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Mn films were grown on~001! and~111! fcc Ir lattices by molecular beam epitaxy, extended x-ray absorp-
tion fine structure~EXAFS! experiments were performed on these films in order to determine the Mn struc-
tures. As Mn can adopt different crystalline structures, it is first shown that the usual Fourier treatment of
EXAFS oscillations is not an appropriate technique for this purpose. On the contrary, the application of
multiple scattering theory of x-ray-absorption fine structure allows us to identify the structures. For relaxed
~polycrystalline! thick Mn deposits, Mn crystallizes in the Mna structure. For unrelaxed~single-crystalline!
thick Mn films, the Mn EXAFS oscillations are well simulated assuming a mixing of fcc and Mna structure.
For thin Mn films in Mn/Ir ~111! and~001! superlattices, this multiple scattering approach allows us to show
that Mn is in a trigonal structure when it is grown on Ir~111! and a tetragonal structure when it is grown on
Ir~001!. Finally, the~A33A3)R30° superstructure of Mn films grown on~111! Ir is shown to come from the
epitaxy of a mixed fcc and Mna structures and not from the occurence of Mn Laves phases like Cu2Mg or
Zn2Mg as assumed by several workers.@S0163-1829~96!10827-4#

I. INTRODUCTION

The interrelation between structure and magnetic proper-
ties of transition metals has recently recovered a great deal of
interest with the possibility to grow artificial structures. By
means of molecular-beam-epitaxy~MBE! technique, metals
with unusual, otherwise unstable, crystallographic structures
can actually be grown by epitaxy. The general purpose of our
work is thus to prepare transition metals of the first series in
new crystalline structures to determine these structures.

The structure of the deposited metalM depends on the
structure of the substrate or buffer layerX used. Conse-
quently, a large number ofMX system have been studied.1,3

In our group, such an approach was previously used for Fe
grown on~0001! Ru, ~111! Ir, and ~001! Ir.2,3 For these sys-
tems, the Fe crystalline structure was rather easy to deter-
mine by using standard techniques like x-ray diffraction
~XRD! and electron diffraction,2,3 because the standard Fe
structures~fcc, bcc, hcp! are fairly simple. In the case of Mn,
the situation is more involved. First, the Mn structure in the
normal conditions of temperature and pressure is a complex
structure, usually called Mna, which contains 58 atoms in
the primitive cell.4 For higher temperatures, Mn is stabilized
in a second complex structure, usually called Mnb, which
contains 20 atoms in the primitive cell.4 Consequently, it is
possible to obtain a complex structure in a Mn film, even
when it is grown on a simple surface lattice. For instance, it
is well known that the surface structure of a Mn film grown
on a hexagonal lattice is a (A33A3)R30° superstructure.
This superstructure can arise from a surface atom arrange-

ment due to the two-dimensional scale of the surface lattice,
but can also be due to a three-dimensional arrangement of
the atoms in the entire Mn film. This superstructure can ac-
tually be explained by the occurrence of a Mn Laves phase
like Cu2Mg or Zn2Mg as proposed by Heinrichet al.5 The
determination of the structure is thus only possible by an
intensity analysis of the corresponding electron or XRD dia-
grams. Concerning electron diffraction, such a quantitative
analysis is difficult when the structure is complex. The mod-
eling of XRD diagrams obtained on thick films is simpler.
However, the critical thickness of the Mn films grown on Ir
buffer layers is small. Superlattices~SL’s! have thus to be
grown in order to have a sufficient amount of materials for
diffraction measurements performed on a regular apparatus.
In that case, the structural form factor is a complex combi-
nation of the structural form factors of Mn and Ir.6 It thus
becomes very difficult to determine the structure of Mn in
SL’s. Up to now, the electron diffraction and XRD tech-
niques available in our laboratory do not allow us to clearly
identify the structure of Mn films deposited on Ir.

