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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 1.525. The magnetic behavior and electronic and magnetic structures of the rhombohedral Fe were
calculated by the first-principles all-electron linearized augmented plane-wave mg#hBaV) within the
local spin-density functional approximation. The difference between the calculation of the Fe magnetic-
moment amplitude (3.325) and the experimental determination (152 was discussed in terms of the
presence of dead layers at the Fe/Sb interfd&3163-182€09)02017-2

I. INTRODUCTION two-dimensional magnetism at surfaces and interfaces in
transition metals grown on noble metals. Tight-binding cal-
In the last decade, magnetic multilayered films on a naculations of the magnetic surface, interface, and multilayers
nometer scale with artificial periodicity have attracted muchby Krompiewski and othefs’ gave a similar prediction.
attention because these films may feature some anomalo#sibler’s calculation revealed that both fcc and hcp bulk Fe
magnetic properties, such as changes in magnetization as tphases should undergo a transition to a magnetic state at
magnetic layer thickness is reduced, appearance in sommlume expansions of the order of 5962% An alternative
cases of a uniaxial interfacial anisotropy, and giant magneexplanation for the magnetic modification in some Fe/metal
toresistance. These phenomena are probably correlated wifitms may be attributed to the so-called interface “dead
the role of surface and interface states as dimensions becomger” 1118-1% or “active layer” proposed by some
lower, e.g., the reduced coordination number and symmetryesearcher®’ However, there is no good model to explain
of atoms, formation of metastable phase, interface roughnesgmpletely all the experimental results obtained in the Fe/
accompanied by chemical disordering, &tt.In Fe-metal meta films so far. Hence it is of interest to study further the
multilayers, some metastable Fe phases were obtained jjagnetization of various metastable phases formed in Fe/
some systems by various deposition methods, and these filM$atal films. The purpose of this paper is to get a metastable

behaved with different magnetic behavior. For exampIeFe : : : . :
; phase to investigate the magnetic properties of this meta-
HimpseP and Macedo, Keune, and Ellerbr8dieported that stable phase. In Fe/Sb system, the atomic configurations in

fcc Fe grew epitaxially on Cu single crystals. In our recent .
study? Fe grew also in fcc structure on polycrystalline Cu by the (003) plane of rhombohedral Sb and in tfEL) plane of

electron-beam vapor deposition. In Fe/Pt, Fe/Pd, and Fe/‘IbbCC Fe are quite similar, and the atomic distances in the
systems, fcc Fe was also observed by Creftal” and (00D) .Sb af?d(“l) Fe were .Of 0'4307 anq 0'.4053 nm, re-
Zhang, Pan, and LRP and it exhibited ferromagnetic specnvely, i.e., gdlfference in their atomic distance is only
behavior'® The hcp metastable Fe was formed in Fe/Ru su2-9%. It is possible to form_a rh'omboh.edral metastab!e Fe
perlattices with short periodicity by Mauret al* Besides, Phase from a crystallographic point of view. Fe/Sb multilay-
amorphous Fe was observed in Fe/Zr and Fe/Dyers were therefore selected to get a rhombohedral metastable
multilayers'?~** The observation of these metastable ironFe phase. In this paper, we report a rhombohedral metastable
phases provides a way to explore the origin of the magnetife phase observed in the Fe/Sb multilayers prepared by
zation of the magnetic materials. With extensive data obelectron-beam vapor deposition and its magnetic properties,
tained for many multilayers systems, several models havthe correlation between the magnetic properties and the mi-
been proposed for predicting the magnetization of thecrostructure emerged in the films, and we discuss the pos-
films.1~215-2° The models generally rely on electron-spin sible mechanisms responsible for the observations. Besides,
density of the iron atom in an ideal magnetic-nonmagnetiche magnetic behaviors and electronic and magnetic struc-
interface or in the transitional structure sublayimterface tures of the rhombohedral Fe were also investigated by the
mixing). For example, based on an all-electron total-energyirst-principles all-electron linearized augmented plane-wave
local spin-density approach, Freeman and co-wotRets  method(LAPW) in the local spin-density functional approxi-
predicted that there would be a significant enhancement imation.
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II. EXPERIMENTAL PROCEDURE

