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Studies of superlattices are important in order to synthesize 3D metals in a new crystalline structure
which may exhibit exotic magnetic properties. The challenge is to relate these properties to the details
of the chemical gradient and the local strain. We report the use of diffraction anomalous fine structure
(DAFS) spectroscopy and a crystallographic analysis of the DAFS data to separate the x-ray-absorption
fine structure (XAFS)-like information about Fe atoms located at different crystallographic sites of an
FeyIr(100) superlattice. We obtained the first and the second (in the plane of growth) nearest-neighbor
distances of Fe atoms at the Ir-Fe interface. [S0031-9007(97)02789-0]

PACS numbers: 61.10.–i, 07.85.Jy, 78.70.Dm
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Diffraction anomalous fine structure (DAFS) spe
troscopy provides a site-selective x-ray-absorption fi
structure (XAFS)-like information about the local atom
environment and the chemical state of the “edge ato
through resonant x-ray scattering and diffraction. Seve
years after a few pioneering works [1], Stragieret al. [2]
presented an elegant demonstration of this method o
copper single crystal and later, several groups applie
on different types of samples like thin films, superlattic
[3,4], powders [5], and single crystals [6]. Most resu
were obtained with materials of which structural inform
tion could be extracted with single site-selective Bra
reflections. Site-selective information with real samp
was successfully extracted in the DANES (diffractio
near edge structure) region of the spectrum; howe
due to insufficient statistics no information in the EDAF
(extended diffraction anomalous fine structure) reg
could be obtained [6]. Regarding superlattices, only
spatial selectivity of the DAFS has been used. The fi
DAFS experiments on several pseudomorphic FeyIr(100)
superlattices were carried out at the Ir edge to determ
separately the Ir crystallographic parameters in the bu
and the superlattice [4] (spatial selectivity). We pres
here a crystallographic-based site-selective EDAFS st
of an FeyIr(100) superlattice to separate the XAFS-lik
information about Fe at the Ir-Fe interfaces.

FeyIr superlattices were synthesized to stabilize Fe
new crystalline structures with the aim of obtaining ne
magnetic properties. Different strained FeyIr structures
may be synthesized by varying the thicknesses of the
and Ir layers [7]. It has been shown that Fe relaxes in
bcc structure (as bulk Fe) in thick Fe layers (more th
five atomic planes) grown at most on three Ir atom
planes, whereas in thin Fe layers (less than five ato
planes) Fe has a body centered tetragonal structure
with a cya ratio near 1.25 [8] (pseudomorphic regime
0031-9007y97y78(14)y2775(4)$10.00
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For intermediate thicknesses with thick Fe and Ir laye
(more than five atomic planes each) the Fe structu
is still not accurately known. High resolution electro
microscopy experiments showed that the superlattices
damaged with the disappearance of 2D growth and t
presence of a large amount of dislocations [7]. Regardi
magnetic properties, a transition from a nonmagnetic st
at room temperature to a low-spin ferromagnetic sta
was observed in the strained bct phase. A larger
magnetic moment exists in the bcc phase, and it h
been shown that the magnetization is correlated to the
thickness. However, the relation between magnetism a
structure is still not well understood. Furthermore, resu
of Mössbauer experiments indicated that several magne
sites are present in the samples.

We carried out a DAFS study of an FeyIr(100) super-
lattice with Fe in the bcc phase for detecting changes
the Fe local structure inside the Fe layers. For that p
pose we recorded a set of DAFS spectrum at the FeK-
edge with several reflections. The composition gradie
the bulk absorbance of the sample, and the contribution
Fe sites to the measured reflections were obtained by
fining simultaneously three diffraction data together wit
the smooth parts of five DAFS spectra. We show th
DAFS measurements give precise site-selective inform
tion which can be used for the determination of the loc
strain variations inside a superlattice.

The FeyIr superlattice studied was grown by molecula
beam epitaxy on an MgO(100) substrate (without an
Ir buffer) and made of 80 FeyIr bilayers with a total
thickness of 0.24mm. The diffraction spectra show (see
the inset of Fig. 1 as an example) several well defin
superlattice (00l) reflections indicating a good epitaxy
Considering the nominal Fe and Ir layer thicknesses (ø28
and ø3 Å, respectively), the Fe structure is expected
be bcc in average.
© 1997 The American Physical Society 2775
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FIG. 1. Raw DAFS spectra measured at the FeK-edge with
the reflections 0036 to 0044 of the FeyIr superlattice (top-
DAFS-scan procedure, logarithmic scale). For presentati
intensities of the DAFS spectra were rescaled. A part of t
diffraction spectrum at 11.1 keV is also shown (inset).