Another possibility to obtain structural information is to
perform extended x-ray absorption fine structure~EXAFS!
experiments. We always use this technique, even for the
study of rather simple structures, like body-centered tetrago-
nal Fe structure on~001! Ir,7 because the determination of
the Fe structure based on XRD is not direct. Indeed, an av-
erage~001! distance@equal to a linear combination of the
~001! distances in Fe and Ir layers# is obtained with XRD. In
the case of EXAFS experiments, this problem of average
structural information does not exist since it is an element
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selective technique. In the case of Mn, this EXAFS tech-
nique is now essential in order to determine the structure.
This work is thus dedicated to the structure determination of
Mn films deposited on~111! and ~001! Ir using polarized
EXAFS. Indeed, additional structural information can be ob-
tained by applying the linear polarization of the x-ray beam
in and out of the film’s plane. The standard Fourier treatment
of the EXAFS oscillations is first applied. However, we
show that this determination of the first-neighbor distance
and coordination numbers is not sufficient to determine the
structure of the Mn films. We thus apply the multiple-
scattering theory to EXAFS~Ref. 8! in order to obtain more
complete information.

II. EXPERIMENTS

A. Sample preparation

The Mn films were grown in a MBE chamber with a
residual vacuum around 5310211 torr. The~111! Mn/Ir SL’s
were grown at 400 K on a~111! Ir buffer layer grown on
~112̄0! sapphire substrates. The~001! Mn/Ir SL’s were also
grown at 400 K but on a~001! Ir buffer layer grown on~001!
MgO substrates. The details of the substrate and buffer
preparation are given in Refs. 2 and 3. Ir was evaporated
using an electron gun at a growth rate of 0.5 Å/s and Mn was
sublimated by using a Knudsen cell heated up to 1200 K.
The resulting growth rate is around 0.1 Å/s. The residual
pressure in the chamber during the growth was not higher
than 10210 torr, which avoids any carbon and oxygen con-
tamination. This was controlled by Auger electron spectros-
copy. The thicknesses of Mn and Ir layers in SL’s were
varied from 2 to 30 Å. Thick Mn films were also grown in
order to study the structural relaxation of the Mn films as a
function of their thickness. The Mn and Ir growth was con-
trolled by reflexion high energy electron diffraction
~RHEED!. The variation of the in-plane distance was also
determined by RHEED, and the out-of-plane distance was
determined using XRD in theu-2u mode. The thick films and

SL’s were always grown at 400 K. A detailed description of
the Mn/Ir sample preparation and analysis is given in Refs. 9
and 10.

B. Growth results

Mn on (111) Ir. For Mn thickness up to 3 ML, the Mn
surface structure is pseudomorphic to the hexagonal Ir
surface lattice as shown by RHEED. Above 3 ML, a
(A33A3)R30° superstructure is observed and is maintained
up to a thickness of around 100 Å. Above this critical thick-
ness, complex RHEED patterns with a large number of dif-
fracted spots very close to one another are observed. XRD
experiments show that for Mn layer thicknesses below 30 Å,
the Mn interlayer distance is around 2.15 Å.

Mn on (001) Ir. For Mn films up to 100 Å thick, the Mn
surface structure is pseudomorphic to the initial 131 Ir
square surface lattice. The in plane distance varies from the
~200! Ir distance~1.92 Å! to 1.8 Å for thick Mn films. The
out-of-plane distance is around 1.8 Å as shown by XRD
experiments. Above 100 Å thickness, a complex RHEED
pattern similar to those observed on~111! Ir takes place.

All the details of these results are given in Ref. 9. The
flatness of the SL’s interfaces and the lack of interdiffusion
are checked by transmission electron microscopy and off-
specular diffraction experiments.10

According to these growth observations, specific samples
were prepared in order to analyze the corresponding Mn
structure by EXAFS.

~i! Relaxed thick Mn films grown on~111! and ~001! Ir:
the thickness of the films was about 350 Å. The RHEED
pattern at the end of the Mn growth was complex.

~ii ! Unrelaxed thick Mn films grown on~111! and ~001!
Ir: the thickness of the films was around 100 Å. At the end of
the growth, a Mn (A33A3)R30° surface structure was ob-
served on~111! Ir and a Mn 131 surface structure was ob-
served on~001! Ir.

TABLE I. Space groups, parameters, atom positions, and atomic volumes for the six structures used to calculate the EXAFS spectra with
FEFF6code~Ref. 8!.

Structure Space group
Parameters

~Å! Atom positions and number of atom per cell
Volume

~Å3/atom!

0 0 0 ~2!

Mn a I 4̄3m a58.914 0.317 0.317 0.317 ~8! 12.21
0.356 0.356 0.042 ~24!
0.089 0.089 0.278 ~24!