The Fe/Sb multilayered films were prepared by depositing
alternatively pure iror{99.99% and antimony99.9999% at
rates of 0.05—0.2 nm/s onto NaCl single-crystal chips with a
freshly cleaved surfacgor microstructure studigsand glass
substrates 0.1 mm thickfor magnetic property measure-
men) in an electron-beam evaporation system at a vacuum
level of 1xX10 % Pa. The first layer on the substrate was
antimony. The thickness of the constituent mefajs and 4
tgp varied from 1-10 nm which was controlled by a quartz
monitor in the evaporation system. The total thickness of the
films was approximately 40 nr{for microstructure studigs
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and 120 nm(for magnetic property measuremgntespec- 25 30 35 40 45 50 55 60
tively. Samples were analyzed by transmission electron mi-

croscopy(TEM), selected area diffractio(6AD), and x-ray 26(deg.)

diffraction to identify the crystalline structure. Rutherford-

backscattering spectroscogRBS) was employed to mea- FIG. 1. The typical low angle x-ray-diffraction pattern of the

sure the thickness, periodicity, and chemical composition ofF&(4.0 nm/Sh(3.7 nm ], multilayers.

the samples. The magnetic properties were measured with a

vibrating-sample magnetomet&/SM), with a resolution of ON€ is from the Sb and the low channel is from the Fe.
5x 1075 emu, in a magnetic field of up to 10 kOe at room Although the detector used at these energies has insufficient

temperature. The size of the VSM samples wasé4mm. ~ €N€rgy resolution(about 10 nm to resolve the individual
First, a hysteresis loop of the substrate together with thd?Yers, the Sb peak at its low-energy edge and the highest

holder was measured and the saturation magnetizafign channel of the Fe signal can still be distinguished. By calcu-
was found to be aboutX 10~ 4emu. which was one to two lating the area and width of the Fe and Sb peaks, the total

multilayered films. Then the hysteresis loops of the sampleg'"Ckm.ESS of_each Fe and Sb layers agrees W.'th the nominal
were measured and the magnetization of the substrate af§POsited thickness. The same Fe/Sb periodicity of the Fe/Sb
holder were subtracted automatically by the computer. Tdnultilayers was also confirmed by the ICP measurement. In
reduce the experimental error, measurements were made GHOM: the characterization results confirmed that all the
an assembly of five similar specimens. Consequently, thfamples had a periodic structure along the normal to the
magnetic moment from the substrate and holder had a ne Ims.

ligible effect on the measured values, and the precision of the
measured magnetic moment of the films was estimated to be
better than 1%. After measuring the magnetic properties, the The microstructure of the films was investigated by TEM
films were dissolvedn a 5 ml HNQ, and the inductively SAD analysis. The experimental results revealed that the
coupled plasma atomic emission spectr@i@P) was em-  structure of Fe/Sh multilayers varied strongly with the varia-
ployed to determine the Fe content in the multilayered filmstion of the layer thickness of the constituent metals. Figure 3
An average magnetic moment per Fe atom was then obtainesiiows the SAD patterns of Fe/Sb multilayers with various Fe
using above data. The error involved in the ICP measurethicknesses, while the Sb layer thickness was kept at 10 nm.
ment was about 5% and the total error for the magnetic moFrom Fig. 3a), one can see that, whép.<1.7 nm andtg,
ment was therefore around 6%. =10nm, there is only one rhombohedral phase in the films,

2. Microstructure analysis

Ill. RESULTS AND DISCUSSION
A. Microstructure of the Fe/Sb multilayers
1. Determination of the periodicity

Low angle x-ray-diffraction and RBS results indicated
that the composition, thickness, and periodicity of all the
samples agreed with the nominal values. For instance, Fig. 1
shows a typical low angle x-ray-diffraction pattern of the
[Fe(4.0 nm/Sh(3.7 nm],q (the subscript is the number of the
Fe/Sb bilayersmultilayers. From this pattern, the third- and
fourth-order diffraction peaks of the Fe/Sb multilayer can
clearly be seen at 3.42 and 4.62°, respectively, which give a . .
modulation periodicity of the multilayers to be 7.7 nm. Fig- 200 30 400
ure 2 shows a RBS spectrum [dFe(4.0 nm/Sh(10.0 nm];,
multilayers. The spectrum was obtained with 2.023 MeV Channel Number
He™ ions and the laboratory backscattering angle was 165°. FIG. 2. The RBS spectrum ¢fe4.0 nm/Sb(10.0 nm];o mul-
From the spectrum, one can see two peaks. The high chann@hyers.

