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The characterization of iron thin films grown at different substrate temperatures has been performed
by x-ray diffraction(XRD) and extended x-ray absorption fine structure(EXAFS). The film growing
of iron at low temperatures provides an excellent system to test the results obtained from both
techniques because the crystallographic grains present a variation of size and shape as a function of
the growing temperature. In both cases, the shape of the particle must be taken into account to
calculate their size. The comparison gives a very good agreement when appropriate models are used,
showing the reasons for possible differences between the results obtained from a more simple XRD
and EXAFS analysis applied to columnar growth systems. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1810636]

I. INTRODUCTION

In the last decade, the study of ultrafine magnetic par-
ticles has shown a great development because of their attrac-
tive applications in technological and materials research.1

The evolution in the field of nanoscience has led to methods
providing a precise structural study of nanoparticles and
nanostructures to become very important. This is due to the
special magnetic properties of small particles, different in
comparison with the bulk. These singular properties are di-
rectly affected by size, shape, and distribution effects, so
accurate methods to control their formation and to measure
them are required.

There are several techniques to obtain the average par-
ticle size of materials. The most employed of these is x-ray
diffraction (XRD), which allows calculation of the coherence
length, being an estimation of the particle size present at the
samples. In the standard Bragg-Brentano configuration, also
called u-2u, incidence and detection angles vary simulta-
neously. When the transferred momentum between the inci-
dent and the scattered beam coincides with a reciprocal-
lattice vector(which is perpendicular to a family of lattice
planes), a diffraction peak will appear. For a polycrystalline
thin film the diffractogram is similar to those obtained from
powder materials.2 So the transferred momentum that gives
diffraction peaks is always perpendicular to the film. The
coherence length along the direction of the transferred mo-
mentum is obtained by measuring the width of the diffraction
peak and by using the Scherrer formula. This method is com-
monly used to determine the size of the crystalline grains.3

Another technique that has been recently used to esti-
mate the size of nanoparticles is the extended x-ray absorp-
tion fine structure(EXAFS).4 It is based on the oscillatory
behavior of the x-ray absorption coefficient starting some-
what after the absorption edge of an inner atomic level. Con-

versely to the diffraction techniques, it is based on the short-
range order5 and provides information about the local
coordination environment of a selected atom, including crys-
tal structure, distances between atoms, as well as coordina-
tion number(CN). With this information, it is possible to
estimate the size of a particle by calculating the reduction of
the average CN due to the finite-size effect. For that purpose,
it should be considered that atoms at the cluster surface have
lost some of their neighbors. In order to find the relationship
between size and the lost of average coordination number, a
geometrical shape model must be introduced.6 In most cases,
a spherical3,6–9 or a hemispherical9–11 shape model introduc-
ing the relationship between the decreasing size of the par-
ticle and the loss of average coordination number was pro-
posed.

A comparison between XRD and EXAFS grain-size re-
sults shows that for particles with nanometric sizes and
spherical shapes, both techniques provide similar values.3,7

But, for a polycrystalline thin film in which grains can have
nonspherical shapes(as it, generally, occurs for columnar
growth of films), the results of both techniques are not in
agreement. Generally, this discrepancy provides smaller size
values when the x-ray absorption technique is used. More-
over, it seems that for broad size distributions, the spherical
shape grain models are weighted by the smaller size range
when EXAFS results are interpreted, while for XRD analy-
sis, size appears to be closer to the bigger size range of the
distribution.3

In this paper, we present XRD and EXAFS data of a set
of iron thin-film samples prepared at different temperatures
by sputtering. This system has the peculiarity to provide a
variation of the crystallographic grain size with the prepara-
tion temperature that has an important influence on their
magnetic properties.12,13 Moreover, their poor microstruc-
tural texture allows the use of a method based on XRD mea-
surements to measure the crystallographic grain dimensions
(these can have nonspherical shapes) along both relevant di-
rections, the normal to the surface and the one contained in
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the film plane. The method is adequate for this type of sys-
tems due to the frequent columnar growth of thin films. Ad-
ditionally, columnar growth exhibits their more compact
crystallographic plane parallel to the surface(which is called
texture). These effects are common for thin films prepared by
sputtering. Under these assumptions, we propose a way of
estimating the grain shape by XRD, based on measuring dif-
ferent coherence lengths along different directions with re-
spect to the film and using the Scherrer formula. It should be
remarked that these measurements are possible because films
do not have a very high degree of texture.

