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Abstract

The structure and magnetic properties of ultra-thin Fe spacer layers in epitaxially sputter-deposited Fe/Ni(0 0 1)
multilayers are studied using X-ray diffraction and squid magnetometry, and compared to those of similarly deposited
Fe/Ni

81
Fe

19
(0 0 1) multilayers. In both systems, the Fe layers undergo a similar sequence of structural changes with

increasing Fe thickness, from a distorted FCC(0 0 1) phase, to a nearly relaxed FCC(0 0 1) phase, to a BCC(0 1 1) phase
with concomitant changes in magnetic properties. ( 1998 Elsevier Science B.V. All rights reserved.

PACS: 61.10.!i; 68.65.#g; 75.70.!i
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1. Introduction

Thin crystalline Fe layers have been extensively
studied in recent years because of the subtle interac-
tion between the structure of Fe and its magnetic
properties. Ultrathin Fe overlayers deposited on
Cu (0 0 1) using thermal or electron-beam evapor-
ation techniques in ultra-high-vacuum chambers
form by far the most widely studied system [1—19].
Recently, we have shown that thin Fe layers sand-
wiched between permalloy (Ni

81
Fe

19
) layers in
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sputter-deposited Fe/Ni
81

Fe
19

(0 0 1) multilayers
exhibit similar structures and related magnetic
properties, as a function of Fe thickness, as Fe
overlayers deposited on Cu(0 0 1) [20]. In this
paper we present a detailed study of the structural
and magnetic properties of Fe layers in Fe/Ni(0 0 1)
multilayers and compare these properties to those
of Fe/Ni

81
Fe

19
(0 0 1) multilayers. We observe only

small differences between these two systems, indic-
ating that the Fe properties do not critically depend
on the exact nature of the interlayers.

The structure and magnetism of the Fe/Cu(0 0 1)
system has been widely studied using a variety of
techniques [1—19]. In particular, it has been dem-
onstrated that the FCC phase of Fe is stabilized
by growing Fe at room temperature, in a certain
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thickness range, on Cu(0 0 1) single-crystal substra-
tes [1—6]. Very thin Fe films below the two-dimen-
sional percolation threshold interdiffuse with the
substrate even at room temperature, although lar-
ger coverages are stable up to higher temperatures
[7]. At Fe thicknesses below +4 monolayers (ML)
a vertically expanded FCC-like structure is present
[1,2]. Detailed LEED investigations reveal a com-
plicated structure of this phase, with an average
interlayer distance of 1.87 A_ [1]. In room-temper-
ature grown films, in the thickness range between
4 and 11 ML, a second phase, a relaxed FCC struc-
ture, is found [3,4]. LEED analysis of Fe/Cu(0 0 1)
in this thickness range reveals flat Fe atomic planes
with no vertical (out of plane) distortion except for
the topmost layer at the Fe/vacuum interface,
which is vertically expanded as for thinner Fe [4].
Structural transitions between these two distinct
FCC phases occur not only as a function of Fe
thickness, but also as a function of temperature,
when the Fe is about 4 ML thick [8]. When the Fe
thickness is increased beyond 11 ML, the relaxed
Fe fcc phase becomes unstable, and the structure
transforms to BCC Fe(0 1 1) [9—12]. Small
amounts of BCC precipitates can already be ob-
served at Fe thicknesses as low as 6 ML [11]. The
consequence of this transition on magnetic proper-
ties, such as magnetic anisotropies, has also been
discussed in the literature [13].

Theoretically, it has been predicted that changes
in the atomic volume of FCC Fe should result in
distinct changes in the Fe magnetic moment. More
specifically, the calculations suggest the existence of
an antiferromagnetic phase for atomic volumes be-
low 11.9 A_ 3, and a ferromagnetic phase at higher
atomic volumes ('11.9 A_ 3) [21]. This has indeed
been observed in Fe/Cu(0 0 1), where the vertically
expanded phase with an atomic volume of 12.1 A_ 3
[1] exhibits ferromagnetism [5,6,12], whereas the
relaxed phase with only 11.4 A_ 3 [4] is correlated
with an antiferromagnetic phase of Fe [6,14] with
a Néel temperature of +70 K [14]. The BCC
phase of Fe, as for the expanded FCC phase, ex-
hibits ferromagnetism [5,6,12].