Backscattering Yields
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rhombohedral Sb layers. Second, a rhombohedral solid solu-
tion might be formed at the Fe/Sb interfaces. According to
the low angle x-ray-diffraction results, the films had a good
periodic structure along the normal to the films. Besides, the

SBe) lattice parameters of the observed rhombohedral phase is the
same as that of pure Sb and the solubility of Fe in Sb is
almost nil?® It could therefore be thought that, under our

Sb(102) experimental conditions, the Fe atoms grew in a rhombohe-

Sb(110) dral structure on thick Sb layer, which was similar to that

Sb(116) some metastable Fe phases grew epitaxially in the Fe-base

multilayers, e.g., a hcp Fe phase grew in Ru/Fe
superlattice’! fcc Fe phases grew in Fe/GRefs. 3 and b
and Fe/P{Ref. 8 multilayers.

From a crystallographic point of view, the rhombohedral
structure Fe phase formed on the thick Sb layer was also
possible, because the atomic configurations in (@@l
plane of rhombohedral Sb and in tkEll) plane of bcc Fe

d ‘ “ =Tl are quite similar, and the atomic distances in (861) Sb
____-Sb(102) and (111) Fe were of 0.4307 and 0.4053 nm, respectively,
___—Sb(110) i.e., a difference in their atomic distance is only 5.9%.

Sb(006) It should be noted that the structure discussed in this study

was based on the analyses of results by TEM SAD, one can
say that the experimental evidences of the rhombohedral
structure Fe phase formed in the Fe/Sb multilayers are weak,
because it is possible that the signal coming from the 1.7 nm
Fe layer is too weak to be observable. Recalling our previous
studies>'? it can be found that, for Fe/Cu and Fe/Pd multi-
layers with the same total thickness of Fe/Sb ones, when the
Fe layer thickness was 1.2 n@lower than 1.7 nrj the dif-
fraction lines from Fe phase can be clear observed by TEM
SAD, i.e., if bcc Fe existed in the films, it would be detected
by TEM SAD. These observations supported above argue
that bcc Fe wasn’t formed in the Fe/Sb multilayers, which
provide an indirect evidence of the rhombohedral structure
Fe phase formed in the Fe/Sb films. If the multilayers are

characterized by extended x-ray-absorption fine structure or
FIG. 3. The typical TEM SAD pattern of the Fe/Sb multilayers cross-section TEM investigations, detailed knowledge of the
with various Fe thicknesses, while the Sb layer thickness was kedocal structure could be obtained, this certainly deserves fur-
at 10 nm:(a) Fe(1.7 nm/Sh(10.0 nm); (b) F&2.5 nm/Sk(10 nm); ther study.
(c) Fe(4.0 nm/Sh(10.0 nm). When tg is thicker than 2.5 nm, the Fe atoms cannot
grow in a rhombohedral structure because of the internal
and its lattice parameters are determined toae0.450 stress caused by a large mismatch between Fe and Sb, result-
+0.005 nm anda=57.1° (i.e., a=0.431+0.005 nm ancc ing in the formation of bcc Fe in the films. Figure&Band
=1.127+0.005 nm for hexagonal lattizewhich are exactly 3(c) are the SAD patterns of F&5 nn)/Sh(10 nm) and
the same of those of the pure Sh. Whegreaches 2.5 nm, Fe4.0 nm/Sh(10 nm samples, respectively, showing the
in addition to the diffraction lines from the rhombohedral diffraction lines from the rhombohedral Sb and bcc Fe
phase, a bcc FEL10 diffraction line emerges as shown in phases.
Fig. 3(b), indicating that the bcc Fe phase is formed in the We also studied the possibility of growth of metastable
films, i.e., the films consists of bcc Fe and rhombohedral Sbbce Sb on thick Fe layers in Fe/Sb multilayers. It turned out
From Fig. 3 it can also be found that wheg=10nm, the that when the Sb layer is thin and Fe layer is relatively thick,
Sb grain size of the Fe/Sb films decreased with increasinge., whentg,=2.5nm andt;=4.0 nm, there are only dif-
tge, Which results in the diffraction lines in the SAD pattern fraction lines from a bcc phase appearing in the SAD pat-
having an increasing tendency from discontinuous to conterns, and its lattice parameter is just the same of that of pure
tinuous. The average Sb grain size of the films was about 3%;e(0.2866 nm. In other words, the metastable bcc Sb phase
20, and 2um whentg.=1.7, 2.5, and 4.0 nm, respectively, grew on thick Fe layer. For example, Fig. 4 is a SAD pattern
while the grain size of the bcc Fe was in a nanoscale, i.eQf the F€8.0 nm/Skh(2.5 nm sample, showing only bcc dif-
about 5-10 nm. fraction lines. The grain size in the sample was about 10 nm,
There are two possible mechanisms for the formation ofvhich is much smaller than that in the Fe/Sb films witp
only one rhombohedral phase in Fe/Sb multilayers, in which=10.0 nm.
the Fe layers are thinner than 1.7 nm. First, the Fe atom Figure 5 shows the SAD patterns of the Fe/Sb multilayers
might grow in a rhombohedral structure on polycrystallinewith various Sb thicknesses, while the Fe layer thickness was
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FIG. 4. The typical TEM SAD pattern of the f80 nm/Sh(2.5 002
nm) sample, showing only bcc diffraction lines. L 1
10 5 0 5 10
kept at 2.5 nm. One can see that, though the films consisted Magnetic Field ( kOe )
of bcc Fe and the rhombohedral Sb phases, the Sb grain size
of the samples increased obviously with increadigg i.e., FIG. 6. The hysteresis loops of Fe/Sb multilayers in a magnetic

