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Structure and magnetic properties of magnetron-sputtered Fe/Cu multilayered thin films
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The structure and magnetic properties of Fe/Cu multilayered films with a constant total Fe thickness
0 0

of 1050 A but varying Fe-layer thickness from 6.3 to 42 A and varying Cu to Fe thickness ratio from 1 to
3 were investigated using x-ray dift'raction (XRD), x-ray absorption fine-structure (XAFS) spectroscopy,
and magnetic measurements. Samples were prepared at room temperature on mica, glass, and silicon
substrates using the dc-magnetron-sputtering method. For films with the same Fe-layer thickness, it was
found that the magnetic moment of Fe decreases with increasing thickness ratio of Cu to Fe. For films

with a Cu to Fe thickness ratio of 3, it was found that the magnetic moment of Fe decreases with de-

creasing thickness of the individual Fe layers. XRD and XAFS results revealed that in the multilayered
films, Cu has a well-defined fcc structure with minimal amount of structural disorder independent of the
individual layer thickness or thickness ratio. On the other hand, quantitative analysis of EXAFS data
revealed that the crystal structure of Fe changes with decreasing thickness of the Fe layers from distort-

0 0

ed bcc (for 42- and 21-A-thick Fe layers) to fcc (for 10.5- and 6.3-A-thick Fe layers) in films with the Cu
0 0

layer three times thicker than the Fe layer. The single-phase fcc Fe of the 6.3-A Fe/19-A Cu multilay-
0

ered film was found to have a lattice constant of 3.596 A and is ferromagnetic with a Curie temperature
of 210 K and a spontaneous magnetization of —690 emu/cm'.

INTRODUCTION

The magnetic properties of face-centered-cubic (fcc)
y-Fe stabilized by thin-film growth have attracted much
attention in recent years. ' Particular interest has been
focused on the Fe/Cu system, since at room temperature
the lattice mismatch between y-Fe with lattice constant
a =3.59 A extrapolated from high-temperature data and
Cu with lattice constant a =3.6148 A is very small, and
hence is favorable for epitaxial growth. In addition, bulk
Fe and Cu are mutually insoluble, which limits the
amount of interdiffusion at the interface. According to
total-energy-band calculations, y-Fe can exist in a non-
magnetic, ferromagnetic, or antiferromagnetic state at a
lattice constant near that of Cu. This has led to many
conflicting accounts of the magnetic properties of y-Fe
grown on Cu. It was found that the magnetic state
which y-Fe assumes is strongly dependent on experimen-
tal parameters. Recent work by Magnan et al. using
surface extended x-ray-absorption fine-structure spectros-
copy revealed a correlation between the magnetic proper-
ties and the crystallographic structure of the y-Fe films.
They observed that films that are antiferromagnetic have
a well-defined fcc structure, while films generally found to
be ferromagnetic have a distorted fcc structure. There is
also no general agreement on the maximum thickness of
y-Fe attainable by epitaxial growth of Fe on Cu. Among
molecular-beam-epitaxy grown films, the maximum
thickness ranges from 5 to 17 monolayers. '

Fe/Cu multilayered films are less well studied. Komu-
ro et al. grew Fe/Cu multilayered films on Si substrates
at 150 C using the rf magnetron sputtering method.
They found that the crystal structure of the films depends
on the thickness of individual Fe and Cu layers. Single-

EXPERIMENT

Sample preparation

The Fe and Cu single-layered films and the Fe/Cu mul-
tilayered films were prepared at room temperature on
mica, glass, and Si substrates using the dc magnetron
sputtering method. Research-grade high-purity Fe and

Work of the U. S. Government
Not subject to U. S. copyright206

phase fcc Fe was obtained for Fe film thickness of 17 A
and Cu film thickness of 49 or 98 A. In both cases, the
Fe films were found to be discontinuous. Their results
also showed that the saturation magnetization of fcc Fe is
1.32 T. This is in disagreement with the work by Schull-
er, ' who found that single-phase fcc Fe of Fe/Cu multi-
layer films grown at room temperature with similar film
thicknesses as those of Komuro et al. have a very low
magnetic moment. This suggests that the influence of
process parameters is still not well understood, and the
relationship between the structures and magnetic proper-
ties remains to be clarified.