The DAFS spectra were recorded at the x-ray undula
beam line BW1 at HASYLAB [9]. The intensities were
recorded in reflection mode, with the polarization perpe
dicular to the plane of diffraction. A complete diffrac
tion spectra (from the reflections0012to 00160) was col-
lected at an energy of 11 000 eV close to the IrLIII-edge
(11 212 eV) at the beam line D2AM at the ESRF [10], an
two diffraction spectra of reflections close to the first ord
intereticular distance (0034to 0044) were collected at HA-
SYLAB at two energies of 6900 and 7300 eV above a
below the FeK-edge (7112 eV). Since the shape of th
superlattice reflections exhibited a large FWHM (ø0.5±),
we used the diffracted intensity at the maximum of the r
flections while scanning the beam energy (top-DAFS-sc
procedure). DAFS spectra of five reflections (from0034
to 0044) were collected at the FeK-edge with a varying
step width (down to 2 eV) in the 6900–7800 eV rang
Because of the mosaicity, inhomogenous absorption,
too small reflections widths, the top-DAFS-scan procedu
cannot be applied with all samples [6], but is well suited f
superlattices, monolayers, or thin films. The fluorescen
signal was simultaneously recorded for energy calibrati
and the absorption correction.

Changes in the diffracted intensities near an absorpt
edge are related to those of all anomalous atomic sc
tering factors. In the forward scattering limit, the atom
2776
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scattering factor of an atomA on sitej may be split above
the edge in smooth and oscillatory parts [1(b),2,3]:

fAjsQ, Ed  f0AsQd 1 f 0
0AsEd 1 if 00

0AsEd

1 Df 00
0AsEd fx 0

Aj
sEd 1 ix 00

Aj
sEdg , (1)

where f0A is the Thomson scattering,f 0
0A and f 00

0A are
the “bare” atom anomalous corrections tofAj , and
Df 00

0A is the contribution of the resonant electroni
transition alone. Q is the scattering vector andE the
energy of the incident beam;x 0

Aj
1 ix 00

Aj
is the com-

plex fine structure,x 00
Aj

is equivalent to the extended
x-ray-absorption fine structure (EXAFS) signal andx

0
Aj

is related to x
00
Aj

via the Kramers-Kronig transform.
From (1) the structure factorFsQ, Ed is divided into
smooth and oscillatory parts:FsQ, Ed  F0sQ, Ed 1

asQdDf 00
0AsEd fx 0sQ, Ed 1 ix 00sQ, Edg, x 0 1 ix 00 

1
a

P
j aAj fx

0
Aj

1 ix 00
Aj

g and a 
P

j aAj . The sum-
mation runs over all anomalous atomsj in the
cell. When considering a centrosymmetric structur
aAj sQd  cAj NAj cossQ ? rAj d exps2MAj Q

2d, where cAj

is the occupation factor of atomA on site j, NAj is a
multiplicity number, and exps2MAj Q

2d is the crystallo-
graphic Debye-Waller factor. The measured intensity
proportional to the square modulus of the structure fac
sjFj2d times several correction terms:

IsQ, Ed  SsEdDsEdAsQ, EdLPsQdl3jFsQ, Edj2, (2)

where S is a scale factor,D and A are the corrections
for the detector efficiency and the bulk absorbance
the sample together with the geometrical effects, resp
tively, andLP is the Lorentz-polarization correction. The
crystallographic structure was obtained by fitting the ca
culated intensities, using Eq. (2) in whichF has been
replaced byF0, to the Bragg integrated intensities of th
diffraction data and to the DAFS spectra. All anomalou
correctionsf 0

0sEd and f 00
0 sEd for calculatingF0 were the

theoretical values calculated by Cromer’sFPRIME program
[11] (convolved with a Lorentzian function). The EDAFS
oscillations fxQsEdg were extracted and normalized ac
cording to the following formula for a centrosymmetric
structure:

xQsEd  x 0 1 ´Qx 00 

µ
Iac 2 Iac0

Iac0

∂
jF0j

2

2a ResF0dDf 00
0A

,

(3)
where´QsEd  ImsF0dyResF0d, Iac is the measured in-
tensity corrected for absorption, andIac0 is the smooth
part of Iac. In the above treatment leading to Eq. (3
jFj2 is expanded and the terms of orderx 02 andx 002 are
neglected.