it was about 10 nm, 1Qum, and 20um for F&2.5 nm/ field of up to 10 kOe parallel to the film plan¢a) F&6.0 nm)/
Sh(2.5 nm, Fg2.5 nm/Sh(6.0 nm), and F€2.5 nm/S10.0  Sh2.5 nm; (b) Fe(4.0 nm/Sk(2.5 nm); (c) Fe(4.0 nm/SK(6.0 nm);
nm) films, respectively, while the grain size of the bcc Feand(d) F&1.7 nm/Sb(10.0 nm.
was in a nanoscale, i.e., about 5-10 nm.

From Figs. 3, 4, and 5 it can also be found that, when B. Magnetic properties of the films

Lsp> e, the diffraction r_ing_s of the samples were discon- To obtain a better understanding of the rhombohedral Fe
tinuous. These patterns indicated that texture structures we

. ' . o . : . b%ase formed in the Fe/Sb multilayers, the magnetic proper-
present in the films with some specific orientation relatlon—ties of the films were studied by VSM at room temperature
ghlps, yet the texture was not very distinct as d.'ﬁraCt'O.nFigure 6 shows the hysteresis loops of the Fe/Sb multilayers
rings stlll_appeared. _The textured_decreased with increasing = magnetic field of up to 10 kOe parallel to the film plane.
tre and W'Fh degreasmgsm respectively, and eventually the Table | shows the average magnetic moment per Fe atom in
texture orientation disappeared. For example, there was

"Ce/sb multilayers. From Fig. 6 and Table | one can see that
texture in the FE.0 nm/Sh(2.5 nm) films. The Sb grain size ” e ; : X
of the films can be changed from 500 nm for the F¢3.0 all the Fe/Sb multilayers, including the films with rhombo

. hedral Fe, are ferromagnetic and have an in-plane easy axis
gﬂ){g%zﬁijnf??m? 35000 nmi.e., 35um) for Fe(1.7 nm/ of magnetization. The magnetic moment per Fe atom in

Fe/Sb multilayers was about the same as in the bulk Fe when
tre=8.0 nm andtg,=2.5nm, and it decreased with decreas-
ing tpe. For FE1.7 nm/Sh(10.0 nm multilayers, the mag-
(a) netic moment per Fe in the rhombohedral structure can still
be as high as 1.52;. In the previous works it was found
that some solid solutiorfor amorphous phagecould be
formed in the Fe/metal interface, and the solid solution ex-
hibited paramagnetic behavior at room temperattiré&2*
Recalling the microstructural results of the filif&g. 3, if

the solid solution was formed in the @g7 nm/Sh(10.0 nm
films, the sample would have very low magnetization. In our
case, F€L.7 nm/Sh(10.0 nm films had higher magnetiza-
tion, which suggested that the Fe layer did not grow in solid
solution. In other words, the magnetic measurement provided

TABLE |. The average magnetic moment per Fe atqug)(in
Fe/Sb multilayers for variout, andtgy,