For EXAFS analysis, we will introduce a model that
takes into account not only the loss of coordination number
of atoms at the surface of the grain but also its shape. Addi-
tionally, linear polarization effects are considered in order to
reproduce the experiment where the relative position be-
tween the columns of the film and the polarization of the
x-ray beam is known.

II. EXPERIMENT

Iron thin films were grown by sputtering on naturally
oxidized Si(100) substrates using a dc-operated 2-in. planar
magnetron source(from Angstrom Sciences). Base pressure
was in the high-vacuum ranges10−7 mbard and Ar pressure
during sputtering deposition was 5.0310−3 mbar. The depo-
sition rate was about 1 nm/min; the power applied to the
magnetron was about 1 W, and both were kept constant in
the process. With all these growth parameters, we obtain iron
layers with a thickness of about 500 Å. The experimental
setup has the possibility of keeping the substrate temperature
constant during deposition, by using a cold finger attached to
a home-modified Oxford CF-100 continuous flow cryostat
placed inside the vacuum chamber.12,13 This device is con-
trolled by an Oxford ITC-502 temperature controller, which
allows us to set the substrate temperature with a precision of
0.1 K. Moreover, in order to deposit a cap layer, there exists
the possibility of changing sputtering targets, maintaining the
sample at high-vacuum pressure range.

For this work, two sets of samples were prepared: the
first one was covered with a gold layer in order to prevent
natural oxidation and the second one was oxidizedin situ at
room temperature in the vacuum chamber with an oxygen
partial pressure of 5310−1 mbar for 1 h, and subsequently
capped with the gold layer in order to prevent further oxida-
tions. The substrate temperature during iron deposition was
varied from 300 to 170 K.

X-ray diffraction experiments were performed in a two-
circle x-ray diffractometer(D8 Brucker-AXS), by using the
standardu-2u (also called Bragg–Brentano) geometry. X-ray
absorption have been carried out at LURE(DCI, XAS-13
beamline) with an electron-beam energy of 1.85 GeV and
average current of 250 mA. Data of the Fe K-edge were
obtained maintaining the sample at 100 K by using a fixed
exit monochromator with two flat Si(111) crystals; detection
was made by collecting the total electron yield on a biased
electrode in a He atmosphere sample chamber.14 The experi-
mental geometry was chosen in such a manner that x-ray
polarization vector was contained in the sample surface.

EXAFS analysis was performed by using the VIPER
program.15 Oscillations were obtained after removing the
background by a cubic spline fitting polynomial, and EXAFS
signal fxskdg was obtained by normalizing the magnitude of
the oscillations to the edge jump. The resulting data were
transformed into a function of the photoelectron wave num-
ber,k.

The pseudoradial distribution function around iron atoms
has been calculated by Fourier transforming thek-weighted
EXAFS signalfk·xskdg multiplied previously by a Hanning
window. For average CN estimation and comparative study,
the back Fourier transform of the first peak(corresponding to
the first and second distances in thebcc-Fe) was fitted to the
well-known expression5

xskd = S0
2o

j

s3Nj cos2 u jd
kRj

2 es−2k2s j
2def−2Rj/lskdgf jskd

3 sinf2kRj + F jskdg. s1d

Equation (1) describes the EXAFS oscillations for a
Gaussian distribution ofNj atoms at mean distancesRj

around the absorbing atom considering single-scattering and
plane-wave approximation.S0

2 is an intrinsic loss factor,Nj is
the average coordination number for the Gaussian distribu-
tion of distances centered at theRj value,s j is the Debye-
Waller (DW) factor, andf jskd=2dskd+g jskd is the phase
shift, dskd and g jskd being the central- and backscattering-
atom phase shifts, respectively.f jskd is the magnitude of the
backscattering amplitude of thej th-neighbor atom, andl is
the mean free path of the photoelectron traveling from the
absorbing atom to the backscatterer in thej th shell and in the
lifetime of the core hole. Finally,u j is the angle between the
absorbing-backscatterer bond and the polarization vector of
the incoming x-ray beam.

In the fit, the amplitude and phase functions have been
calculated by using theFEFF code version 6.01, reported by
Rehr.16 The amplitude loss factorsS0

2d was obtained by fitting
the spectrum of a Fe foil used as a reference.