In this study, Fe/Cu multilayered films were grown us-
ing the dc magnetron sputtering method. The films were
grown at room temperature to minimize interdiffusion of
Cu and Fe. The crystal structures were characterized by
x-ray-diffraction and x-ray-absorption fine-structure
(XAFS) spectroscopy which is an eleinent-specific probe
of the local atomic structure. The objectives of this study
are (i) to investigate the crystal structures of Fe and Cu as
a function of film thickness and (ii) to determine if face-
centered-cubic Fe can be stabilized by sputtering in a
Cu/Fe multilayer structure. An attempt is made to
correlate the crystal structures with the magnetic proper-
ties of the grown Fe/Cu multilayered films.
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Cu targets (99.9 and 99.99%, respectively) were em-
ployed in preparing the samples. Deposition of the films
was made by sputtering from the targets operating at a
power of 30 %'. Substrates were mounted on a simultane-
ously rotating and revolving fixture to ensure uniformity
of film thickness. The system was evacuated to 5X10
torr and back filled with argon to 3.5 mTorr prior to
sputtering. Deposition rates were 4.2 and 9.5 A/min for
Fe and Cu, respectively. These rates were determined us-
ing a profilometer from films deposited under the same
conditions. A series of films with Fe layer thickness
ranging from 6.3 to 42 A and Cu layer thickness of 1, 2,
or 3 times the Fe layer thickness was fabricated. A Cu
buffer layer of about 200 A was first deposited. This step
was followed by the Fe/Cu multilayer deposition and
then the deposition of a 200-A Cu overlayer. The total
Fe thickness in each of the multilayered film samples is
1050 A. The thickness of individual layers was varied by
manually controlling the duration of the target shutters
in the open and closed positions. A single-layer Fe film

of 1050-A thickness covered by 200 A of Cu and a
single-layer Cu film of 3300 A were also deposited for
calibration purposes. The layer thicknesses for the vari-
ous samples are listed in Table I.

X-ray diA'raction and XAFS measurements

The crystal structures of the grown films were investi-
gated using monochromatized Cu Ka x rays. All sam-
ples were examined by high-angle (29 from 30' to 100')
x-ray dift'raction (XRD). In addition, to check for super-
lattice lines, low-angle 0-2t9 XRD measurements were
performed from 1 to 7 for samples grown on glass sub-
strates.

The x-ray absorption experiments were performed on
beamline X-11A (Ref. 11) at National Synchrotron Light
Source (NSLS) with the storage ring operating at an elec-
tron energy of 2.5 GeV and a stored current in the range
of 110—220 mA. Data were collected with a variable-exit
double-crystal monochromator using two fiat Si(111)
crystals. Harmonics were rejected by detuning the paral-
lelism of the monochromator crystals. This is achieved
by a piezoelectric transducer to adjust the top crystal un-
til the harmonic content is minimized. Spectra of the Fe

E edge (7112.0 eV) and Cu K edge (8980.0 eV) for the
thin-film samples were obtained with the Auorescence-
detection mode' using a specialized fluorescence ion
chamber detector. ' The x-ray intensities were monitored
using ionization chambers filled with nitrogen gas for the
incident beam, an appropriate mixture of nitrogen and
argon gases for the transmitted beam, and krypton gas
for fluorescence signal. The background component due
to elastic and Compton scattering of the incident x rays
was minimized using an aluminum Soller slit assembly
and Mn and Ni filters, each with an effective thickness of
three absorption lengths, for the Fe K edge and Cu I(

edge, respectively. Only the Fe/Cu multilayered films
with thickness ratio of 1 to 3 grown on glass substrates
were investigated using XAFS spectroscopy. Reference
samples of bulk Fe (5-pm-thick foil), bulk Cu (7.5-p.m-
thick foil), and a 3300-A-thick Cu film deposited on glass
substrate were also investigated to serve as standards for
comparison purposes and subsequent data analysis. The
XAFS measurements for both foils were made in the
transmission mode and that of the 3300-A Cu film in the
fluorescence mode. All spectra presented here were mea-
sured at room temperature (300 K).