A similar structural behavior is also observed in
Fe films grown on FCC Co(0 0 1) [15—17] and
Ni(0 0 1) [16]. A substantial reduction of magneti-
zation of the Fe overlayer in the relaxed FCC phase

is also observed in these systems. This seemingly
quite general behavior of FCC Fe therefore seems
to be dictated mainly by the substrate lattice par-
ameter rather than by the electronic or magnetic
properties of the substrate. Indeed, recently, studies
of thin Fe layers in [Fe/Ni

81
Fe

19
] multilayers re-

vealed that the Fe exhibits very similar structural
and magnetic properties to that previously ob-
served in ultrathin Fe overlayers [20]. We present
in this contribution a detailed structural and mag-
netic characterization of Fe in epitaxial FCC-(0 0 1)
multilayers, prepared by Ar plasma DC-magnetron
sputtering. Fe layers, separated either by Nickel or
permalloy, exhibit a very similar structural and
magnetic behavior, which is very close to that of Fe
overlayers on single-crystal substrates. The se-
quence of the three structural phases observed
there, namely the vertically expanded FCC(0 0 1)
phase, the relaxed FCC(0 0 1) phase, and also the
BCC(0 1 1) phase, are structurally and magnetically
characterized in the multilayers, and compared to
the respective phases of Fe/Cu(0 0 1).

2. Experiment

The samples were prepared by DC magnetron
sputtering from high-purity nickel, permalloy
(Ni

81
Fe

19
), and iron targets. MgO(0 0 1) was used

as a substrate, on which Fe and Pt seed layers were
grown at a temperature of +770 K. This enables
the subsequent growth of high-quality FCC
multilayers. The multilayers were deposited at
¹+315 K and capped with 30 A_ Pt. The sample
structures are MgO(001)/Fe(5A_ )/Pt(50A_ )/ [Ni(30A_ )/
Fe(t

F%
)]

11
/Ni(30A_ )/Pt(30A_ ) and MgO(001)/Fe(5A_ )/

Pt(50 A_ )/[Ni
81

Fe
19

(25 A_ )/Fe(t
F%

)]
12

/Pt(30 A_ ) ,
where t

F%
is the nominal thickness of the Fe layers.

The nominal thickness is proportional to the
amount of evaporated iron, as taken from the evap-
oration time. The evaporation rate of the sputter
sources is stable within 5%. Using the results of the
fit described below, the nominal thickness is cali-
brated in A_ to be identical to the actual thickness
for an Fe atomic layer spacing of 1.787 A_ and an in-
plane density of 1.57]1015 atoms/cm2. Since the
lattice parameters of the Fe films depend on the nom-
inal Fe thickness, as will be shown below, the
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actual thicknesses of the Fe layers will differ from
their nominal thicknesses. For the abscissa of our
plots we will use the latter for the sake of simplicity.

The structures of the multilayers were extensively
characterized by high-angle X-ray diffraction at
ambient pressure and temperature. A Huber four-
circle diffractometer with monochromatized Cu
K

a
radiation was used. In-plane lateral lattice con-

stants were calculated from measured off-specular
2H values of the (1 1 1) multilayer diffraction peaks
and the specular (0 0 2) peak. The vertical lattice
constant was determined from specular diffraction
scans around the (0 0 2) reflection. These values
were extracted by fitting these data with fitting
routines developed by Fullerton [22]. Since the
purpose of the fit was just to extract the vertical
atomic layer spacings within the layers of the
sample, modeling the structure of the multilayers
was kept as simple as possible. Neither interdiffu-
sion, nor strain profiles within the individual layers,
nor interface roughness was included. Instead, co-
herent scattering was assumed to be maintained
over only a limited number of bilayers. This is
a simple means of modeling all types of roughnesses
and disorder at the interfaces, including variations
in vertical interface atomic distances and interface
interdiffusion, and does not imply that the multi-
layers grow incoherently. Indeed, pseudomorphic
growth of the multilayers is found (cf. next section).
The multilayers were thus modeled by repeating
two independently strained layers with a common
in-plane lattice constant. The thicknesses of the
nickel and the permalloy layers were determined
from a preliminary series of fits and then kept
constant for all other samples in a particular series.
The only free fitting parameters were the Fe layer
thickness, the vertical atomic layer separation with-
in each constituent layer, and the Gaussian width
and average number of bilayers which scatter co-
herently. To account for the scattering from the Pt
seed and capping layers, a Lorentzian of order
n was additionally fitted to each X-ray scan, where
n ranged between 1.6 and 1.8. Further refinements
of the model and inclusion of additional fitting
parameters, to address, for example, details of the
interfaces, did not result in significant changes of
the interlayer distances, and thus are not con-
sidered here.