III. RESULTS AND DISCUSSION

A. X-ray diffraction

In order to estimate the grain size, the coherence length
is calculated from the full width at half maximum(FWHM)
of iron 110-bcc diffraction peak and then using the Scherrer
formula. For thin films, the Bragg-Brentano geometry maxi-
mizes signal for textures normal to the surface because of
specular position of the sample, with respect to the incident
and diffracted beam.

Figure 1 shows the “rocking” curves of some samples,
the detector has been fixed at the irons110d-bcc diffraction
angle s2u=44.6°d. The intensity of those rocking curves
spread over ±20° from the maximum, which indicates that it
is possible to finds110d-bcc planes at any direction in the
film. The maximum value is found atu=22.3°, correspond-
ing to one-half of the(110) Bragg angle, indicating a poor
texture normal to the film plane. This fact allows us to per-
form diffraction measurements with the transferred momen-
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tum K , responsible for diffraction, along directions different
from the perpendicular one, and subsequently to evaluate
coherence length in those directions.

Figure 2(a) shows the experimental arrangement used in
order to obtain the grain sizes along different directions.
Crystallographic grains are considered as spheroids, taking
into account the columnar growth of these films. As it is
shown, standard XRD implies au-2u specular geometry,
whereu is the incidence angle over the surface; the coupling
betweenu and 2u makes the coherence length obtained a
measurement of the grain size along the normal to the film.
For nonspecular geometries, the direction of the transferred
momentum scans different angles from the normal to the
film, and the obtained lengths can be used to estimate the
lateral size of the columns. By considering the coherence
length dependence on the incident angle, it is possible to
obtain the dimensions of the grains along the “out-of-plane”
direction(perpendicular to the film), and also to evaluate the

dimension along the “in-plane” one(parallel to the film).
These data provide the information needed to consider crys-
tallographic grains as having spherical shape or, otherwise,
to obtain their eccentricity for a spheroidal grain model.

Figure 2(b) shows the evolution of thes110d-bcc iron
diffraction peak at different incident angles. For every peak,
it is possible to calculate their coherence length by using the
Scherrer expression,kLcl=0.94l / fBs2ud3cosug, wherel is
the wavelength of incident x raysl=1.54 Åd and Bs2ud is
the FWHM of the diffraction peak.

According to what is observed in Fig. 2(b), the obtained
coherence lengths show a clear decrease when the incident
angle diminishes. In order to obtain the dimensions of the
grains, a geometrical model should be proposed. For this
purpose, we consider a spheroidal prolate shape to determine
the in-plane and the out-of-plane dimensions of the grain.
Figure 3 represents the experimental coherence lengths ob-
tained at different angles. Incidence angle is referred to as
uinc= 1

2s2udBragg−D in order to show the deviation from the
specular conditions. Solid lines show the variation of the
ellipse diameter, calculated as a function of the angle that
runs from the largest diameter to the smallest one. If the
spheroidal grains form the film as Fig. 2 depicted, this angle
coincides with the formed between the perpendicular to the
film and the contained in the film plane, which is theD
angle. Calculations are obtained from the ellipse equation
and, for every sample, fitting is made by varying the long
and short axes values of this equation.

FIG. 4. Grain sizes estimated from the XRD and EXAFS.(a) In situ oxi-
dized samples and(b) gold-capped samples.

FIG. 1. Rocking curves ofin situ oxidized samples.

FIG. 2. (a) Experimental arrangement for XRD measurements and(b) evo-
lution of s110d-bcc iron peak obtained for different incident angles.
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The results obtained using this method are shown in Fig.
4 for both series of samples. At first glance, it is possible to
see that out-of-plane sizes decrease as the substrate tempera-
ture diminishes. However, the in-plane sizes remain almost
constant for all of them. Moreover, it can be observed that all
the samples have grains with elongated shape, which is not
affected by oxidation, although it produces a slight decrease
in the out-of-plane sizes, in agreement with a preferential
oxidation on top of the columns.