Magnetic measurements

The magnetic measurements were performed at room
temperature using a vibrating sample magnetometer. A
maximum field of 5 kOe was applied either parallel or
perpendicular to the film plane. The field and tempera-
ture dependencies of the magnetic moments of selected
samples were also measured with a superconducting
quantum interference device (SQUID) magnetometer.

RESULTS AND DISCUSSION

XRD results

All samples were examined by x-ray diffraction. For
those grown on mica and silicon, the Fe and Cu peaks are
overwhelmed by the diffraction peaks from the substrates
and, thus, little structural information were extracted.
The following discussion is limited to samples grown on

TABLE I. Layer thickness, crystal structure, and spontaneous magnetization of the grown films.

Magnetization
Structure' (emu/cm )No. of bilayers

1

25
25
25
50

100
167

1

Sample

B
C
D

G
H

F (A)'
1050.0

42.0
42.0
42.0
21.0
10.5
6.3

dcu (A)
1530
1545
1487
1391
1144

150
0

bcc
bcc
bcc
Distorted bcc
Distorted bcc
fcc
fcc
fcc

40.0
80.0

124.0
62.0
31.0
19.0

3300.0

'Thickness of individual Fe layer.
Thickness of individual Cu layer.

'Crystal structure of the Fe films as determined by XRD and/or EXAFS except for sample H, where it
represents that of the Cu film. Due to lack of XAFS data on samples B and C, the assignment of their
structures was based only on the XRD results.
Room-temperature spontaneous magnetization of the Fe films.
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glass substrates. No obvious texturing was observed for
any of the samples. The x-ray-diffraction patterns of
samples B, C, and D, which have a constant Fe thickness
(42 A) and a varied Cu to Fe thickness ratio of 1, 2, and 3
are shown in Fig. 1(a). The patterns of the single-layered
Fe (bcc) and Cu (fcc) films are included for comparison.
The small Cu peaks present in the single-layered Fe film
are due to the deposited Cu overlayer. For all three sam-
ples, the (110) bcc Fe peak, which has the highest intensi-
ty can be easily identified as a shoulder on the high-angle
side of the (111)fcc Cu peak. This indicates that the ma-
jority of Fe in these samples possesses a bcc crystal struc-
ture.

Figure 1(b) shows the x-ray-diff'raction patterns of sam-
ples D —6 and the single-layered Fe and Cu films. It can
be seen that the line broadening due to the overlapping of
the (110) bcc Fe and (111) fcc Cu peaks is reduced with
decreasing thickness of the Fe layer. For samples D and

E, the (110) Fe peak is identifiable indicating that the ma-
jority of Fe in these two samples is bcc. However, the
(110) Fe peak for samples F and G cannot be seen, sug-
gesting that most of the Fe in both samples has a fcc
structure. It was observed that after annealing sample F
at 300'C for 2 h, the XRD pattern shows sharp peaks
characteristics of bcc Fe. Cu in all of the samples
possesses a fcc structure as expected.

Figure 2 shows the low-angle x-ray-diffraction patterns
of samples E through G. As can be seen, superlattice
lines were present for all of the three samples (and also
others, not shown here), which indicate the periodic na-
ture of these films. The modulation wavelength of sample
F calculated from the positions of the first- and second-

0
order superlattice lines is 44.6 A, which agrees rather
well with the expected value of 41.5 A. The calculated
wavelengths of sample G using the first-order line and
that of sample E using the second-order line have less
than 5% deviation from their proposed values. We
would like to note that a new set of samples with similar
film thicknesses, recently prepared under the same condi-
tions except with the use of computer-controlled target
shutters, showed much stronger superlattice lines. Thus,
we believe that the weak intensity of the superlattice lines
observed for the current samples is due to a slight irregu-
larity in the periodicity caused by manually controlling
the targets' shutters during deposition of the films rather
than intermixing of Fe and Cu atoms.

