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Metastable rhombohedral Fe phase formed in Fe/Sb multilayers and its magnetic properties
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Fe/Sb multilayer films with various Fe and Sb layer thicknesses were prepared by vapor deposition. A
metastable rhombohedral Fe phase was formed in the Fe/Sb multilayered films, when the Fe layer thickness
was of 1.7 nm and the Sb layer thickness was of 10 nm. In an opposite condition, a metastable bcc Sb phase
was obtained, when the Fe layer was thicker than 4 nm and the Sb layer was thinner than 2.5 nm. Interestingly,
the metastable rhombohedral Fe exhibited ferromagnetic behavior and its average magnetic moment was as
high as 1.52mB . The magnetic behavior and electronic and magnetic structures of the rhombohedral Fe were
calculated by the first-principles all-electron linearized augmented plane-wave method~LAPW! within the
local spin-density functional approximation. The difference between the calculation of the Fe magnetic-
moment amplitude (3.32mB) and the experimental determination (1.52mB) was discussed in terms of the
presence of dead layers at the Fe/Sb interfaces.@S0163-1829~99!02017-2#
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I. INTRODUCTION

In the last decade, magnetic multilayered films on a
nometer scale with artificial periodicity have attracted mu
attention because these films may feature some anoma
magnetic properties, such as changes in magnetization a
magnetic layer thickness is reduced, appearance in s
cases of a uniaxial interfacial anisotropy, and giant mag
toresistance. These phenomena are probably correlated
the role of surface and interface states as dimensions bec
lower, e.g., the reduced coordination number and symm
of atoms, formation of metastable phase, interface rough
accompanied by chemical disordering, etc.1–4 In Fe-metal
multilayers, some metastable Fe phases were obtaine
some systems by various deposition methods, and these
behaved with different magnetic behavior. For examp
Himpsel5 and Macedo, Keune, and Ellerbrock6 reported that
fcc Fe grew epitaxially on Cu single crystals. In our rece
study,3 Fe grew also in fcc structure on polycrystalline Cu
electron-beam vapor deposition. In Fe/Pt, Fe/Pd, and F
systems, fcc Fe was also observed by Croftet al.7 and
Zhang, Pan, and Liu8,9 and it exhibited ferromagnetic
behavior.10 The hcp metastable Fe was formed in Fe/Ru
perlattices with short periodicity by Maureret al.11 Besides,
amorphous Fe was observed in Fe/Zr and Fe
multilayers.12–14 The observation of these metastable ir
phases provides a way to explore the origin of the magn
zation of the magnetic materials. With extensive data
tained for many multilayers systems, several models h
been proposed for predicting the magnetization of
films.1–2,15–20 The models generally rely on electron-sp
density of the iron atom in an ideal magnetic-nonmagne
interface or in the transitional structure sublayer~interface
mixing!. For example, based on an all-electron total-ene
local spin-density approach, Freeman and co-workers15–16

predicted that there would be a significant enhancemen
PRB 590163-1829/99/59~17!/11458~7!/$15.00
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two-dimensional magnetism at surfaces and interfaces
transition metals grown on noble metals. Tight-binding c
culations of the magnetic surface, interface, and multilay
by Krompiewski and others2,17 gave a similar prediction.
Kübler’s calculation revealed that both fcc and hcp bulk
phases should undergo a transition to a magnetic stat
volume expansions of the order of 5%.21–22 An alternative
explanation for the magnetic modification in some Fe/me
films may be attributed to the so-called interface ‘‘de
layer’’ 11,18–19 or ‘‘active layer’’ proposed by some
researchers.20 However, there is no good model to expla
completely all the experimental results obtained in the
metal films so far. Hence it is of interest to study further t
magnetization of various metastable phases formed in
metal films. The purpose of this paper is to get a metasta
Fe phase to investigate the magnetic properties of this m
stable phase. In Fe/Sb system, the atomic configuration
the~001! plane of rhombohedral Sb and in the~111! plane of
bcc Fe are quite similar, and the atomic distances in
~001! Sb and~111! Fe were of 0.4307 and 0.4053 nm, r
spectively, i.e., a difference in their atomic distance is o
5.9%. It is possible to form a rhombohedral metastable
phase from a crystallographic point of view. Fe/Sb multila
ers were therefore selected to get a rhombohedral metas
Fe phase. In this paper, we report a rhombohedral metas
Fe phase observed in the Fe/Sb multilayers prepared
electron-beam vapor deposition and its magnetic proper
the correlation between the magnetic properties and the
crostructure emerged in the films, and we discuss the p
sible mechanisms responsible for the observations. Bes
the magnetic behaviors and electronic and magnetic st
tures of the rhombohedral Fe were also investigated by
first-principles all-electron linearized augmented plane-wa
method~LAPW! in the local spin-density functional approx
mation.
11 458 ©1999 The American Physical Society
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II. EXPERIMENTAL PROCEDURE