Thickness of Fe layertf.nm)

1.7 2.5 4.0 6.0 8.0

14 1.658
Thickness
of Sb 25 1.728 1.796 1.651 2.190
layer 3.7 1.704
FIG. 5. The TEM SAD patterns of the Fe/Sb multilayers with (ts,nm) 6.0 1.683
various Sh thicknesses, while the Fe layer thickness was kept at 2.5 100 1520 1.806 1.767

nm: (a) F&2.5 nm/Sh(2.5 nm and (b) F&2.5 nm/Sk(6.0 nm).
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-10 -5 Y 5 10 C. Simulation of the magnetic moment of the rhombohedral
Magnetic Field ( kOe ) Fe phase

) _ The rhombohedral Fe phase formed in Fe/Sb and its mag-
it e o st o rmena e o anetc popere, o ou owedge, have ok been repote
reviously. To interpret the observations and to probe the
for (@ Fe(1.7 nm/Sk(10.0 nm and (b) Fe(4.0 nm/S&(10.0 nm. [r)eason fc?lr the magr?etic behaviors, the electronicpand mag-
netic structure of the rhombohedral Fe was investigated by
an indirect evidence for the formation of a metastable Fehe first-principles all-electron linearized augmented plane-
phase in a rhombohedral structure and the new phase cavave method(LAPW) (Refs. 19-2] in the local spin-
behave ferromagnetically with a high magnetic moment.  density functional approximation. A crystallographic lattice
Figure 7 shows two hysteresis loops of the Fe/Sbh multiunit cell which includes two atoms &0, 0, 0 and (0.533,
layers measured with the magnetic field parallel and perper-533, 0.53Bis used for convenience of programmitgge
dicular to the film plane. From the figure, the saturation field,Fig- 8. The lattice constant was selected frans 0.405 to
for the perpendicular case, depended on the thickness of tie475 nm, whilex=57.1°. The basis size used in solving the
Fe layer whentg,=10nm. Saturating the FB7 nm)/ elgenvalue_ probl_em was more tha_n SQ LAPW'’s per atom and
Sb(10.0 nm multilayers was much easier than saturating the?096 speC|aI_< points in the first Brillouin zone of the rhom-_
Fe(4.0 nm/Sb(10.0 nm ones. This revealed that as the bohedral unit cell were used to generate electron density.

decreased, there was an increasing tendency for perpendic%—clirer;g%c%%Cdg?rz(tzs‘l’;?gr_?o”;p;ttggqi?i}{;ﬁg?usr'ste?gyr;% a
lar magnetization in the Fe/Sb multilayers, which was similal y yp prog

r ) . .
to those observed in Fe/noble-metal multilayi25-26 for every iteration and valence states are computed semire-

C ing the effect of film struct h i lativistically, i.e., the Dirac equation is solved including
oncerning the efiect of Tim structure on the magnelic,, ¢ velocity and Darwin terms but without the spin-orbit
properties of the Fe/Sb multilayers, as mentioned abov

o . . ,ecoupling term. No shape approximations were made for the
even though the grain size of Sb phase varied obviously with,stential and charge density in the interstitial region, but the
tre @ndtsy, the grain size of bee Fe was almost the same ifyotential was assumed spherically symmetric inside the
all films, i.e., about 5-10 nm, which might mainly relate to yyffin-tin sphered?-213031The convergence measured by
the evaporation conditions of the samples, except the grain

size of Fe phase was large in(E& nn)/Sh(10 nm) multi-

layers owing to the epitaxial growth of the metastable rhom-  -5072 T T T T T T '
bohedral Fe phase. Therefore, in our case, the grain size C_

films had a small effect on the magnetic properties of the=

films. From Table I, one can see that the magnetic momen-$ -5073
of the Fe/Sb films varied withg, andtg,, i.e., it decreased o

with decreasindr., which was probably related to the spin g 5081
orientational configuration of the Fe atoms under the action® ~
of the Sb layer. According to the experimental results of a &
Mossbauer spectroscopy analysis by Maweeal,!! a so-
called interface “dead layer” existed in the multilayers, i.e.,
two interfacial layers bear no moment, similar results were
also reported by Sato and oth&fs2° The relative thickness [PV U T RN SR
of dead layef(i.e., the thickness ratio of the nonmagnetic Fe 4.0 4.2 4.4 4.6 4.8
layer to the magnetic Fe layeincreased with decreasing Lattice Constant (10‘10 m)

tee, results in the above observed magnetic properties, i.e.,

the magnetic moment of the films with thin Fe layer was FIG. 9. The calculated total energy per atom of the rhombohe-
lower than that with thick Fe one. dral Fe phase with various lattice constants.