Comprehensive magnetic data were obtained in
a Quantum Design SQUID magnetometer. Mag-
netic moment versus field loops were measured for
fields ranging between $7 T at several temper-
atures between room temperature and 5 K. The
magnetic moment was normalized to the sample
area after subtraction of any diamagnetic and/or
paramagnetic contributions from the substrate.
The substrate contribution was determined from
the slope of the moment versus field curve in fields
larger than the saturation field of the sample. Thus,
the saturation magnetic moment of the sample per
unit area was measured as a function of nominal Fe
layer thickness at various temperatures. Qualitat-
ively, the data at room temperature were not signif-
icantly different from those at 5 K. Thus, magnetic
finite-size effects played no important role in our
samples. In this paper we include only room tem-
perature SQUID data because this is the temper-
ature at which all our structural data were taken.

3. Results

Fig. 1a shows typical experimental X-ray specu-
lar scans and the accompanying fitted curves for
t
Fe
"8 A_ for [Fe/Ni] and [Fe/permalloy] (upper

and lower curves, respectively). The peaks at a scat-
tering vector q"3.2 A_ ~1 stem from scattering in
the Pt seed and capping layers. As can be seen from
the figure the scan of Fe/Ni multilayers shows
slightly more pronounced bilayer interferences,
which are indicative of sharper interfaces, than do
the iron/permalloy multilayers. In both cases, how-
ever, a good agreement between the model calcu-
lations and the experimental curves is evident. The
inset shows the rocking curve of the specular (0 0 2)
diffraction maximum at q"3.52 A_ ~1 of the
Fe/Ni

81
Fe

19
multilayer, which exhibits a full-width

at half-maximum (FWHM) of 1.3°. Fig. 1b shows
an asymmetric azimuthal scan through the (1 1 1)
diffraction spots of the Fe/Ni

81
Fe

19
multilayer

with t
F%
"8 A_ . An azimuthal angle u"0 corres-

ponds to the FCC [1 0 0] in-plane direction. The
fourfold symmetry expected for epitaxial growth is
evident. No other peaks than the four sharp (1 1 1)
reflections are observed, which each exhibit an
FWHM of 1.4°. The inset of Fig. 1b shows the

W. Kuch, S.S.P. Parkin / Journal of Magnetism and Magnetic Materials 184 (1998) 127—136 129



Fig. 1. (a) Specular X-ray diffraction scans around the (0 0 2)
diffraction of an [Fe(8 A_ )/Ni(30 A_ )] (top) and an [Fe(8 A_ )/
Ni

81
Fe

19
(25 A_ )] multilayer (bottom). The top curve is displaced

for clarity. The contributions of the Pt seed and capping layers
are indicated. The solid lines represent the results of the fit as
described in the text. The inset shows the rocking curve of the
specular (0 0 2) diffraction maximum at q"3.52 A_ ~1 of the
[Fe(8 A_ )/Ni

81
Fe

19
(25 A_ )] multilayer. (b) Asymmetric azimuthal

scan through the (1 1 1) diffraction spots of the [Fe(8 A_ )/
Ni

81
Fe

19
(25 A_ )] multilayer. The inset shows the off-specular

H—2H scan of the (1 1 1) diffraction.

corresponding off-specular H—2H scan of the (1 1 1)
diffraction. Only a single peak with an FWHM of
0.33° is observed. This demonstrates that the Fe
and the Ni

81
Fe

19
or Ni layers assume a common

in-plane lattice constant, and grow thus pseudo-
morphically. Summarizing the X-ray diffraction re-
sults presented in Fig. 1, the multilayers appear to
be of a very high epitaxial quality with respect to
epitaxial orientation, mosaic spread, and sharpness

Fig. 2. Structural and magnetic properties of [Fe/Ni] (filled
symbols) and [Fe/Ni

81
Fe

19
] (open symbols) multilayers as

a function of nominal Fe layer thickness. (a) average atomic
interlayer spacing within the Fe layers; (b) rocking curve full-
width at half-maximum (FWHM) of the FCC (0 0 2) multilayer
specular diffraction peaks; (c) intensity of the BCC (1 0 1) diffrac-
tion peaks; (d) net magnetic moment per unit area of film.
Regions I—III denote different structural and magnetic phases of
the Fe layers as described in the text.

of the interfaces. This holds for all Fe/Ni and
Fe/Ni

81
Fe

19
multilayers for which fits as described

in Section 2 were performed [23].
Fig. 2 is a compilation of the results of the struc-

tural and magnetic characterization studies. Re-
sults for Fe/Ni multilayers are presented and
compared to that of Fe/Ni