The Fe/Sb multilayered films were prepared by deposit
alternatively pure iron~99.99%! and antimony~99.9999%! at
rates of 0.05–0.2 nm/s onto NaCl single-crystal chips wit
freshly cleaved surface~for microstructure studies! and glass
substrates 0.1 mm thick~for magnetic property measure
ment! in an electron-beam evaporation system at a vacu
level of 131024 Pa. The first layer on the substrate w
antimony. The thickness of the constituent metals~tFe and
tSb! varied from 1–10 nm which was controlled by a qua
monitor in the evaporation system. The total thickness of
films was approximately 40 nm~for microstructure studies!
and 120 nm~for magnetic property measurement!, respec-
tively. Samples were analyzed by transmission electron
croscopy~TEM!, selected area diffraction~SAD!, and x-ray
diffraction to identify the crystalline structure. Rutherfor
backscattering spectroscopy~RBS! was employed to mea
sure the thickness, periodicity, and chemical composition
the samples. The magnetic properties were measured w
vibrating-sample magnetometer~VSM!, with a resolution of
531026 emu, in a magnetic field of up to 10 kOe at roo
temperature. The size of the VSM samples was 436 mm.
First, a hysteresis loop of the substrate together with
holder was measured and the saturation magnetizationMs
was found to be about 131024 emu, which was one to two
orders of magnitude lower than that of the studied Fe/m
multilayered films. Then the hysteresis loops of the samp
were measured and the magnetization of the substrate
holder were subtracted automatically by the computer.
reduce the experimental error, measurements were mad
an assembly of five similar specimens. Consequently,
magnetic moment from the substrate and holder had a
ligible effect on the measured values, and the precision of
measured magnetic moment of the films was estimated t
better than 1%. After measuring the magnetic properties,
films were dissolved in a 5 ml HNO3 and the inductively
coupled plasma atomic emission spectrum~ICP! was em-
ployed to determine the Fe content in the multilayered film
An average magnetic moment per Fe atom was then obta
using above data. The error involved in the ICP measu
ment was about 5% and the total error for the magnetic m
ment was therefore around 6%.

III. RESULTS AND DISCUSSION

A. Microstructure of the Fe/Sb multilayers

1. Determination of the periodicity

Low angle x-ray-diffraction and RBS results indicate
that the composition, thickness, and periodicity of all t
samples agreed with the nominal values. For instance, F
shows a typical low angle x-ray-diffraction pattern of th
@Fe~4.0 nm!/Sb~3.7 nm!#20 ~the subscript is the number of th
Fe/Sb bilayers! multilayers. From this pattern, the third- an
fourth-order diffraction peaks of the Fe/Sb multilayer c
clearly be seen at 3.42 and 4.62°, respectively, which giv
modulation periodicity of the multilayers to be 7.7 nm. Fi
ure 2 shows a RBS spectrum of@Fe~4.0 nm!/Sb~10.0 nm!#10
multilayers. The spectrum was obtained with 2.023 M
He1 ions and the laboratory backscattering angle was 16
From the spectrum, one can see two peaks. The high cha
g
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one is from the Sb and the low channel is from the F
Although the detector used at these energies has insuffic
energy resolution~about 10 nm! to resolve the individual
layers, the Sb peak at its low-energy edge and the hig
channel of the Fe signal can still be distinguished. By cal
lating the area and width of the Fe and Sb peaks, the t
thickness is estimated to be about 140 nm, and the ave
thickness of each Fe and Sb layers agrees with the nom
deposited thickness. The same Fe/Sb periodicity of the Fe
multilayers was also confirmed by the ICP measurement
short, the characterization results confirmed that all
samples had a periodic structure along the normal to
films.

