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Magnetron sputtered iron/gold multilayers are investigated by cross-sectional transmission
electron microscopy. Thermodynamic considerations can explain the different observed
microstructures near the substrate and near the top of the multilayers. © 2002 Kluwer

Academic Publishers

1. Introduction

Thin film multilayer structures are of great inter-
est in current research. Different multilayer systems
are used for example for lasers [1], magnetic memo-
ries (MRAM), X-ray mirrors [2], or magnetic sensors
(Giant Magnetic Resistance) depending on the scal-
ing and the materials the single layers are made of.
However, to reach reproducible abilities of the appli-
cations, the multilayer parameters, i.e. the layer thick-
nesses and interface roughness and flatness, must be
controlled carefully. Therefore, the physical reasons
for any observed multilayer morphology has to be un-
derstood profoundly. Furthermore, the long time ther-
mal stability of multilayers is a precondition for any
kind of practical application [3, 4]. The dependance
of the thermal stability of Fe/Au multilayers on the
interface roughness was investigated by Troche and
coworkers [5]. They found that the driving forces of a
disintegration of the layered structure was the stronger,
the stronger the curvature of the interfaces was. It is the
aim of this work to establish the microstructure of as-
prepared magnetron sputtered Fe/Au multilayers and to
discuss the observed results in terms of thermodynam-
ics, especially in view of possible interface curvatures.

2. Experimental

Fe/Au multilayers were prepared by magnetron sput-
tering. They consist of 70 bilayers of Fe 2 nm/Au 10 nm
on Si (110) substrate. The samples were prepared for
cross-sectional electron microscopy in the usual man-
ner. Electron microscopy was performed on a Philips
EM 420 ST. Magnetic measurements were performed
with an Oxford low-temperature vibrating sample mag-
netometer (VSM) with superconducting magnets. The
maximum applicable field is 5 T, minimal stepsize is
0.001 T/min. Measurements were performed at room
temperature.

3. Results

Fig. 1a shows an overall view of a Fe/Ag multilayer
with 70 layer pairs Fe 2 nm/Au 10 nm. The substrate is
marked. The Au layers appear dark, and the Fe layers
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appear bright. Near the substrate, the Fe layers are fairly
straight, and the Au layers show heavy strain contrast
in form of oscillating brightness within the individual
layers. Near the top of the multilayer, the layers are
arched towards the top of the multilayer with a period
of ~30 nm, a hight of ~10 nm, and the contrast within
the layers is quite uniform. In spite of the observed
arching, the thickness of the individual layers does not
vary much. Fig. 1b shows a dark field micrograph of
the same region. The bright grain indicated by an arrow
reveals a lateral Au grain size on the order of the layer
thickness. The bright regions extending over up to ~20
bilayers and a lateral extension of about 50 to 100 nm
have the same orientation. This shows that the multi-
layer structure is strongly texturized, and a given Au
grain can communicate its orientation throughout the
Fe layer to the Au in the adjacent layer. The diffraction
image Fig. 2 shows a ring pattern that can be identified
as a fcc pattern. In Fig. 3, high resolution images of the
multilayer can be seen. Fig. 3a shows a region near the
substrate, 3b shows a region in the middle of the stack.
The Au (111) lattice fringes are resolved. They are par-
allel to the substrate interface, even at places where
the interface between neighbouring Au and Fe layers is
not. The Fe lattice fringes could not be resolved. The
interface roughness is up to 1 nm. In 3b, a severely
disturbed region is imaged. Even here, the (111) lattice
fringes retain their parallelity. Fig. 3¢ shows another set
of (111) lattice fringes. Here, the fringes seem to pass
through the Fe layers, but at the places where the Fe
layers are, the fringes show some disturbances resem-
bling microtwins. There is a twin boundary in the Au
layer with the boundary normal parallel to the growth
direction at the place marked with an arrow. Several
thus arranged twin boundaries could be found in the
multilayers.

In Fig. 4, magnetic measurements of a (Fe 2 nm/Au
10 nm) x 150 multilayer is shown. A saturation magne-
tization of 0.0160 emu was observed. Referring to the
sample geometry, i.e. the sample area of (7 x 5.5) mm?
and the added up Fe-layer thicknesses of 300 nm, this
corresponds to an average magnetic moment of 1.9 u.
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Substrate

Figure 1 (a) Overall view of a (Fe 2 nm/Au 10 nm) x 70 multilayer. Au layers appear bright, Fe layers appear dark. (b) Dark field of the same region.
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Figure 2 Corresponding diffraction image. Rings are marked for fcc.