81
Fe

19
multilayers. The

data for the two systems are shown as filled and
open symbols, respectively. The data for
Fe/Ni

81
Fe

19
are taken from Ref. [20]. Fig. 2a

shows the Fe interlayer spacing d
F%

as a function of
nominal Fe layer thickness t

F%
. At small Fe thick-

nesses (t
F%
(4 A_ ), at which the Fe layers are
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probably too small to develop a well-defined verti-
cal periodicity of their own, or at which the simple
modeling of the interfaces is not appropriate, the
scattered intensity between two maxima of the
specular scans is not completely reproduced in the
model calculations. This leads to large error bars in
the resulting vertical Fe layer spacing in this thick-
ness regime. At larger thicknesses the simple model
yields good agreement with the experimental data.
Two distinct iron layer thickness regions can be
distinguished with different Fe interlayer spacings:
region I at low Fe layer thicknesses with values of
d
F%

above 1.86 A_ (except for the smallest Fe layer
thickness of each series), and region II at larger Fe
layer thicknesses with smaller interlayer distances
which decrease with increasing Fe layer thickness.
For Fe/Ni the first region extends to an Fe layer
thickness of 7 A_ , and for Fe/Ni

81
Fe

19
to 6 A_ . The

corresponding in-plane lattice constants are ap-
proximately constant in region I and increase
slightly in region II, with the Fe/Ni multilayers
having about 0.4% smaller values compared to the
Fe/Ni

81
Fe

19
multilayers. The iron is tetragonally

expanded for all thicknesses in regions I and II. The
size of the distortion is significantly higher in the
Fe/Ni system with values ranging from 7.1% at
t
F%
"6 A_ in region I, with still large values of 4.8%

at t
F%
"8 A_ , and 2.7% at t

F%
"14 A_ . In the case

of Fe/Ni
81

Fe
19

the tetragonal distortion is only
5.9% at t

F%
"5 As , and relaxes from 3.6% at

t
F%
"7 A_ to 1.4% at t

F%
"13 A_ . We hereby refer to

the size of the tetragonal distortion as the ratio of
the perpendicular to actual in-plane lattice con-
stants, and not as an expansion with respect to the
undistorted equilibrium lattice. The stronger dis-
tortion of Fe/Ni as compared to Fe/Ni

81
Fe

19
can

be rationalized as arising from different strains in-
duced by the nickel and the permalloy layers. The
smaller lattice constant of Ni leads to a larger strain
on the Fe. Estimating the strain by assuming con-
stant atomic volumes of iron of t

F%
"13 A_ yields an

in-plane strain of !1% for Fe/Ni and !0.5% for
Fe/Ni

81
Fe

19
. The relaxation of the Fe layer distor-

tion in region II may also be qualitatively explained
by elastic strain in the multilayers. The iron layers
are under compressive strain, whereas the nickel
and the permalloy layers are under tensile strain.
Increasing the Fe thickness relaxes the strain in the

Fe layers, and increases the strain on the nickel or
permalloy layers. This leads to the observed change
in the vertical lattice constant. The larger thickness
of the Ni layers (30 A_ ) as compared to the Ni

81
Fe

19
layers (25 A_ ) also imposes more elastic stress within
the iron/nickel multilayers. This makes the differ-
ence in strain induced by the different lattice con-
stants of permalloy and nickel even more
pronounced.