2. Microstructure analysis

The microstructure of the films was investigated by TE
SAD analysis. The experimental results revealed that
structure of Fe/Sb multilayers varied strongly with the var
tion of the layer thickness of the constituent metals. Figur
shows the SAD patterns of Fe/Sb multilayers with various
thicknesses, while the Sb layer thickness was kept at 10
From Fig. 3~a!, one can see that, whentFe<1.7 nm andtSb
510 nm, there is only one rhombohedral phase in the film

FIG. 1. The typical low angle x-ray-diffraction pattern of th
@Fe~4.0 nm!/Sb~3.7 nm!#20 multilayers.

FIG. 2. The RBS spectrum of@Fe~4.0 nm!/Sb~10.0 nm!#10 mul-
tilayers.



,
al
n
he
S

in
rn
on
3
,
i.e

o
ic
to
ne

olu-
to

od
the
s the

is
ur
he-
at

base
Fe

ral
lso

ly,

udy
can
dral
eak,
nm
ous
ti-
the

EM
ed
gue
ch
ure
re
or

the
fur-

ot
nal
sult-

e
Fe

le
ut

ck,

at-
ure
se
rn

nm,

ers
was

rs
ke

11 460 PRB 59PAN, ZHANG, DING, LIU, ZHOU, AND WANG
and its lattice parameters are determined to bea50.450
60.005 nm anda557.1° ~i.e., a50.43160.005 nm andc
51.12760.005 nm for hexagonal lattice!, which are exactly
the same of those of the pure Sb. WhentFe reaches 2.5 nm
in addition to the diffraction lines from the rhombohedr
phase, a bcc Fe~110! diffraction line emerges as shown i
Fig. 3~b!, indicating that the bcc Fe phase is formed in t
films, i.e., the films consists of bcc Fe and rhombohedral
From Fig. 3 it can also be found that whentSb510 nm, the
Sb grain size of the Fe/Sb films decreased with increas
tFe, which results in the diffraction lines in the SAD patte
having an increasing tendency from discontinuous to c
tinuous. The average Sb grain size of the films was about
20, and 2mm whentFe51.7, 2.5, and 4.0 nm, respectively
while the grain size of the bcc Fe was in a nanoscale,
about 5–10 nm.

There are two possible mechanisms for the formation
only one rhombohedral phase in Fe/Sb multilayers, in wh
the Fe layers are thinner than 1.7 nm. First, the Fe a
might grow in a rhombohedral structure on polycrystalli

FIG. 3. The typical TEM SAD pattern of the Fe/Sb multilaye
with various Fe thicknesses, while the Sb layer thickness was
at 10 nm:~a! Fe~1.7 nm!/Sb~10.0 nm!; ~b! Fe~2.5 nm!/Sb~10 nm!;
~c! Fe~4.0 nm!/Sb~10.0 nm!.
b.

g
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5,
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f
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rhombohedral Sb layers. Second, a rhombohedral solid s
tion might be formed at the Fe/Sb interfaces. According
the low angle x-ray-diffraction results, the films had a go
periodic structure along the normal to the films. Besides,
lattice parameters of the observed rhombohedral phase i
same as that of pure Sb and the solubility of Fe in Sb
almost nil.23 It could therefore be thought that, under o
experimental conditions, the Fe atoms grew in a rhombo
dral structure on thick Sb layer, which was similar to th
some metastable Fe phases grew epitaxially in the Fe-
multilayers, e.g., a hcp Fe phase grew in Ru/
superlattice,11 fcc Fe phases grew in Fe/Cu~Refs. 3 and 5!
and Fe/Pt~Ref. 8! multilayers.

From a crystallographic point of view, the rhombohed
structure Fe phase formed on the thick Sb layer was a
possible, because the atomic configurations in the~001!
plane of rhombohedral Sb and in the~111! plane of bcc Fe
are quite similar, and the atomic distances in the~001! Sb
and ~111! Fe were of 0.4307 and 0.4053 nm, respective
i.e., a difference in their atomic distance is only 5.9%.

It should be noted that the structure discussed in this st
was based on the analyses of results by TEM SAD, one
say that the experimental evidences of the rhombohe
structure Fe phase formed in the Fe/Sb multilayers are w
because it is possible that the signal coming from the 1.7
Fe layer is too weak to be observable. Recalling our previ
studies,3,10 it can be found that, for Fe/Cu and Fe/Pd mul
layers with the same total thickness of Fe/Sb ones, when
Fe layer thickness was 1.2 nm~lower than 1.7 nm!, the dif-
fraction lines from Fe phase can be clear observed by T
SAD, i.e., if bcc Fe existed in the films, it would be detect
by TEM SAD. These observations supported above ar
that bcc Fe wasn’t formed in the Fe/Sb multilayers, whi
provide an indirect evidence of the rhombohedral struct
Fe phase formed in the Fe/Sb films. If the multilayers a
characterized by extended x-ray-absorption fine structure
cross-section TEM investigations, detailed knowledge of
local structure could be obtained, this certainly deserves
ther study.