paramagnetic state

-

~9 Ry/cell (=5MJ/mol)

-5082 ferromagnetic state

Total E
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3.35 action of the Sb layer hadn’t been taken into simulation of
~a30k ) the magnetic moment. According to the experimental results
'y o of a Mdssbauer s i 1
. pectroscopy analysis by Mawtal, " in
=8 9 rl/ hexagonal Fe/Ru superlattices with short periodicity, the in-

w

N}

(=]
I

ternal Fe layer carry a moment of aboytg, whereas the
two interfacial layers bear no moment, i.e., the interface
“dead layer” existed in the multilayers. In our case, accord-

ic moment (u
w
=N
[4,}
)

2 3.10 i ing to the mean magnetic moment per Fe atom and the struc-
=4 3.05} / tural parameter of the F&.7 nm)/SK(10.0 nm) multilayers,
@ 300l the effective Fe layer was calculated as X1752/3.23
= P R S =0.8nm, in which 3.23 was the calculated magnetic mo-
TV 40 41 42 43 44 45 46 47 48 ment of bulk rhombohedral Fe phase by the first-principles
) 10 all-electron linearized augmented plane-wave method
Lattice constant (10""m) (LAPW) (Refs. 19-21in the local spin-density functional

) approximation. Therefore the thickness of the nonmagnetic
FIG. 10. The calculated magnetic moment per atom as a funcgg layer per interface in F&7 nm/SKk(10.0 nm was 1.7
tion of the lattice constant for the ferromagnefiéM) state of the X (1-1.52/3.23)/20.45nm, i.e., about two to three Fe

rhombohedral Fe phase. monolayers, which agreed with the value in Fe/Ru fils.
the rms difference between input and output was better thah€nce, the above calculation can serve as a support to our
1 mRy for the sum of spin-up and spin-down potentiai expenmt_anta] observa_ltlons as well as the above discussed in-
0.05 ne/a.u® for charge densityand better than 0.02 mRy terpretation in a qualitative way.
for their difference(or 0.005 ne/a.u? for spin density.

Figure 9 shows the calculated total energy per atom of the IV. CONCLUSION
rhombohedral Fe phase with various lattice constants. From | summary
this figure, one can see that all the calculated total energies !
the ferromagnetidFM) and the paramagnetid®®M) states
increase with increasing lattice constant and that the calc
lated total energy of the FM state was about 9.0 Ry/ceB
MJ/mol) lower than that of PM state of rhombohedral Fe
phase, suggesting the ground state of the rhombohedral T

pha?‘* is the F.M state. . calculated by the first-principle all-electron linearized aug-
Figure 10 gives the calculated magnetic moment per atoManted plane-wave methotLAPW) in the local spin-
as a function of the lattice constant for the FM state of thedensity functional approximation. The difference between

rhombohedraI_Fe phase. The calculated magnetic momeMs calculation of the Fe magnetic moment amplitude
per Fe atom in rhombohedral structure was about 323 (3.23u5) and the experimental determination (153 was

when the lattice constant was 0'450 rﬁma a=0.431 nm thought to relate with the dead layers probably formed at the
andc=1.127 nm for hexagonal lattitand it decreased with Fe/Sb interfaces.

decreasing lattice constant of the rhombohedral Fe phase.

It is noted that there is a difference in magnetic moment
between the calculated and experimentally measured values.
This is also related to the so-called “die layer.” In calcula-  This work was supported in part by the National Natural
tion of the magnetic moment of the rhombohedral Fe phaseScience Foundation of China and by the Administration of
the spin orientational configuration of the Fe atoms under th&singhua University.

we have shown experimental evidence of a
Metastable rhombohedral Fe phase obtained in the Fe/Sb
multilayers withdg<1.7 nm anddg,=10 nm. The rhombo-
Yhedral Fe metastable phase exhibits ferromagnetic behavior
and its average magnetic moment in th¢1-2 nn)/Sh(10.0

m) multilayers is 1.525. The magnetic behavior and elec-
fonic and magnetic structures of the rhombohedral Fe were
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