Mn b P4132 a56.315
0.0636 0.0636 0.0636 ~8! 12.59
0.125 0.2022 0.4522 ~12!

Laves phase
~Cu2Mg!

Fd3m a56.651
0.625 0.625 0.625 ~16! 12.25

0 0 0 ~8!

Laves phase
~Zn2Mg!

P63/mmc a54.703 0 0 0 ~2! 12.32
0.3333 0.6667 0.0629 ~4!

c57.717 0.8305 0.660 0.250 ~6!

fcc Fm3m a53.84 0 0 0 ~4! 14.16

bcc Im3m a52.715 0 0 0 ~2! 10.01
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~iii ! Mn/Ir~111! SL’s: the Mn layers were 15 Å thick and
the Ir layers thickness was varied from 2 to 20 Å. At the end
of the Mn growth, a Mn (A33A3)R30° surface structure
was observed. A 131 surface structure was observed during
the Ir growth.

~iv! Mn/Ir~001! SL’s: the Mn layers were 10 and 20 Å
thick and the Ir layers thickness was varied from 2 to 20 Å.
A 131 surface structure was observed during the Ir and Mn
growth.

C. EXAFS measurements and data analysis

Data collection was carried out at liquid-nitrogen tem-
perature~details of the detector described in Ref. 11! on the
D42 station of the DCI storage ring in the Laboratoire pour
l’Utilisation du Rayonnement Electromagne´tique ~LURE! at
the Mnk-edge~6545 eV! using a Si~331! channel-cut mono-
chromator. Measurements were performed in the reflection
mode and the total electron yield was used as the sample
depth is compatible with SL’s thicknesses~about 700 Å for

an energy of 7 keV!. The measurements were performed
using two geometries, i.e., with the sample oriented parallel
or perpendicular to the direction of the x-ray beam polariza-
tion vector. The x-ray absorption spectroscopy spectra were
recorded from 6510 to 6630 eV with 0.5-eV steps in the
x-ray absorption near-edge structure~XANES! region and
from 6500 to 7300 eV with 2-eV steps in the EXAFS region.
The EXAFS oscillations were extracted using standard
method.12 The background was substracted using a polyno-
mial function, and normalized to the height of the absorption
step edge. The origin of the energy scale was fixed at 6545
eV. The experimental EXAFS oscillations were analyzed in
two different ways: either they were treated using the stan-
dard procedure or they were compared to calculated spectra
using the multiple scattering~MS! method.8

In the first case, the EXAFS oscillations were Fourier
transformed in the range 2.5–14 Å.1 This large range is due
to the low-temperature measurements. The fit of the first
peak of the Fourier transform was done using the phase and
amplitudes of Co calculated with the McKale’s code.13

FIG. 1. Calculated EXAFS oscillations using the multiple scattering theory for the six structures defined in Table I. The calculations were
performed with a randomly oriented polarization. It is worth noticing that the spectra are very different from one structure to another.
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In the second case, the EXAFS oscillations were calcu-
lated using theFEFF6.01 code developed by Rehr and
co-workers8 to account for single- and multiple-scattering
processes. The calculated EXAFS oscillations were thus sim-
ply compared to the experimental ones. In the simulations,
only the structural parameters were varied. The amplitude
reduction factorS0

2 was always fixed to 1. The cluster size
was chosen equal to the maximum possible value according
to the structure. At this stage of investigations, it is however
necessary to verify that the simulated EXAFS spectra are
actually very different for the different Mn possible struc-
tures. Since Mn can exist in Mna, Mnb, fcc, and bcc struc-
tures, it is necessary to simulate the EXAFS oscillations for
these structures. Moreover, several workers5,14 also proposed
that Mn can be stabilized in Cu2Mg or Zn2Mg Laves phases
on hexagonal surface lattices. Therefore, it is necessary to
calculate the EXAFS oscillations for these six structures, and
to compare the results in order to determine if it is possible
to decide between them. Moreover, we know that the in-
plane parameter is equal to the Ir parameter for unrelaxed
thick films or for SL’s, as shown by RHEED. Consequently,
the in-plane parameter has to be chosen equal to the Ir pa-
rameter in order to have a coherent growth of these phases
on the initial Ir ~111! or ~001! lattices. It is thus necessary to
know how the assumed Mn structure matches the Ir~100! or
~111! lattices. In this first approach, unstrained structures are
taken into account. This is sufficient to decide if whether or
not the EXAFS oscillations are different from one structure
to another.