4, Discussion

The structure of the iron layers is not evident, since
the diffraction images exhibit a ring structure charac-
teristic for a fcc lattice. In Table I, the relative width
of the expected rings for fcc Au: a =4.07 A, and bec
Fe:a =2.87 A as well as fcc Fe: a = 3.65 A. Au{l11}is

TABLE I Relative width of diffraction rings for fcc Au: a =4.07 A,
bee Fe: a =2.87 A, and fee Fe: a =3.65 A. Au{111} is set as width 1

fcc Au Width bee Fe Width fcc Fe Width
111 1.00 111 1.12
200 1.15 110 1.16 200 1.29
220 1.63 200 1.64 220 1.82
311 1.92 311 2.14
222 2.00 211 2.01 222 2.23
400 2.31 220 2.32 400 2.58
331 2.52 331 2.81
420 2.58 310 2.60 420 2.88
422 2.83 222 2.84 422 3.15
333 3.00 321 3.06 333 3.35
440 3.27 440 3.65
531 342 531 3.83
442 3.46 330 347 442 3.87

— 422
331 420

400

227
311

220

200
111

set as width 1. It is clear that if iron was fcc, it could be
seen in the diffraction patterns. The rings for bcc iron
fall on gold rings with an accuracy that does not allow to
differentiate between them in the diffraction images. So
if Fe is crystalline in these multilayers, it is bcc. From
the point of view of electron diffraction, Fe might be
amorphous for small layer thicknesses like 2 nm. With a
Fe 2 nm/Au 10 nm stacking, the amorphous halo would
be too weak to be distinguished from background scat-
tering. However, it is known that the ground state mag-
netization of amorphous iron decreases to 1.2 u and the
Curie temperature is lowered significantly with respect
to bee iron [6, 7]. The measured magnetic moment is
1.9 u, a value which is near the bulk value of bcc iron
(2.2 p). The difference between the magnetic moment
of bulk iron and iron in these multilayers can be ex-
plained by perturbed interfaces in the multilayer. The
observances suggest that the structure of the Fe layers
is bee. Furthermore, for a 2.5 nm amorphous Fe film,
that was deposited at 4 K [8], a crystallization transition
at 50 K with a width of less than 5 K was found. This
too confirms that Fe should be in a crystalline state in
our films. The main observation in the survey of the
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Figure 3 (a) High resolution image of a region near the substrate. For details, see text. (b) High resolution image of a severely disturbed region. For
details, see text. (c) High resolution image with twin boundaries. For details, see text.
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Figure 4 Hysteresis loop at T =292 K for a multilayer of 150 x (1.8 nm Fe/10 nm Au) coercitivity H(c) =20 Oe, saturation magnetization

M(S)=0,016 emu.

(Fe 2 nm/Au 10 nm) x 70 multilayer, see Fig. 1, is that
the layers near the substrate are smooth, and that there
seem to be high stresses in the Au layers. Near the top
of the stack, the interfaces are arched, but the strain
contrast is much less pronounced than on the substrate
side, so the stress seems to be smaller there. Tersoff
and LeGoues [9] state that for high misfits over 1%,
surface roughening is the primary mechanism to relax
misfit strains. Jesson [10] describes that such rough-
nesses tend to develop a characteristic length scale, as
can be seen in Fig. 1a of this work.

In our case, body centered cubic iron can be expected
to grow in local Nishiyama-Wassermann orientation re-
lationship [11, 12] on gold, as is reported for Fe/Ag
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multilayers [13]. This is supported by the HRTEM mi-
crograph in Fig. 3a, where Au (111) fringes can be seen
to be normal to the growth direction. The dark field mi-
crograph Fig. 1b shows that subsequent gold layers tend
to have the same in-plane orientation, which also sup-
ports the assumption of a local epitactic growth of Fe
on Au and vice versa. There is an in-plane texture on a
scale of 50 to 100 nm, and an out-of-plane texture over
the whole stack. This was also reported by Herweg [14].