The intensity of the FCC diffraction spots is
strongly decreased for t

F%
'14 A_ , and, conse-

quently, it is difficult to fit these data to obtain
reliable parameters. Simultaneously, as shown in
Fig. 2b, the width of the rocking curves of the
(0 0 2) specular diffraction spots increases, which
shows that the FCC structure of the films becomes
increasingly disordered for thicker Fe layers. As
discussed later this is directly correlated to the
onset of the formation of BCC Fe. The presence of
BCC Fe can be detected by X-ray diffraction, but
this is not straightforward because there is no obvi-
ous structural relationship between the lattice of
BCC Fe and the FCC lattice of Ni or permalloy. To
do so, we will explore diffraction from BCC Fe at
the (1 0 1) Bragg peak, which, assuming the bulk
lattice constant of BCC Fe (2.87 A_ ), should occur at
a scattering vector of q"3.10 A_ ~1. The angle s be-
tween the [1 0 1] axis and the surface normal is 45°
if the BCC Fe is (0 0 1) oriented, and 60° if it is
(0 1 1) oriented. At an angle s"45° no diffraction
of BCC Fe could be observed at any Fe layer
thickness, and thus no ordered (0 0 1) oriented BCC
Fe is formed. However, evidence for the formation
of (0 1 1)-BCC Fe was found. Scans at an angle
s"60°, where the azimuthal angle u is varied, i.e.,
the sample is rotated about its surface normal, are
shown in Fig. 3. The scans were taken for
q"3.10 A_ ~1 at Fe/Ni multilayers with Fe layer
thicknesses of 10 (open circles) and 18 A_ (full
circles). Three peaks at azimuthal angles of 28°, 45°,
and 62° are observed. The peaks at u"28° and 62°
are identified as contributions from BCC Fe, show-
ing maximum intensity for q"3.10 A_ ~1 and
s"60°, whereas the peak at u"45° has its max-
imum at q"3.05 A_ ~1 and s"55°. The latter re-
sults from [1 1 1] diffraction of the FCC lattice of
the multilayer; as the diffraction spots broaden at
larger Fe layer thicknesses, the shoulders of these
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Fig. 3. Azimuthal scans of the diffracted intensity of [Fe(t
F%

)/
Ni(30 A_ )]

11
multilayers with Fe layer thicknesses t

F%
"10 (open

circles) and 18 A_ (filled circles) at a scattering vector q"
3.10 A_ ~1, with angle s"60° to the surface normal. The inset
shows a contour plot of a two-dimensional scan of both the
azimuthal angle u and s.

spots become more intense in the X-ray scans as
shown in Fig. 3. The situation can be more readily
seen in the inset of Fig. 3, which shows a two-
dimensional scan of both the azimuthal angle
u and the angle to the surface normal s. It is clearly
seen that the maxima of the two spots are at
u"45°, s"55°, and at u"28°, s"60°, respec-
tively.

The BCC diffraction spots at u"28° and 62° are
first observed at Fe layer thicknesses around 11 A_ ,
and increase in intensity with increasing Fe layer
thickness. Plots of the intensity of these spots ver-
sus Fe layer thickness for both [Fe/Ni] and
[Fe/Ni

81
Fe

19
] are given in Fig. 2c. It is clear for

both multilayer systems that the width of the FCC
diffraction spots (Fig. 2b) parallel the increase in
intensity of the BCC diffraction peaks. We thus
may conclude that the decrease in FCC epitaxial
quality of the multilayers is correlated with the
appearance of BCC Fe.

The structural changes of the multilayers with
varying Fe thickness are directly reflected in their
magnetic properties. The room temperature mag-
netic moment per unit area of the multilayers is
summarized in Fig. 2d as a function of the nominal
Fe layer thickness. For small Fe thicknesses, in
region I, the moments increase approximately lin-

early with t
F%

, consistent with uniformly magne-
tized Fe layers. Indeed, in region I, the moments of
the multilayers can be well described using bulk
magnetic moments of the magnetic metals. Cal-
culated moments for Fe/Ni and Fe/Ni

81
Fe

19
multi-

layers, respectively, using bulk magnetic moments
of iron, nickel, and permalloy from Ref. [24] are
shown as solid and dotted lines in Fig. 2d. By
contrast, in region II the experimentally measured
moments no longer vary linearly with Fe thickness
(see shaded region in Fig. 2). The magnetic moment
of the multilayers actually decreases with increas-
ing Fe thickness, reaching a minimum at about
11—12 A_ Fe layer thickness with a moment compa-
rable to that at t

F%
+3 A_ . Thus, in region II much

of the Fe contributes no net magnetic moment. In
Fig. 4 we show magnetic moment versus field
curves for Fe/Ni

81
Fe

19
multilayers representative

of region I (t
F%
"5 A_ , solid symbols) and region II

(t
F%
"9 A_ , open symbols). The curve for t

F%
"5 A_

exhibits relatively small saturation fields and
a square shape characteristic of a ferromagnetic
response of the system. This is in accordance with
an entirely magnetic structure in region I. For
t
F%
"9 A_ a tilted loop with high saturation fields is

observed. The saturation magnetic moment per
unit area of this sample is lower than that of the
multilayer with 5 A_ Fe layers, although the anticip-
ated moment based on the amount of Fe in the
sample is higher (cf. Fig. 2d). The tilted magne-
tization loop in region II further supports the pic-
ture of Fe exhibiting no net magnetic moment: An
antiferromagnetic coupling of the permalloy layers
(and probably also of some of the interfacial Fe)
over the non-ferromagnetic Fe can explain the ob-
served magnetization curve. This is indeed confirmed
by the observation of giant magnetoresistance, which
in this sample amounts to about 4% [25].