The following epitaxial relation are used in this study.
~i! fcc and bcc Mn growth: as the fcc and bcc structures

are cubic, the~001! planes of fcc or bcc Mn can match the
~001! Ir lattice. The~100! parameter of fcc Mn structure is
thus chosen equal to the bulk fcc~100! Ir parameter, and the
~100! parameter of bcc Mn structure is chosen equal to the
bulk fcc ~110! Ir parameter. This fcc Mn structure can also
be grown on~111! Ir lattice.

~ii ! Laves phases growth: the matching of Laves phases
on the~111! Ir lattice is not so simple. Heinrichet al.5 ex-
plained in a subtle and satisfactory way how the Cu2Mg or

Zn2Mg Laves phases can be grown on~0001! Ru lattice to
give a ~)3)!R30° superstructure. Using their explana-
tions, it is simple to determine that for the cubic Cu2Mg Lave
phase, the~100! parameter has to be equal to three times the
~111! Ir distance. For the hexagonal Zn2Mg Laves phase, the
~100! parameter has to be equal to three times the~112! Ir
distance. The~001! parameter is thus calculated using the
c/a ratio of the Zn2Mg Laves phase~51.641!.

~iii ! Mna and Mnb growth: in this approach, these struc-
tures are taken into account to test the structure of relaxed
thick Mn films. No epitaxial relation is thus necessary here.
The corresponding EXAFS spectra are thus simulated using
the standard parameter of these structures.

The space group, parameters, atom positions, and atomic
volumes corresponding to these structures for which the
EXAFS oscillations are calculated, are listed in Table I. It
should be noted that the atomic volume of the arbitrary Mn
Laves phases is consistent with the atomic volume of the
existing Mna and Mnb structures. In this approach, the cal-
culation of EXAFS oscillations was performed with a ran-
domly oriented polarization.

The calculated EXAFS oscillations for these six structures
are shown in Fig. 1. It is to be noticed that these spectra are
very different from one structure to another. This means that
the comparison of EXAFS oscillations is a powerful tool to
determine the structure, even for similar structures like Mna,
Mnb, and Laves phase structures.

III. RESULTS

A. Experimental XANES and EXAFS spectra

Typical XANES spectra observed for the four series of
samples are displayed in Fig. 2. These spectra were com-
pared to the XANES spectra obtained on a Mna foil. First, it
is possible to notice that these spectra are similar for in-plane
and out-of-plane polarization. The XANES spectra measured
on SL’s ~111! and ~001! are similar and are typically the
same as XANES spectra obtained on fcc or hcp materials.
The XANES spectra of the relaxed thick Mn film are similar
to the XANES spectrum obtained on the Mna foil. Finally,
the XANES spectra obtained on unrelaxed thick films is dif-
ferent from the others, although it does not differ too much
from the Mna XANES spectrum.

Again, typical EXAFS oscillations were observed for the
four series of samples as shown in Fig. 3. A major difference
can again be noticed between thick Mn films and SL’s, i.e.,
the number of first neighbors is small in thick films since the
maximum ofkx(k) never exceeds 0.35 Å21, whereas it is
large in SL’s since the maximum ofkx(k) can reach 1 Å21.
This is consistent with XANES results. Moreover, additional
information on the structure can be obtained by examining
the EXAFS spectra for bothi and' polarizations. On the
one hand, the observation of identical EXAFS spectra for
both polarizations means that the film is in a polycrystalline
state, or that the film is single crystalline but in a cubic
structure. This is the case for thick Mn films~Fig. 3!. On the
other hand, the occurrence of different EXAFS spectra for
both polarizations means that the film is in a single-
crystalline state and that the film is not in a cubic phase. This
is the case for superlattices~Fig. 3!. Moreover, the RHEED
observations allow us to go further. Indeed, complex

FIG. 2. XANES spectra for a Mna foil and the four kinds of
samples with in- and out-of-plane polarizations.
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RHEED patterns typical of a polycrystalline state were ob-
served on relaxed thick Mn films. On the contrary, RHEED
patterns typical of a single-crystalline state were observed on
unrelaxed thick Mn films and on~111! and ~001! SL’s. Ac-
cording to RHEED and EXAFS observations, we conclude
that ~i! relaxed thick Mn films are polycrystalline,~ii ! unre-
laxed thick Mn films are single crystalline with a cubic struc-
ture, and~iii ! ~111! and~001! SL’s are single crystalline with
a noncubic structure.