The next step is to solve forx 0
Aj

andx
00
Aj

a linear system
of M equations of the form of Eq. (3) and 2N parameters
for each energy, whereM is the number ofxQsEd EDAFS
spectra andN is the number of inequivalent anomalou
site j. The Kramers-Kronig relation betweenx

0
Aj

andx
00
Aj

is used as an additional constraint.
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The crystallographic structure has been refined
accurately correct for absorption the DAFS spectra (w
the refined Ir and Fe occupation factors) and to determ
the aAj ya coefficients in order to separate the s
dependent XAFS-like information. A centered tetragon
centrosymmetric cell with the space groupI4ym has been
used with thec axis along the direction of growth. Th
final refinement gave a1ys-weight R-factor of 4.5%. In
this description the superlattice cell along thec axis is
made of two FeyIr bilayers and only the00l reflections
with l  2n exist. The superlattice periodicityc was
found to be2 3 30.989 Å and made of 34 atomic plane
filled with Fe atoms plus eight containing at whole 30%
Ir atoms. Figure 2 shows one-half of the structure alo
the c axis and the [110] direction of the body center
tetragonal structure. Results of the refinements sh
that for this sample which contains few Ir atoms, the
is no sharp interfaces. The Ir rich planes (site 11)
filled with 42(3)% of Ir atoms and site 10 with 17(4)%
In Table I the relative contributionsaFe11yad of Fe on
site 11 is reported (the contribution of all other Fe si
is aFe1 10ya  1 2 aFe11ya). With the five available
reflections only two sites have been determined,
reflection 0036 indicating a strong distortion of the Fe
local atomic environment. As we could expect Fe lay
mainly contribute to the Bragg peak which correspond
an interplanar distance close to the bcc Fed002 sd002 
1.44 Åd, whereas the Ir rich planes contribute to t
weak reflections0036 and0038,which therefore contain
the detail of the structure at the interfaces. This res
points out the importance of using DAFS spectra
structural refinements: The smooth behavior of the DA
spectra gives precise crystallographic information ab
anomalous sites contributing to the reflection, i.e., on
positions, the occupation, and the Debye-Waller facto
Including the0038 and 0036 DAFS spectra (FeK-edge)
into the experimental diffraction data we have decrea
the correlation between the occupation and the Deb
Waller of Fe at the interface (98% to 85%).

Raw DAFS spectra are shown in Fig. 1. Large DAF
oscillations can clearly be seen on reflections0040 to
0044. The 0036 reflection still represents weak osci
lations which do contains DAFS information, but a
affected by the superlattice absorption. Figure 3 shows
five EDAFS oscillation spectra corrected for the fluore

FIG. 2. Schematic view of one-half of the structure along
c axis and the [110] direction of the bct structure. Sites 11 a
10 contain 42% and 17% Ir atoms, respectively.
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TABLE I. The total phase of all anomalous Fe atoms (a) and
the relative contributions of site Fe11 at the interfaces to t
Bragg reflectionssaFe11yad.

00l a aFe11ya d00lsÅd

0036 21.59s6d 1.32(7) 1.722
0038 24.06s6d 0.50(2) 1.631
0040 29.56s6d 0.20(1) 1.549
0042 228.84s2d 0.06(0) 1.476
0044 21.36(1) 20.08s0d 1.409

cence contaminated background and for the bulk abso
tion of the sample, and normalized according to Eq. (3
On going from the0044 to the0036a continuous change
of the spectra is visible showing the existence of differe
Fe local structures.

We solved the linear system of Eq. (3) forx
0
Fe11 (and

x
00
Fe11) and the bulk Fex 0

Fe1 10 (and x
00
Fe1 10) fine struc-

tures. Figure 4 shows the Fourier transform (FT) of bo
signals x

00
Fe11 and x

00
Fe1 10, plus that of the fluorescence

EXAFS sx 00
fluod. As expected the Fourier transform o

x
00
Fe1 10 and x

00
fluo are very similar, whereas the Fe loca

structure is rather different at the interfaces. For bcc F
the first two nearest-neighbor shells have close distan
(N1