In region III, the magnetic moment of the multi-
layers again strongly increases with increasing Fe
thickness, approaching the calculated moments at
the highest Fe layer thicknesses under investiga-
tion. This is attributed to the formation of BCC Fe,
which, in contrast to the Fe of region II, shows
ferromagnetic behavior. The slope of the curve of
the experimental magnetic moment versus t

F%
between t

F%
"12 and 15 A_ is higher than the

calculated slope. If we correlate the increase in
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Fig. 4. Magnetic moment versus field curves for [Fe(t
F%

)/
Ni

81
Fe

19
(25 As )]

12
multilayers with Fe layer thicknesses t

F%
"5

(filled circles) and 9 A_ (open circles).

moment in region III to the presence of BCC Fe,
this confirms that a transformation of FCC mater-
ial into BCC occurs when the Fe layer thickness is
increased.

4. Discussion

The presence of two distinct FCC phases of Fe
with different tetragonal expansions (regions I and
II) closely resembles the structural behavior found
in Fe/Cu(0 0 1). In the latter case, for thicknesses up
to 4 ML a structural phase with a strongly verti-
cally expanded Fe—Fe interlayer distance is found.
In Fe/Cu(0 0 1) detailed LEED investigations have
revealed a complicated structure involving
sinusoidal shifting and vertical buckling of the en-
tire Fe film [1]. The average interlayer distance was
found to be 1.87 A_ , with substantial variation in the
interlayer spacing of the individual Fe layers [1].
We find very similar Fe interlayer spacings in
Fe/Ni

81
Fe

19
multilayers over the same Fe thick-

ness range (cf. Fig. 2a and Fig. 2e). The Fe layers in
Fe/Ni are under higher strain than the Fe layers in
Fe/Ni

81
Fe

19
, because of the smaller lattice con-

stant of Nickel compared to permalloy, and be-
cause of the larger thickness of the Ni layers in our
samples. This leads to the observed difference in
d
F%

. On the contrary, although, in principal, the Fe
layers in both Fe/Ni and in Fe/Ni

81
Fe

19
are more

strongly strained than Fe on Cu(0 0 1), this does

not seem to be reflected in the vertical lattice con-
stants. A much smaller distortion is observed than
is expected, and the expansion of the atomic vol-
ume in region I of Fe in the multilayers is actually
slightly smaller than in Fe/Cu(0 0 1). Whereas in
Fe/Cu(0 0 1) an atomic volume of 12.1 A_ 3 was ob-
tained from a LEED analysis [1], the atomic vol-
ume of Fe in the multilayers attains only 11.8 A_ 3 for
both [Fe/Ni] and [Fe/Ni

81
Fe

19
] in region I. Des-

pite this difference in atomic volume, it is evident
that the strong vertical expansion of Fe in the
multilayers is similar to that found in Fe/Cu(0 0 1).
Furthermore, the poorer agreement with the simple
structural model used for the fits in region I com-
pared to region II could possibly be accounted for
by a complex reconstruction within the Fe layers
perhaps similar to that described in Ref. [1]. These
authors find a systematic variation of the Fe inter-
layer spacing away from the Cu(0 0 1) substrate.
Such a systematic variation would lead to a failure
of the model used to fit the X-ray data. In summary,
despite the different environment of the Fe layers in
the multilayers and Fe/Cu(0 0 1), there is a striking
similarity in their structure in region I.

In region II, the simple model used for the fits
agrees well with experiment, which indicates
a simpler structure for the Fe layers. Taken to-
gether with the smaller distortion compared to
region I, the Fe structure is a more relaxed FCC
structure similar to that found for Fe films on
Cu(0 0 1) at thicknesses between 4 and 11 ML.
LEED analysis of Fe/Cu(0 0 1) in this thickness
range of the relaxed FCC phase of Fe reveals flat Fe
atomic planes with no vertical distortion except for
the topmost layer at the Fe/vacuum interface,
which remains vertically expanded [4]. Again, we
conclude that the same structural behavior is found
in the multilayers, with the residual vertical expan-
sion of the Fe layers being due to elastic strain
induced by the nickel or permalloy layers.