It is remarkable that the Au layers do not give up
their (111) texture, even though it goes along with a
considerable strain energy when the interface is paral-
lel to the substrate, or, on the other hand, the area of
the interface is enlarged compared to a flat interface,



when it is arched. When deposited onto a Si substrate,
there is an amorphous native oxide with a thickness of
about two to three nanometers. On this oxide, the Au
forms close packed layers. Obviously the orientation,
out-of plane as well as in-plane, of the Au is resumed in
subsequent Au layers through the two nanometer of Fe,
no matter whether the interface is flat or not, as it was
also described by Jesson [10]. It seems most probable
that the arched interfaces are arranged in steps parralel
to (111) Au or (110) Fe, respectively, so that the ori-
entation relationship can be maintained, but the high
stresses in one direction can be absorbed by the steps,
leading to an interfacial energy comparable to that of a
high angle grain boundary plus chemical contribution,
without giving up the orientation relationship. This al-
lows for a relaxed arrangement with respect to strain,
but does not force the system to give up coherency.
These considerations are in agreement with the high
resolution image Fig. 3b, where the lattice fringes can
be seen to go through the iron layers. In Fig. 3c, twin-
ning parallel to the substrate can be seen, as well as
some microtwinning near the iron layer. Twinning is
also known to occur when stress has to be relieved.

For an epitactical Au thin film grown on Fe in
Nishiyama-Wassermann orientation relationship, the
coherency stress can be estimated as follows: The misfit
is strongly anisotropic. In the (100);.. direction, which
is parallel to (110) f.., the misfit €, is 0.0035. In the
(011)pcc direction, which is parallel to (112) ¢, the
misfit €, is 0.185. The homogeneous strain energy den-
Sity epom 1S given by

1+v
2
1—v

)

€hom = 2“

where w is the shear modulus, v the Poisson ratio. The
shear modulus of Fe pp, =11.07 x 10'° J/m? [15] is
almost three times as large as the shear modulus of
gold, 14, =4.23 x 10'° J/m? [15]. The strain energy
can therefore be expected to be accomodated mainly
in the gold layers. For a Au film with a layer thick-
ness ¢ = 10 nm on a semi-infinite Fe substrate, the ho-
mogeneous strain energy density in (110) ¢.. direction
amounts to ~2 x 10° J/m3. In (112) fee direction with-
out misfit dislocations, it amounts to ~5.8 x 10° J/m?
for an epitactical semi-infinite interface. The strain en-
ergy might be lessened by the introduction of misfit
dislocations, but it is known that this is difficult in nano-
sized particles or grains [16]. So this enormous misfit
strain energy has to be taken up by the gold grains in
case of epitactical growth and flat interfaces. In agree-
ment with this, in Fig. 1 a pronounced strain contrast
can be seen in the gold layers near the substrate, where
the layer interfaces are flat. Near the surface of the mul-
tilayer, the iron layers are arched, and the strain con-
trast in the gold layers has lessened noticeably. It was
ascertained that this arching does not go along with a
bending of the lattice planes. Therefore, this arching
destroys the long-scale epitaxy without destroying the
orientation relationship and so helps reduce the strain
energy. Instead, the energy of an incoherent boundary
has to be raised. The energy balance of this process can

be estimated as follows: The chemical contribution to a
coherent as well as an incoherent Fe/Au boundary can
be taken to be negligeably small or even positive, since
the interaction between Fe and Au is attractive [17], and
the chemical contribution to interfacial energies can be
estimated by the pair interaction energy between the
two species sharing the interface [18]. The structural
contribution to the interfacial energy of an incoherent
Fe/Au boundary can be expected to be on the order of
Yincon & 1 J/m?, which is about the energy of an inco-
herent grain boundary. The structural contribution to
the interfacial energy of an epitactical Fe/Au interface
in Nishiyama-Wassermann relationship without misfit
dislocations can be estimated as Y., = €pomt /2, Where
t is the layer thickness. The homogeneous strain en-
ergy corresponds to an interfacial energy of ~30 J/m?,
which is extremely high. So if the coherency is given
up, much of the interfacial energy can be spared, even
when the area of the interface is enlarged. Since the Au
layers are less stressed in the regions where the layers
are arched, above considerations seem to be reasonable.

5. Conclusions

In this work it was shown that sputtered Fe 2 nm/Au
10 nm multilayers exhibit bcc iron growth with
Nishiyama-Wassermann orientation relationship be-
tween the Fe and Au layers. Near the Si substrate,
the interfaces are flat and the Au layers are heavily
strained. Near the top of the multilayer, the interfaces
are arched with a period of ~30 nm and an arch hight of
~10 nm. Here the strain in the layers has decreased to a
high extent. There is strong texture, as well in-plane as
well as out-of-plane. Regions with a lateral extension
of ~30-100 nm are texturized through the whole layer
stack. This necessitates local epitaxial growth between
the Fe and Au layers over similar areas, which causes
high strain energies in one direction for Nishiyama-
Wassermann growth. These strain energies can be re-
leased by the arching of the interfaces without destroy-
ing the orientation relationship.
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