When tFe is thicker than 2.5 nm, the Fe atoms cann
grow in a rhombohedral structure because of the inter
stress caused by a large mismatch between Fe and Sb, re
ing in the formation of bcc Fe in the films. Figures 3~b! and
3~c! are the SAD patterns of Fe~2.5 nm!/Sb~10 nm! and
Fe~4.0 nm!/Sb~10 nm! samples, respectively, showing th
diffraction lines from the rhombohedral Sb and bcc
phases.

We also studied the possibility of growth of metastab
bcc Sb on thick Fe layers in Fe/Sb multilayers. It turned o
that when the Sb layer is thin and Fe layer is relatively thi
i.e., whentSb52.5 nm andtFe>4.0 nm, there are only dif-
fraction lines from a bcc phase appearing in the SAD p
terns, and its lattice parameter is just the same of that of p
Fe ~0.2866 nm!. In other words, the metastable bcc Sb pha
grew on thick Fe layer. For example, Fig. 4 is a SAD patte
of the Fe~8.0 nm!/Sb~2.5 nm! sample, showing only bcc dif-
fraction lines. The grain size in the sample was about 10
which is much smaller than that in the Fe/Sb films withtSb
510.0 nm.

Figure 5 shows the SAD patterns of the Fe/Sb multilay
with various Sb thicknesses, while the Fe layer thickness

pt
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kept at 2.5 nm. One can see that, though the films consi
of bcc Fe and the rhombohedral Sb phases, the Sb grain
of the samples increased obviously with increasingtSb, i.e.,
it was about 10 nm, 10mm, and 20mm for Fe~2.5 nm!/
Sb~2.5 nm!, Fe~2.5 nm!/Sb~6.0 nm!, and Fe~2.5 nm!/Sb~10.0
nm! films, respectively, while the grain size of the bcc
was in a nanoscale, i.e., about 5–10 nm.

From Figs. 3, 4, and 5 it can also be found that, wh
tSb.tFe, the diffraction rings of the samples were disco
tinuous. These patterns indicated that texture structures w
present in the films with some specific orientation relatio
ships, yet the texture was not very distinct as diffracti
rings still appeared. The textured decreased with increa
tFe and with decreasingtSb, respectively, and eventually th
texture orientation disappeared. For example, there was
texture in the Fe~8.0 nm!/Sb~2.5 nm! films. The Sb grain size
of the films can be changed from 50;10 nm for the Fe~8.0
nm!/Sb~2.5 nm! to 35 000 nm~i.e., 35mm! for Fe~1.7 nm!/
Sb~10.0 nm! films.

FIG. 4. The typical TEM SAD pattern of the Fe~8.0 nm!/Sb~2.5
nm! sample, showing only bcc diffraction lines.

FIG. 5. The TEM SAD patterns of the Fe/Sb multilayers w
various Sb thicknesses, while the Fe layer thickness was kept a
nm: ~a! Fe~2.5 nm!/Sb~2.5 nm! and ~b! Fe~2.5 nm!/Sb~6.0 nm!.
ed
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B. Magnetic properties of the films

To obtain a better understanding of the rhombohedral
phase formed in the Fe/Sb multilayers, the magnetic prop
ties of the films were studied by VSM at room temperatu
Figure 6 shows the hysteresis loops of the Fe/Sb multilay
in a magnetic field of up to 10 kOe parallel to the film plan
Table I shows the average magnetic moment per Fe atom
Fe/Sb multilayers. From Fig. 6 and Table I one can see
all the Fe/Sb multilayers, including the films with rhomb
hedral Fe, are ferromagnetic and have an in-plane easy
of magnetization. The magnetic moment per Fe atom
Fe/Sb multilayers was about the same as in the bulk Fe w
tFe58.0 nm andtSb52.5 nm, and it decreased with decrea
ing tFe. For Fe~1.7 nm!/Sb~10.0 nm! multilayers, the mag-
netic moment per Fe in the rhombohedral structure can
be as high as 1.52mB . In the previous works it was found
that some solid solution~or amorphous phase! could be
formed in the Fe/metal interface, and the solid solution
hibited paramagnetic behavior at room temperature.12–14,24