The finding of non-ferromagnetic iron in region
II parallels the magnetic behavior observed for the
relaxed FCC phase in Fe/Cu(0 0 1). Kerr measure-
ments have shown that in that system the average
Fe magnetic moment of the relaxed FCC phase is
strongly reduced [5,6,18]. As explained in Sec-
tion 1, this is attributed to an antiferromagnetic
phase of Fe [6,14], correlated to the structural
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phase via the atomic volume [21]. A similar mag-
netic behavior of thin Fe films was also observed on
Ni(0 0 1) and FCC Co(0 0 1) substrates [15—17].
The atomic volume of the relaxed FCC phase in
Fe/Cu(0 0 1) has been determined by LEED analy-
sis as 11.4 A_ 3 [4]. The atomic volume of Fe in
region II of the multilayers decreases from 11.6 A_ 3
at t

F%
"8 As to 11.4 A_ 3 at t

F%
"13 A_ , with similar

values for both [Fe/Ni] and [Fe/Ni
81

Fe
19

]. The Fe
layers thus tend to adopt the same atomic volume
as in the relaxed FCC phase of Fe/Cu(0 0 1) when
the compressive strain from the sandwiching nickel
and permalloy layers is relieved. We conclude that
the reason for the reduced magnetic moment in
region II, as in Fe/Cu(0 0 1), is the dependence of
the magnetic phase of FCC Fe on the lattice con-
stant, as outlined in Ref. [21].

An alternative explanation to account for the
reduced moment in Fe is the possibility of a com-
plicated magnetic domain structure in which the Fe
layer breaks up into very small ferromagnetic re-
gions [19]. We can rule this out because of the large
magnetic fields in which we measured the satura-
tion magnetization, the absence of any significant
temperature effect, and the observation of antifer-
romagnetic behavior as well as GMR.

We will now focus on the third structural region,
region III, beginning at t

F%
"14 A_ . This region is

characterized by reduced X-ray scattering intensity,
a substantial broadening of the FCC diffraction
spots, and increasing scattering signal from BCC
Fe. From X-ray diffraction we see that the BCC Fe
is (0 1 1) oriented. The same orientation of BCC Fe
was found in Fe/Cu(0 0 1) for Fe thicknesses above
10—11 ML [5,9,10]. Our X-ray diffraction data
show that the azimuthal orientation of the BCC-
[1 0 1] axis is rotated by 28°$0.2° with respect to
the [1 0 0] axis of the FCC material. The BCC-
[0 1 1] axis is thus aligned along the FCC-[0 0 1]
axis, and rotated such that the angle between the
projection of the BCC-[1 0 1] axis onto the surface
plane, which is the BCC-[2 11 1] axis in our case,
has an angle of 28° with the FCC-[1 0 0] axis. This
is shown schematically in Fig. 5, where these two
directions are indicated by arrows in the bottom.
Due to the fourfold symmetry of the substrate
there are four equivalent domains of BCC orienta-
tion, resulting in eight BCC peaks in a complete

Fig. 5. Schematic illustration of the orientation of BCC Fe with
respect to an FCC underlayer. The BCC-[2 11 1] axis is rotated
by 28° with respect to the [1 0 0]

FCC
axis, as depicted. Other

crystallographic directions which are discussed in the text are
also explained by arrows. Note that due to the fourfold sym-
metry of the FCC layer there are four equivalent orientations of
the BCC material.

azimuthal scan at angles of (0°, 90°, 180°,
270°)$28°. In Fe/Cu(0 0 1), the BCC Fe was found
to be oriented with its [1 11 1] axis along the FCC-
[1 1 0] axis [10], from which one calculates an
angle of 25.5° between [2 11 1]

BCC
and [1 0 0]

FCC
. In

Fig. 5 this would correspond to the alignment of
the densely packed [2 1 11 ] rows of the BCC mater-
ial (horizontal in Fig. 5) along the FCC-[1 11 0]
direction. The BCC Fe in the multilayers thus ex-
hibits a very similar, yet not identical azimuthal
orientation as that in Fe/Cu(0 0 1). Since it is likely
that the orientation of the BCC Fe phase can be
more reliably determined from X-ray studies, the
different orientation we find in the multilayers as
compared to prior work on Fe/Cu(0 0 1) may not
be significant. However, one could postulate that
this difference in the azimuthal orientation, if signif-
icant, might result from the different lattice con-
stants of Cu and Ni or Ni

81
Fe

19
, respectively. The

smaller lattice constant of nickel or permalloy as
compared to copper suggests that a possible match
between the [3 11 1] axis of the BCC Fe and the
FCC-[3 1 0] axis might also become important. An
alignment of [3 11 1]

BCC
and [3 1 0]

FCC
is equivalent
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to an angle of 28.5° between [2 11 1]
BCC

and
[1 0 0]