B. Standard EXAFS analysis

The standard EXAFS analysis applied on the four kinds
of samples allows us to determine the first-neighbor distance
and the corresponding coordination numbers. The results are
listed in Table II. It appears that the predominant neighbor
distance, which varies from 2.62 to 2.72 Å, is similar for all
the samples. Another neighbor distance must be taken into
account in order to correctly fit the data measured on relaxed
thick films, i.e., 2.35 Å in parallel polarization and 3 Å in

FIG. 3. Experimental EXAFS oscillations for the four kinds of samples with in- and out-of-plane polarizations.
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perpendicular polarization. However, this second distance
determination is not accurate, since such small differences of
distance are always difficult to determine by standard
EXAFS analysis. On the contrary, only one neighbor dis-
tance is necessary for the other samples. Finally, the simu-
lated coordination numbers are very different between the
thick Mn films and the SL’s. It is between 5 and 7 for thick
Mn films and around 12 for SL’s.

This analysis consequently allows us to distinguish two
different Mn structures in these samples. For relaxed thick
Mn films, Mn is surrounded by neighbors at several dis-
tances around 2.35, 2.7, and 3 Å and the corresponding co-
ordination numbers are small~<5!. This analysis is less clear
in the case of unrelaxed thick Mn films, but the coordination
numbers are also small~<7!. These results suggest that the
Mn structure in thick films is probably close to the usual
Mna, Mnb, or Laves phases structures. On the contrary, the
large coordination numbers obtained in SL’s suggest that the
Mn structure is close to a fcc structure.

However, this analysis is not sufficient to clearly deter-
mine the Mn structures in these samples. Moreover, it does
not show significant differences between relaxed and unre-
laxed thick films, and between~111! and ~001! SL’s. Some
differences can be, however, observed by RHEED, XRD,
and EXAFS spectra. At this stage of investigation, it be-
comes necessary to apply the multiple scattering approach to
EXAFS oscillations in order to go further.

C. EXAFS oscillation calculations and comparison
with experiments

Relaxed thick Mn films. We first know that these films are
polycrystalline. Moreover, the calculated EXAFS spectrum
for the Mna structure~Fig. 1! and the experimental EXAFS
spectra~Fig. 3! are similar. These two spectra are superim-
posed in Fig. 4. This demonstrates that the Mn films grown
on ~111! and ~001! Ir surface relaxed to the Mna polycrys-
talline phase. Moreover, this example shows the ability of
the MS theory to account for the EXAFS oscillations of a
complex structure like Mna, with 58 atoms in the primitive
cell.

(111) Mn/Ir superlattices.The similarity between the cal-
culated EXAFS oscillations assuming an fcc structure~Fig.
1! and the experimental EXAFS oscillations~Fig. 3! shows
that the Mn structure is close to the fcc structure. However,
we know that Mn is not in a cubic structure. Indeed, the fcc
Mn parameter is equal to 3.73 Å at room temperature,15 and
the Ir parameter is equal to 3.84 Å. This means that the~111!
fcc Mn plane is not pseudomorphic to the~111! fcc Ir plane.
However, we have checked by RHEED that the Mn layers

are pseudomorphic to the~111! Ir plane in~111! Mn/Ir SL’s.
We thus assume that the Mn fcc structure is strained by Ir.
The out of plane parametera' can be calculated using the
elastic theory,15 since

«zz5
a'

a'
02152S 2n

12n D «xx5S 2n

12n D S ai

ai
021D , ~1!

where«xx and«zz are the in- and out-of-plane strains,n the
Poisson ratio~taken equal to 0.3 here!, anda i

0 and a'
0 the

in-plane and out-of-plane distances for the unstrained fcc Mn
structure, i.e.,a i