B. X-ray absorption spectroscopy

Figures 5 and 6 show the EXAFS signals and their re-
spective Fourier transforms of the two sets of samples. Fou-

rier transform magnitudes are related to coordination shells
of the absorbing atom. Their amplitude evolution with the
preparation substrate temperature gives a qualitative descrip-
tion of the reduction in the number of neighbors, with respect
to the reference foil. That indicates a loss of nearest neigh-
bors due to finite-size effect. For atoms at the surface of a
grain, the CN is near one-half of the corresponding for a bulk
atom. For very small grain sizes, this effect reduces the mea-
sured coordination number, due to the more important statis-
tical surface to volume weight in the estimation of the aver-
age CN. Nevertheless, there is an anomaly for the
200-K-prepared sample of both series. This may be corre-
lated with the film microstructure that provides a higher oxi-
dation that give rise to an anomalous magnetic behavior.13

This higher oxidation, with respect to the other samples of
the same series, has been qualitatively detected by x-ray ap-
pearance near-edge structure spectroscopy.17

Table I displays the first coordination shell parameters,
obtained after the EXAFS data analysis. The results reveal a
clear reduction of the average coordination number when the
substrate temperature decreases. Moreover, the distances be-
tween atoms remain constant and in agreement with the pa-
rameters of ironbcc lattice and no appreciable increases are
observed at the Debye-Waller factor.

As it has been reported above, the average CN is an
accurate parameter to estimate the grain size. Taking into
account the fact that the studied samples have grains with
columnar shape, we will develop a model to calculate the
average coordination number for a geometrical figure in
agreement with the XRD study. For that purpose, we con-
sider cylindrical shape particles, because, compared to sphe-
roidal forms, cylinders provide an easy calculation of the

FIG. 5. k-weighted EXAFS spectra of iron after atomic background sub-
straction, for samples prepared at different substrate temperatures(TS=300,
250, 200, and 170 K). (a) In situ oxidized samples and(b) gold-capped
samples.

FIG. 6. Fourier transform of EXAFS spectra of samples of Fig. 5.(a) In situ
oxidized samples and(b) gold-capped samples.

FIG. 3. Experimental diffraction data of samples(symbols) and fit by sphe-
roidal model(solid lines). In the nonspecular arrangement, there is no pos-
sibility of measuring diffraction at an angle,D, larger than one-half of the
Bragg anglesD=22.3°d.
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number of atoms at the surface and at the inner volume and
there is no appreciable difference between both geometrical
forms. The method is similar to that proposed by Borowski7

and Calvinet al.,3 but we have changed the spherical to a
cylindrical shape to model the crystalline grains of these
films. This model is explained as follows: let us suppose a
cylinder of radiusR and heighth, as it is shown in Fig. 7,
then, we define the radius of the coordination shell asd.
Atoms placed at every part have different contributions to
the average CN. Forbcc iron, we have takend=2.68 Å,
which is the average between the first and the second neigh-
bors distances, as we note that both distances are too close to
distinguish them and the first coordination sphere is formed
by both of them.

For this cylinder, we can distinguish four parts, whose
volumetric fraction, with respect to the total volume, is given
in Table II: the inner part, the lateral surface, the two bases,
and the two edges. Subsequently, in order to calculate the
average CN, each one of the external volumetric fractions
must be multiplied by two reduction factors: the first one due

to surface loss of neighborssNsurfd and the second one due to
the polarization effectsPsurfd. This second reduction term
must take into account the relative position between the
x-ray polarization and the axis of the cylinder. The x-ray
polarization effect has been used to study the variation of the
nearest neighbors distance along different directions in
Co/Cu multilayers18 and in magnetic ultrathin films.19 Then,
the expression for the total average CN as a function of the
cylindrical column dimensions is

ACN = kÑl = In + NLaPLaLa + 2NBaPBaBa+ 2NEdPEdEd.

s2d

In order to reproduce the experimental conditions, the
polarization reduction factor has been calculated for an in-
coming beam whose polarization was contained in the film
plane.(In Table II, the polarization factor is given for cylin-
ders with their axis aligned along the perpendicular to the
x-ray polarization vector.) After substitution, Eq.(2) yields to
the more compact expression

kÑl = 1 −
10

7
S d

R
D +

3

7
S d

R
D2

−
3

7a
S d

R
DF1 −S d

R
DG2

, s3d

wherea=h/R.
Figure 8 shows the averaged CN dependence with the

dimensions of the columnar grain. An average cylinder di-
mension has been defined in order to compare the depen-
dence with the obtained for a spherical grain. These calcula-
tions permit us to obtain the cylinder radius that fit the loss
of coordination number obtained by EXAFS spectroscopy. It

TABLE I. Summary of distancessRjd, number of neighborssNjd, and
Debye-Waller factorsss jd obtained from fitting EXAFS signal, for first and
second coordination distances.