Recalling the microstructural results of the films~Fig. 3!, if
the solid solution was formed in the Fe~1.7 nm!/Sb~10.0 nm!
films, the sample would have very low magnetization. In o
case, Fe~1.7 nm!/Sb~10.0 nm! films had higher magnetiza
tion, which suggested that the Fe layer did not grow in so
solution. In other words, the magnetic measurement provi

.5

FIG. 6. The hysteresis loops of Fe/Sb multilayers in a magn
field of up to 10 kOe parallel to the film plane:~a! Fe~6.0 nm!/
Sb~2.5 nm!; ~b! Fe~4.0 nm!/Sb~2.5 nm!; ~c! Fe~4.0 nm!/Sb~6.0 nm!;
and ~d! Fe~1.7 nm!/Sb~10.0 nm!.

TABLE I. The average magnetic moment per Fe atom (mB) in
Fe/Sb multilayers for varioustFe and tSb.

Thickness of Fe layer (tFenm)

1.7 2.5 4.0 6.0 8.0

Thickness
of Sb
layer
(tSbnm)

1.4 1.658

2.5 1.728 1.796 1.651 2.190
3.7 1.704
6.0 1.683

10.0 1.520 1.806 1.767
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an indirect evidence for the formation of a metastable
phase in a rhombohedral structure and the new phase
behave ferromagnetically with a high magnetic moment.

Figure 7 shows two hysteresis loops of the Fe/Sb mu
layers measured with the magnetic field parallel and perp
dicular to the film plane. From the figure, the saturation fie
for the perpendicular case, depended on the thickness o
Fe layer when tSb510 nm. Saturating the Fe~1.7 nm!/
Sb~10.0 nm! multilayers was much easier than saturating
Fe~4.0 nm!/Sb~10.0 nm! ones. This revealed that as thetFe

decreased, there was an increasing tendency for perpen
lar magnetization in the Fe/Sb multilayers, which was sim
to those observed in Fe/noble-metal multilayers.3,10,25–26

Concerning the effect of film structure on the magne
properties of the Fe/Sb multilayers, as mentioned abo
even though the grain size of Sb phase varied obviously w
tFe and tSb, the grain size of bcc Fe was almost the same
all films, i.e., about 5–10 nm, which might mainly relate
the evaporation conditions of the samples, except the g
size of Fe phase was large in Fe~1.7 nm!/Sb~10 nm! multi-
layers owing to the epitaxial growth of the metastable rho
bohedral Fe phase. Therefore, in our case, the grain siz
films had a small effect on the magnetic properties of
films. From Table I, one can see that the magnetic mom
of the Fe/Sb films varied withtFe and tSb, i.e., it decreased
with decreasingtFe, which was probably related to the sp
orientational configuration of the Fe atoms under the ac
of the Sb layer. According to the experimental results o
Mössbauer spectroscopy analysis by Maureret al.,11 a so-
called interface ‘‘dead layer’’ existed in the multilayers, i.e
two interfacial layers bear no moment, similar results w
also reported by Sato and others.27–29 The relative thickness
of dead layer~i.e., the thickness ratio of the nonmagnetic
layer to the magnetic Fe layer! increased with decreasin
tFe, results in the above observed magnetic properties,
the magnetic moment of the films with thin Fe layer w
lower than that with thick Fe one.

FIG. 7. The hysteresis loops of the Fe/Sb multilayers measu
with the magnetic field parallel and perpendicular to the film pla
for ~a! Fe~1.7 nm!/Sb~10.0 nm! and ~b! Fe~4.0 nm!/Sb~10.0 nm!.
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C. Simulation of the magnetic moment of the rhombohedral
Fe phase