40 43
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46 49

28 (deg)

(110)Fe
1050-A Fe

52 55

XAFS results

The crystal structure of these films was further exam-
ined by XAFS spectroscopy. Although the structure of
interest is that of Fe, the local structure of both Cu and
Fe were investigated. The experimentally measured x-
ray-absorption cross section po(E)x, where E is the x-ray
photon energy and x is the sample thickness, is given by
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FICr. l. (a) X-ray-diffraction patterns of samples B, C, and D,
0

which have a constant Fe thickness (42 A) and a varied Cu-to-
Fe thickness ratio, and of single-layered Fe and Cu films. (b)
X-ray-diffraction patterns of samples D —G, which have a con-
stant Cu-to-Fe thickness ratio of 3:1 and of single-layered Fe
and Cu films.

2e {deg)

FIG. 2. Low-angle x-ray-diffraction patterns of samples G, F,
and E showing superlattice lines.
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ln(Ip/I) for transmission data and I&/Ip for fiuorescence
data with Io, I, and I& being the incident, transmitted,
and fluorescence yield intensities, respectively. In deter-
mining pox, correction for the energy dependence of the
incident x-ray intensity in the fluorescence measurements
is made using cross sections calculated with McMaster
coefBcients. ' The pre-edge background absorption
p, (E„)x is determined from a quadratic fit to the data
roughly 300—30 eV below the edge energy and then ex-
trapolated over the entire range of the spectrum. The K-
edge absorption p(E)x is then isolated by subtracting
p~(E)x from pp(E)x. The smoothly varying atomic ab-
sorption p, (E)x was determined by fitting the post-edge
data of p(E)x with a cubic spline function. ' ' An
energy-independent step normalization is applied by di-
viding p(E)x by the value of the atomic absorption
p, (E„)x, where E„ is the normalization energy and is
taken to be 100 eV above the edge energy.

The normalized x-ray-absorption near-edge structure
(XANES) of the Cu K edge for the multilayered films of
samples D, I', and G and the 3300-A-thick Cu film (sam-
ple II) are shown in Fig. 3. These spectra are compared
with the XANES spectra of structurally well-known
polycrystalline Cu foil with fcc lattice. The spectra
display the normalized E-edge absorption p as a function
of photoelectron energy. The zero energy is assigned to
the peak of the first feature at the onset of the edge. The
data for all the edges are plotted on the same scale with
the upper spectra shifted vertically for clarity of presen-
tation. All spectra are indistinguishable from each other,
indicating that Cu in the Fe/Cu multilayered films and
the 3300-A Cu film retains the chemistry and structure of
the fcc lattice of bulk Cu foil. That is, the chemistry of
Cu in the Fe/Cu multilayered films is independent of the
number of Fe/Cu layers and their thicknesses.

The normalized XANES spectra of the Fe E edge for
the multilayered films of samples D —G are shown in Fig.
4. These spectra are compared with the XANES spectra
of polycrystalline Fe foil with bcc lattice and polycrystal-
line Cu foil with fcc lattice. For the E edge of the Cu
foil, the zero-energy assignment is as described in the
preceding paragraph. For the Fe E edge of the Fe foil
and the multilayered films, the peak position of the
feature at the onset of the edge is not as well defined as in
the case of Cu foil. Therefore, the zero energy is assigned
to the first minima in the first derivative of p(E) with
respect to photoelectron energy. The data for all the
edges are again plotted on the same scale with the upper
spectra shifted vertically for clarity of presentation.

Visual comparison of the data from Fe and Cu foils, as
examples of bcc and fcc structures, provides an indication
of the sensitivity of the XANES to variations in the local
coordination geometry of the absorbing atom. The local
coordination geometry up to four coordination spheres of
Fe metal with bcc lattice consists of 8, 6, 12, and 24 Fe
atoms at 2.483, 2.867, 4.054, and 4.754 A, respective-
ly. ' ' That of Cu metal with fcc lattice consists of 12, 6,
24, and 12 Cu atoms at 2.556, 3.615, 4.427, and 5.112 A,
respectively. ' ' Accordingly, from comparisons of the
Fe and Cu E-edge data of the multilayered films with EC-

edge data of Fe and Cu foils, one should be able to infer
the Fe and Cu local coordination geometry in the mul-
tilayered films. That is, what type of lattice (bcc versus
fcc) does iron occupy in the multilayered films' ?