Sample TS (K) Nj Rj (Å) s j sÅ−1d

Fe foil 300 8.0 2.48 0.071
6.0 2.84 0.071

In situ 300 6.7 2.49 0.075
oxidized 4.1 2.85 0.075

250 5.7 2.49 0.070
3.1 2.85 0.070

200 3.3 2.54 0.070
2.3 2.89 0.070

170 4.3 2.50 0.074
1.7 2.87 0.074

Nonoxidized 300 6.6 2.50 0.072
4.4 2.88 0.072

250 5.6 2.49 0.072
3.8 2.86 0.072

200 3.5 2.51 0.072
1.5 2.88 0.072

170 6.2 2.49 0.073
3.7 2.84 0.073

FIG. 7. Cylindrical shape model distinguishing the four regions analyzed.

TABLE II. Mathematical expression for the volumetric fraction of the four
considered parts of the cylinder(see Fig. 7), neighbors loss factor and po-
larization factor.

Volumetric fraction
Neighbors
occupancy

Polarization
factor

Inside In= sR−dd2sh−2dd/R2h NIn=1 PIn=1
Lateral La= 2sR−dddsh−2dd/R2h NLa=7/14 PLa=4/7
Bases Ba= 2sR−dd2d/R2h NBa=10/14 PBa=11/10
Edges Ed= 2sR−ddd2/R2h NEd=5/14 PEd=4/5

FIG. 8. Normalized average CN as a function of cylinder radius and height.
The average dimension parameter is defined asr=shR2d1/3 in order to com-
pare with the spherical shape particles.
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can be observed that the increase of the height/radius ratio
sh/Rd makes a more significant loss in the average CN than
that observed for a cylinder withh=2R, which is the most
similar to a sphere.

The dimensions obtained by EXAFS results have been
plotted in Fig. 4 in order to be compared with those obtained
by XRD. For this columnar growth-studied system, the
EXAFS-obtained dimensions are related with the radius(or
diameter) of the columns, which corresponds to the in-plane
size. As it can be observed, the agreement is excellent for
both series of samples, where the in-plane dimensions ob-
tained by XRD are very similar to those obtained by EXAFS
after applying the proposed grain modelization. Additionally,
this agreement is in accordance with the validity of both
techniques to determine the grain size, but when both of
them are used in a suitable way. As a final remark, it can be
concluded that XRD size evaluation is generally determined
by the largest dimension of the grains and EXAFS size
evaluation is more sensitive to the smallest grain dimension
and, for an ordered microstructure, it is influenced by the
polarization measurement direction.

IV. CONCLUSIONS

We have studied the crystalline size and shape behavior
in iron thin films prepared by sputtering at very low tempera-
tures. Two slightly different systems(due to their oxidation)
have been studied. We use XRD and EXAFS data to estimate
the relevant dimensions of the columnar crystals in these
films. The size and shape of the thin-film grains depend on
the substrate temperature during deposition. Columnar
growth gives elongated crystal grains and less sharp forms
for growth at lower temperature.

The XRD analysis was possible due to the poor texture
of these films. Dimensions of the grains are obtained, giving
a nearly constant value of approximately 30 Å for the in-
plane size and an out-of-plane size that changed from
110 to 70 Å with decreasing temperature from
300 to 170 K. This has been possible after applying a geo-
metrical method in which we have considered the grains hav-
ing an elongated shape.

The EXAFS analysis has been made taking into account
the shape provided by the XRD results. The EXAFS results
show a significant reduction of the CN in thin films, with
respect to the bulk iron. A cylindrical model according to
elongated shape of crystallographic grains has been used to

obtain their characteristic size. The EXAFS-derived dimen-
sion was in good agreement with those obtained for the in-
plane size derived from XRD analysis, corresponding to the
diameter of the columnar grains. This work shows that both
XRD and EXAFS techniques are able to provide useful in-
formation about the shape and average dimensions of crys-
tallites in samples with nanometric grains.
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