FCC
, which is very close to the observed

28°. An alignment of [1 31 3]
BCC

and [1 3 0]
FCC

(u"28.5°) could also help to turn the azimuthal
orientation from 25.5° to 28°. To illustrate this,
these directions are marked by arrows in Fig. 5.
There is, however, a considerable mismatch be-
tween the nearest neighbor distance in the [3 11 1]
direction of BCC Fe and the FCC-[3 1 0] direction
of about !14% for Ni and !15% for permalloy.
Between [1 31 3]

BCC
and 130

FCC
the mismatch is

#12% for Ni and #11% for permalloy. Perhaps
the explanation for the actual in-plane orientation
can only be determined from a precise calculation
of the energetically most favorable configuration of
this system. Such a calculation would have to ac-
count for the complicated transformation of FCC
to BCC and the simultaneous presence of both
FCC Fe and BCC Fe in a certain thickness range
[11,12].

It cannot be completely excluded that a portion
of the nickel or permalloy layers are transformed
into BCC. Ni has been found to grow as BCC Ni
for small thicknesses on BCC Fe(0 0 1) [26]. In our
case, X-ray diffraction detected no other BCC sig-
nal than that corresponding to a scattering vector
consistent with the lattice constant of unstrained
bulk BCC Fe. Since the atomic density of Ni is
different from that of iron, and thus should lead to
a different scattering vector, this is a strong indica-
tion that the observed scattering is indeed mainly
due to bcc Fe and not to BCC Ni. We, however,
cannot rule out the possibility that unordered BCC
Ni or permalloy might be formed when deposited
onto the BCC Fe layers. If this were the case, it
most probably would also affect the azimuthal ori-
entation of the BCC Fe.

5. Conclusions

In summary, detailed studies of the structure of
thin Fe layers in (0 0 1) Fe/Ni and Fe/permalloy
multilayers show that the Fe layers in each case
exhibit three distinct structural types. As the Fe
layer thickness is increased its structure varies from
a vertically expanded FCC structure to a nearly
relaxed FCC phase, and finally to a BCC(0 1 1)

phase. These phases are almost identical to those
found in thin Fe layers grown on Cu(0 0 1) single
crystals. Although the nearly relaxed FCC phase in
the multilayers is significantly distorted as com-
pared to the almost pure FCC structure of the
corresponding phase in Fe/Cu(0 0 1), the unusual
magnetic properties of this phase in Fe/Cu(0 0 1)
are also found in the multilayers. In particular, in
both cases, the net magnetic moment of the Fe
atoms in this phase is substantially reduced. The
residual distortion of this phase in the multilayers is
attributed to elastic strain. The third structural
phase of Fe in Fe/Cu(0 0 1), BCC Fe(0 1 1), is to
within 3° of azimuthal orientation identically re-
produced in the multilayers. Altogether, the struc-
ture and corresponding magnetic behavior of thin
Fe layers in Fe/Ni and Fe/Ni

81
Fe

19
multilayers is

qualitatively identical to that found previously in
ultrathin Fe films on Cu(0 0 1). We conclude that
Fe in FCC-(0 0 1) multilayers is an excellent
example where knowledge acquired from studies of
single crystalline overlayers can be applied to more
complicated structures grown by very different
techniques.
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Kübler, Phys. Rev. B 39 (1989) 6957.

[22] E.E. Fullerton, I.K. Schuller, H. Vanderstraeten, Y. Bruyn-
seraede, Phys. Rev. B 45 (1992) 9292.

[23] The epitaxial parameters of our Fe/Ni and Fe/Ni
81

Fe
19

multilayer samples are, for example, only slightly inferior
to those of sputtered Fe/Cr multilayers, for which an
epitaxial quality similar to that of molecular beam epitaxy
grown films has been stated (E.E. Fullerton, M.J. Conover,
J.E. Mattson, C.H. Sowers, S.D. Bader, Phys. Rev. B 48
(1993) 15 755).

[24] B.D. Cullity, Introduction to Magnetic Materials, Ad-
dison-Wesley, Reading, MA, 1972.

[25] S.S.P. Parkin et al., in preparation.
[26] Z.Q. Wang, Y.S. Li, F. Jona, P.M. Marcus, Solid State

Commun. 61 (1987) 623; B. Heinrich, S.T. Purcell, J.R.
Dutcher, K.B. Urquhart, J.F. Cochran, A.S. Arrott, Phys.
Rev. B 38 (1988) 12 879.

136 W. Kuch, S.S.P. Parkin / Journal of Magnetism and Magnetic Materials 184 (1998) 127—136