05d(110)52.638 Å anda'
05d(111)52.154

Å. Using ai52.715 Å, Eq.~1! gives a'52.1 Å, which is
close to the value obtained by XRD~2.15 Å!. This deforma-
tion leads to a trigonal structure~space groupR3m! with
a52.715 Å andc53a'56.3 Å. The details of the structure
and the choice of the polarization axes are given in Table III.
The calculated EXAFS spectra are actually in good agree-
ment with the experimental ones, as shown in Fig. 4. How-
ever, some difference between the experimental and calcu-
lated kx~k! amplitudes is observed for perpendicular
polarization. This discrepancy can be explained by stacking
faults. Indeed, in the case of a fcc structure grown in the
~111! direction, the contribution to EXAFS from up and
down planes is small for thei polarization. The EXAFS
spectra performed withi polarization are thus mostly sensi-
tive to in-plane neighbours. Consequently, they are almost
insensitive to the presence of stacking faults. On the con-
trary, the in-plane atom scattering does not contribute to
EXAFS performed with' polarization. These EXAFS spec-
tra are thus only sensitive to up and down atomic planes and
are thus largely affected by stacking faults. This is consistent
with our observations.

(001) Mn/Ir superlattices.The experimental EXAFS
spectra performed with ai polarization ~Fig. 3! are again
close to the EXAFS spectra calculated for an fcc structure.
However, the structure of Mn layers is again not cubic. We
thus assume that the Mn structure results from a deformation
of the fcc structure as in the previous case. A tetragonal
structure is now assumed. The in-plane parameter is also
chosen equal to the~110! Ir parameter~2.715 Å!. The elastic
calculation@Eq. ~1!# thus givesa'5d(002)51.87 Å. The te-
tragonal structure is thus defined witha52.715 Å and
c52a'53.74 Å. This value is now far from the result ob-
tained by XRD ~a'51.8 Å, i.e., c53.6 Å!. The EXAFS
spectra are thus simulated using a tetragonal structure~space
group I4/m mm! with a52.715 Å and variousc ~Table III!.
The best fit is obtained forc53.560.05 Å ~Fig. 4!, in agree-
ment with the value obtained by XRD measurements. Con-
sequently, the elastic theory does not account for this result.

TABLE II. First- and second-neighbor distances and coordination numbers for the four series of samples determined by using the
standard EXAFS analysis.

1st distance~Å! 2nd distance~Å! Number of neighbors

Polarization i ' i ' i ' i '

Relaxed thick films 2.65 2.72 2.35 2.9 5.5 4.5 1.5 2
Unrelaxed thick films 2.69 2.67 2.35 7 7
Mn/Ir ~111! SL’s 2.68 2.64 13 10
Mn/Ir ~001! SL’s 2.65 2.62 12 10
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This means that the Mn structure in~001! SL’s does not
correspond to a deformation of the fcc Mn structure. Indeed,
this tetragonal structure is similar to the Mn tetragonal struc-

ture obtained in MnCu alloys extrapolated at zero Cu
concentration.16 Finally, it should be noted that the agree-
ment between experimental and calculatedkx~k! amplitudes
is now good. This is not surprising since stacking faults are
not favored in~001! direction.

Unrelaxed thick Mn films.It is not possible to fit the ex-
perimental EXAFS spectra measured on unrelaxed thick Mn
films if a distorted fcc is considered. This is also the case if
the Mna structure is considered. Indeed, Heinrichet al.5 pro-
posed that Mn grows on Ru~0001! in a Laves phases like
Cu2Mg or Zn2Mg. This assumption allows them to explain
the ~)3)! superstructure. Henryet al.14 also explained
RHEED experiments performed on Mn/Co~0001! by assum-
ing the occurrence of the Cu2Mg structure. These Mn/Ru and
Mn/Co systems are quite similar to the Mn/Ir~111! system
since the~)3)! superstructure is also observed. It was
thus necessary to take these two possible structures into ac-
count. We know that the unrelaxed thick films are single
crystalline and that the structure is cubic. Consequently, the
Mn films cannot be in the Zn2Mg Laves phase. On the con-
trary, the Cu2Mg Laves phase is cubic. It is thus possible that
Mn grows in this structure. However, the disagreement be-
tween calculated and experimental EXAFS spectra~see Figs.
1 and 3, respectively! definitely shows that the Mn structure
is not a pure Cu2Mg Laves phase.

