 7~ for our films. We
obtain the estimation of T, by extrapolation of M(T)
=M(1-BT*?>-CT°"?) to zero magnetization (using B and C
from our recent work.'’) As a matter of fact the polynomial
expression above should be correct at low temperatures (at
high temperatures magnetization should decrease abruptly),
and one can expect that the 7~ values obtained will be larger
than the true 7, value. So there is a range of 7, from
max(T.) (extrapolated from the low temperature reversible
M(T) curve) to T, that will be less than T in any case. For
further estimations we assume T-=max(7T) for all films ex-
cept dp.=3.8 nm. For the films with dg.,=3.8 nm the spin
wave extrapolation results in T-=1500 K, which is physi-
cally meaningless. We assume here that 7-=1040 K (the
value for the a-Fe). The dependences of the resulting char-
acteristic temperatures T¢, Ty, and Ty versus dp. are pre-
sented in Fig. 4.

The typical experimental X'(¢z,7) dependence for the
film with dg,=1.2 nm [on Si(100)] is shown in Fig. 5. In this
experiment the temperature increase was kept at a constant
rate (T=T,+ at) where ¢ is the time elapsed from the begin-
ning of the warming process, and 7, is the sample tempera-
ture at #=0. The value of ¢, in Fig. 5 is the time taken for the
magnetic phase to disappear. The rate of silicide synthesis is

J. Appl. Phys. 104, 094703 (2008)
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FIG. 4. The characteristic temperatures obtained from M(7) curves. (<)
Estimation of Curie temperature T¢, (O) Tf, and (OJ) Ts. White symbols
correspond to the films on Si(100) and gray symbols correspond to the films
on Si(111).

determined by the diffusion of Si atoms through the silicide
layer formed.” It is then reasonable to consider the hypoth-
esis that the thickness of the nonmagnetic silicide film d(z) is
directly related to the kinetic equation for diffusion, thus,
d(t)=[Dt]"?, where D=D/4 is the diffusivity. The thermal
activation law for the diffusivity is D=D, exp(—E,/kgT), and
since in this particular experiment 7=T(+ af, one obtains

d(1) = {Dg exp[— E,/kg(Ty + an) |1}, 3)

with the boundary condition d(0)=0 and d(t,)=3«dp. (x is
the ratio of the Fe and silicide densities). Here D, is the
diffusion constant, E, is the activation energy, kg is the Bolt-
zmann constant, =5 K/min is the rate of heating, Iy is the
time of full synthesis, and d(7) is the thickness of the silicide
layer formed.

The function X"(r)=d(1)/d(t) is then obtained from Eq.
(3) and varies from X”(0)=0 and X"(t;)=1. It was fitted to
the experimental data (dashed line in Fig. 5) and the values
of Dy and E, for the films investigated with different dp,
have been determined (Fig. 6).

To check the reliability of this method, direct measure-
ments of the magnetization versus time at constant tempera-
tures of 525, 550, and 575 K have been carried out for the

1.0 ALl ¥
//',’l. - [ ]
=~ l" "
5 05} T,=320 K . T=5a5 K
¥
T,=400 K b
[ ] .l:
0.0 . ) ;
0 1000 2000 3000 4000
time(s)

FIG. 5. The evolution of the nonmagnetic fraction with time in the
sample  Si(100)/SiO,/Fe(1.2 nm)/Si(1.5 nm)/Fe(1.2 nm)/Si(1.5 nm)/
Fe(1.2 nm)/Si(10 nm). 1y and T are the elapsed time and temperature until
complete disappearance of the magnetic phases, respectively.
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FIG. 6. (a) The activation energy and (b) the prefactor of the Si diffusion
process [Eq. (3)] in the different samples. () Multilayers deposited on
Si(100). (@) Multilayers deposited on Si(111). () Values deduced from the
M (t) measurements at fixed temperature. (—) Activation energy of the bulk
FeSi (Ref. 17).

film with dr.=2.6 nm. The results of these isothermal mea-
surements are presented in Fig. 7 as M versus /2. This plot
indicates that the M value, whose decrease is given by d(z),
is proportional to 72, That is, the thickness of the nonmag-
netic silicide film d(z) is directly related to the Kinetic equa-

10-17 1

900 -
800 - E
a
700 -
107"
600 - 1.7 18 19

T 107 (1K)

M (Gs)

o T=525K
o T=550K
2 T=575K

0 50 100 150
£ (sm)

FIG. 7. Time evolution of the magnetization at fixed temperature, after an
abrupt heating from the RT to the desired temperature. Note that up to 200
s there was a rapid warm up from RT to the starting temperature of the fixed
reaction process. Inset: the diffusion constant, as derived from the fit of the
measured curves with Eq. (5).
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tion for diffusion (d(z)=[Dt]"?). Thus we determine the val-
ues of D(D=d(t)?/t) for all temperatures and plot D versus
L/T (see the inset in Fig. 7). Using the expression D
=D, exp(—E,/kzT) we have determined the values of D, and
E, directly. These values of Dy=1.67X10™° cm?/s and E,
=0.94 eV are in reasonable agreement with the values ob-
tained by fitting our experimental data to Eq. (3) (see Fig. 6).

The low activation energies in comparison with the bulk
value'” (see Fig. 6) is caused by the high concentration of
structural defects in the films investigated. The value of E,
increases with increasing dg, and at large df. it seems to tend
toward the value for silicide synthesis in bulk layers of iron
and silicon.'” A similar conclusion is confirmed by the de-
pendence of M(T) on dp. below RT studied on the same
samples,10 where it was found that the exchange constant
decreases from the bulk value with decreasing df.. The acti-
vation energy and the exchange constant are determined by
the short range order. Thus, a similar thickness dependence
of these parameters corroborates the point of view that the
main source of structural defects in the nanolayers investi-
gated is at the interface.

IV. CONCLUSIONS

Analysis of our in situ high temperature annealing mea-
surements reveals the irreversible process that starts in the
temperature range of 400-650 K due to the formation of
nonmagnetic silicides, causing modification of the magnetic
properties of the sample. Indeed, the magnetization at RT,
after cooling from the high temperature region, is totally lost
for all Fe layers on a Si(111) substrate, and for thin Fe layers
below 2.5 nm on a Si(100) substrate. In contrast, for an Fe
layer thickness larger than 2.5 nm on a Si(100) substrate, the
RT magnetization is decreased but does not vanish.

The temperature and time dependence of the magnetiza-
tion could be correlated due to the results of the in situ
method; this correlation allows us to determine the kinetic
parameters for the solid phase reaction producing iron sili-
cide formation at the interface. The lower activation energies
found in the films in comparison with the bulk are related to
the higher defect concentration at the interface. With increas-
ing Fe layer thickness we observe that the value of the acti-
vation energy seems to tend toward the value found for sili-
cide synthesis in bulk layers of iron and silicon. The degree
of silicide formation is strongly dependent on the crystalline
quality of the multilayers and in particular on the interface
roughness and structure. Therefore, the tendency for silicide
formation is quite different for samples of different structural
quality. The kinetic parameters for the silicide formation
found here are related to our polycrystalline samples and are
not universal for all types of Fe/Si multilayers. Nevertheless,
the in situ method to study the magnetic properties by mea-
surement of the high temperature SQUID measurements as
Fe silicides form is universal.

Usually, in the course of device fabrication additional
heating is often unavoidable, and a correct knowledge of the
limiting temperature before an irreversible modification of
the magnetic properties sets in is of paramount importance.
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Therefore, we expect that the applied physics community
will gain from the knowledge of the silicide formation kinet-
ics in Fe/Si thin interface.
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