The rhombohedral Fe phase formed in Fe/Sb and its m
netic properties, to our knowledge, have not been repo
previously. To interpret the observations and to probe
reason for the magnetic behaviors, the electronic and m
netic structure of the rhombohedral Fe was investigated
the first-principles all-electron linearized augmented pla
wave method~LAPW! ~Refs. 19–21! in the local spin-
density functional approximation. A crystallographic lattic
unit cell which includes two atoms at~0, 0, 0! and ~0.533,
0.533, 0.533! is used for convenience of programming~see
Fig. 8!. The lattice constant was selected froma50.405 to
0.475 nm, whilea557.1°. The basis size used in solving th
eigenvalue problem was more than 50 LAPW’s per atom a
4096 specialk points in the first Brillouin zone of the rhom
bohedral unit cell were used to generate electron dens
Core change density was computed self-consistently i
fully relativistic Dirac-Slater-type atomic structure progra
for every iteration and valence states are computed sem
lativistically, i.e., the Dirac equation is solved includin
mass velocity and Darwin terms but without the spin-or
coupling term. No shape approximations were made for
potential and charge density in the interstitial region, but
potential was assumed spherically symmetric inside
muffin-tin spheres.19–21,30,31The convergence measured b

d
e

FIG. 8. The crystallographic lattice unit cell containing two a
oms of the metastable rhombohedral Fe phase.

FIG. 9. The calculated total energy per atom of the rhombo
dral Fe phase with various lattice constants.
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the rms difference between input and output was better t
1 mRy for the sum of spin-up and spin-down potential~or
0.05 me/a.u.3 for charge density! and better than 0.02 mR
for their difference~or 0.005 me/a.u.3 for spin density!.

Figure 9 shows the calculated total energy per atom of
rhombohedral Fe phase with various lattice constants. F
this figure, one can see that all the calculated total energie
the ferromagnetic~FM! and the paramagnetic~PM! states
increase with increasing lattice constant and that the ca
lated total energy of the FM state was about 9.0 Ry/cell~;5
MJ/mol! lower than that of PM state of rhombohedral F
phase, suggesting the ground state of the rhombohedra
phase is the FM state.

Figure 10 gives the calculated magnetic moment per a
as a function of the lattice constant for the FM state of
rhombohedral Fe phase. The calculated magnetic mom
per Fe atom in rhombohedral structure was about 3.23mB
when the lattice constant was 0.450 nm~i.e., a50.431 nm
andc51.127 nm for hexagonal lattice! and it decreased with
decreasing lattice constant of the rhombohedral Fe phas

It is noted that there is a difference in magnetic mom
between the calculated and experimentally measured va
This is also related to the so-called ‘‘die layer.’’ In calcul
tion of the magnetic moment of the rhombohedral Fe pha
the spin orientational configuration of the Fe atoms under

FIG. 10. The calculated magnetic moment per atom as a fu
tion of the lattice constant for the ferromagnetic~FM! state of the
rhombohedral Fe phase.
er
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action of the Sb layer hadn’t been taken into simulation
the magnetic moment. According to the experimental res
of a Mössbauer spectroscopy analysis by Maureret al.,11 in
hexagonal Fe/Ru superlattices with short periodicity, the
ternal Fe layer carry a moment of about 2mB , whereas the
two interfacial layers bear no moment, i.e., the interfa
‘‘dead layer’’ existed in the multilayers. In our case, accor
ing to the mean magnetic moment per Fe atom and the st
tural parameter of the Fe~1.7 nm!/Sb~10.0 nm! multilayers,
the effective Fe layer was calculated as 1.731.52/3.23
50.8 nm, in which 3.23 was the calculated magnetic m
ment of bulk rhombohedral Fe phase by the first-princip
all-electron linearized augmented plane-wave meth
~LAPW! ~Refs. 19–21! in the local spin-density functiona
approximation. Therefore the thickness of the nonmagn
Fe layer per interface in Fe~1.7 nm!/Sb~10.0 nm! was 1.7
3(1 – 1.52/3.23)/250.45 nm, i.e., about two to three F
monolayers, which agreed with the value in Fe/Ru films11

Hence, the above calculation can serve as a support to
experimental observations as well as the above discusse
terpretation in a qualitative way.

IV. CONCLUSION

In summary, we have shown experimental evidence o
metastable rhombohedral Fe phase obtained in the F
multilayers withdFe<1.7 nm anddSb>10 nm. The rhombo-
hedral Fe metastable phase exhibits ferromagnetic beha
and its average magnetic moment in the Fe~1.7 nm!/Sb~10.0
nm! multilayers is 1.52mB . The magnetic behavior and elec
tronic and magnetic structures of the rhombohedral Fe w
calculated by the first-principle all-electron linearized au
mented plane-wave method~LAPW! in the local spin-
density functional approximation. The difference betwe
the calculation of the Fe magnetic moment amplitu
(3.23mB) and the experimental determination (1.52mB) was
thought to relate with the dead layers probably formed at
Fe/Sb interfaces.
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