However, Henryet al. proposed that the Mn films are
made of crystalline domains with the Cu2Mg and fcc struc-
tures. The EXAFS spectra were thus simulated assuming this
coexistence. Again the experimental results cannot be ex-
plained by this assumption.

Finally, we know that thin Mn films grown on~111! Ir are
in a strained fcc structure, and that relaxed thick Mn films are
in the Mna structure. It is thus natural to assume that both
Mna and fcc Mn structures coexist in unrelaxed thick Mn
films. Assuming that the film is made of 50% of each phase,
the EXAFS oscillations are actually well reproduced. This
result can also be experimentally verified. In Fig. 5, a linear
combination of experimental EXAFS spectra obtained on
Mna and distorted fcc Mn films is compared to the experi-
mental EXAFS spectrum obtained on an unrelaxed thick Mn
film. The striking similarities between these curves demon-
strate that both structures coexist. This result is not surpris-
ing since the fcc Mn structure is present at the beginning of
the growth. It simply shows that Mn epitaxially grows in the
Mna structure on top of this fcc Mn layer. The~)3)!R30°
superstructure is therefore due to this Mna epitaxial growth.
This scenario also explains the origin of the stacking faults in
~111! Mn/Ir SL’s. However, the fact that both phases coexist

FIG. 4. Comparison between experimental and calculated
EXAFS oscillations for a relaxed thick Mn film, a Mn/Ir~111! su-
perlattice, and a Mn/Ir~001! superlattice.

TABLE III. Space groups, parameters, atom positions, and atomic volumes for the distorted fcc structures
used to calculate the EXAFS spectra with theFEFF6code~Ref. 8!.

Structure Space group
Parameters

~Å!
Atom positions and number

of atom per cell
Volume

~Å3/atom!

Trigonal R3̄m a52.715
c56.3

0 0 0 ~3! 13.4

Tetragonal I4/mmm a52.715
c53.5

0 0 0 ~2! 12.9
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with the same concentration is surprising. The details of the
crystallographic arrangement of these two phases cannot be
determined here.

IV. CONCLUSIONS

It is well known that the standard analysis of EXAFS does
not allow us to determine the structure of materials where the
distances between first and second neighbors are close to one
another. This is particularly well demonstrated here in the
case of Mn. On the contrary, we show in this paper that the
structure of Mn films grown on Ir can be determined with the
help of multiple scattering theory. Indeed, the good agree-

ment between the experimental and simulated EXAFS oscil-
lations of the complex Mna structure is particularly convinc-
ing. This allows us to propose the following scenario for the
growth of Mn on~111! and ~001! Ir.

On the~001! Ir lattice at 400 K, Mn grows in a tetragonal
structure up to a critical thickness of around 100 Å. This
structure does not result from a distortion of the standard fcc
Mn structure. It seems to be a new Mn phase, similar to the
Mn structure obtained in MnCu alloys with a Cu concentra-
tion close to zero. Above the critical thickness, the film en-
tirely relaxes to the Mna structure.

On the~111! Ir lattice at 400 K, Mn grows in a trigonal
structure up to a critical thickness of three atomic planes.
This trigonal structure arises from a distortion of the fcc Mn
structure due to the Ir strain. Above this critical thickness,
Mn epitaxially grows in both Mna and fcc structures on top
of this strained fcc phase. This growth regime operates up to
a critical thickness of around 100 Å. However, the manner in
which both phases simultaneously grow is not established in
this paper. Above 100 Å, the entire Mn film relaxed towards
the Mna structure and the film is polycrystalline. When SL’s
are grown, the fcc structure can be grown up to critical thick-
nesses larger than three atomic planes, because of the Ir
strain. However, the fcc structure is altered by stacking faults
due to the beginning of the Mna growth.

Finally, we clearly demonstrate that the~)3)!R30° su-
perstructure is not due to the growth of a Laves phase on
~111! Ir. Indeed, this study allows us to assume that the Mna
and fcc Mn epitaxial growth is responsible for the occurrence
of the ~)3)!R30° Mn structure. However, the atom ar-
rangement which leads to this superstructure is difficult to
establish.
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FIG. 5. Comparison of the experimental EXAFS oscillations of
an unrelaxed thick Mn film with a linear combination of the experi-
mental spectra obtained on a relaxed thick Mn film~50%! and a
Mn/Ir~111! superlattice~50%!.
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