Fe  8 neighbors at 2.48 Å andN2
Fe  6 at 2.86 Å);

therefore, their contributions to the EDAFS signal a
mixed in the first peak of the Fourier transform. The nea
est shells of Fe at the interfaces are comprised of Fe an
atoms. The number of Fe and Ir nearest neighbors in th
shells was estimated from the crystallographic structu
assuming a random mixing, and by taking into accou
the XAFS-like polarization dependence of the EDAFS si
nal (N1

Fe  5.2, N2
Fe  3.5, N1

Ir  2.1, and N2
Ir  2.5,

respectively). The EXAFS phase and amplitude functio

FIG. 3. Normalized EDAFS oscillation spectrafxQskdg. The
0038 and 0036 spectra, which have been found to be v
sensitive to the Fe-Ir interface, clearly show the existence
different Fe local structure inside the Fe layers.
2777
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FIG. 4. Fourier transform of the Ir richkx
00
Fe11 and bulk Fe

kx
00
Fe1 10 fine structures. For comparison the Fourier transfor

of the fluorescence EXAFS (kx
00
fluo) is also presented. Thek

range for the FT was 2.5 to12.5 Å21.

for Fe-Fe and Fe-Ir were calculated withfeff 6.01[12] us-
ing the refined crystallographic structure. The distanc
and the mean-square disorder in the bond lengthss2d were
refined only. In the end Fe-Fe and Fe-Ir distances fo
given shell were found to be very similar (see Table II
From the back Fourier filtered first nearest-neighbor con
bution tox

00
Fe11 the average in-plane first nearest-neighb

distance at the interfaces was found to be 2.87(4) Å, i.
slightly larger than in the bulk bcc Fe obtained from th
back Fourier filtered first nearest-neighbor contribution
x

00
Fe1 10 or x

00
fluo s2.83 Åd. Note that 2.83 Å is a slightly

lower value than that of the corresponding distance in
metal (2.86 Å). The average value of the first neare
neighbor distance was found to be 2.59(2) Å instead
2.47(2) Å for the bulk “bcc Fe.” This result agrees we
with the increase of the interplanar distance at the int
faces (1.43 to1.62 Å  f1.64 1 1.60gy2d showed by the
crystallographic refinements and the value of 2.87 Å f
the average in-plane first nearest-neighbor distance. N
that the drastic change of the nearest-neighbor peak
x

00
Fe11 (with respect to thex 00

Fe1 10 one) is to a large extent
the result of the increase of the first nearest Fe-Fe (Fe
distance (2.59 Å) and the presence of Ir atoms in the ne
est shells. The tetragonal distortion at the interface pla
a secondary role. Although the filtered signals do sho

TABLE II. DAFS extracted Fe nearest-neighbor distances a
coordination numbers for the first and second shells.

Sites N1 N2 d1
Fe-X sÅd d2

Fe-X sÅd

Fe1–10 8 6 Fe-Fe : 2.47(2) Fe-Fe : 2.83(2
Fe11 7.3 6 Fe-Fe : 2.59(2) Fe-Fe : 2.89(4
Fe11 7.3 6 Fe-Ir : 2.60(3) Fe-Ir : 2.85(4)
2778
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the presence of Ir atoms in the two nearest-neighbor she
the Fe-Fe contribution dominates in the available range
k s2.5 # k # 12.2 Å21d. To obtain more details about Ir
shells it would be necessary to measure the EDAFS sp
tra up to higherk values (at least up to16 Å21) and/or use
the FeK-edge DAFS and IrLIII-edge EXAFS data in a
multi-refinement procedure.

In conclusion we have used DAFS spectroscop
for studying the different Fe local structure inside a
FeyIr(100) superlattice. We have shown for the firs
time that it is possible to probe selectively Fe atom
at the Ir-Fe interfaces (i.e., 6% of the total amount o
Fe in the cell) and extract information about the F
local environment. Although only00l reflections were
used, the polarization dependence of DAFS allowed
to obtain the first and second (in the plane of growth
nearest-neighbor distances of Fe atoms at the Ir-
interface. The magnetic properties [13] of Fe at th
interface (hyperfine field distribution, quadrupolar ef
fect) agree well with the existence of different Fe loca
atomic environments and structures as demonstrated
the DAFS experiments. We have also pointed out th
capabilities of a crystallographic-based analysis whic
allows us to benefit from DAFS spectra and diffractio
data for merging the most accurate 3D description of bo
average and local structures.

We are grateful to Dr. D. Aberdam, Dr. A. Bienen-
stock, and Dr. D. Raoux for helpful discussions and en
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