Examination of the Fe K-edge XANES data of the
multilayered films reveals that the XANES of samples D
and E are very similar and resemble very closely that of
metallic Fe foil with a bcc lattice. Thus, it is concluded
that the local coordination geometry of the majority of
Fe in the multilayered films of samples D and E is con-
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FIG. 3. Comparison of normalized Cu K-edge XANES data
for fcc Cu foil, a 3300-A Cu film (sample H), and Fe/Cu mul-
tilayered of samples D, F, and G.

FIG. 4. Comparison of normalized Fe K-edge XANES data
for bcc Fe foil, Fe/Cu multilayered films of samples D, E, F, and
G, and fcc Cu foil.
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sistent with that of a bcc lattice. Furthermore, the
XANES data of samples F and 6 are also very similar.
However, their XANES resemble very closely that of me-
tallic Cu with a fcc lattice rather than that of Fe foil with
a bcc lattice. Hence, it is concluded that the local coordi-
nation geometry of the majority of Fe in the multilayered
films of samples F and 6 is consistent with that of a fcc
lattice.

Next, we turn attention to the extended x-ray-
absorption fine-structure (EXAFS) region of the XAFS
spectrum from which structural information such as
coordination numbers, distances, and disorder (which in-
cludes both the dynamic thermal disorder term and the
static structural disorder term) are easily obtained via
least-squares fits of filtered k-space amplitudes. The nor-
malized EXAFS data, y(k), are given by

p(k) —p, (k)
X(k) =

(k
')

p (k„)
p (k)

where k is the photoelectron wave number and p(k) and
p,, ( k ) are as described previously. The term, p ( k), is
the atomic absorption calculated with McMaster
coefficients, ' which provides the energy-dependent
.McMaster normalization and k„ is the photoelectron
wave number corresponding to the normalization energy
E„. The energy-dependent normalization is necessary if
one chooses to use theoretical backscattering amplitude
and phase values such as those calculated with the FEFF
program to extract the structural parameters.

The normalized Cu K-edge EXAFS data, y(k), of the
Fe/Cu multilayered films (samples D, F, and G) and the
3300-A Cu film (not shown) are very similar to the y(k)
of fcc Cu foil [shown in Fig. 6(b)]. The frequencies of the
EXAFS oscillations match very closely those of Cu foil.
A slight reduction in the amplitude of the EXAFS oscil-
lation for the multilayered films and the 3300-A Cu film
from that of bulk Cu foil is observed. Fourier transforms
of Cu K-edge EXAFS data for the Fe/Cu multilayered
films and the 3300-A Cu film (not shown) are also similar
to that of fcc Cu foil except for a small reduction in the
amplitude of the peaks. The reduction in the amplitude
of the peaks is mainly due to self-absorption of the
fluorescence signal by the sample and structural disorder
in the film samples as will be shown from quantitative
analysis of the data later in the text. Therefore, it is con-
cluded that the local geometry of Cu in the Fe/Cu mul-
tilayered films is consistent with that of a fcc lattice in
agreement with previous conclusions based on compar-
isons of Cu K-edge XANES data.

The normalized Fe K-edge y(k) data for the Fe/Cu
multilayered films are displayed in Fig. 5. The y(k) data
from sample D are compared with data from sample E
[Fig. 5(a)] and the y(k) data from sample F are compared
with data from sample G [Fig. 5(b)]. As can be seen from
Fig. 5, the y(k) data from sample D is almost identical to
that from sample E, yet these spectra are clearly quite
different [Fig. 5(c)] from the almost indistinguishable
spectra of samples F and 6. Furthermore, the Fe K-edge
g(k) data from samples D and G are compared in Figs.
6(a) and 6(b) with Fe K-edge g(k) data of bcc Fe foil and
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FIG. 5. Comparison of normalized Fe K-edge EXAFS data,
y(k), for samples D and E (a), samples E and G (b), and samples
D and G(c).

Cu K-edge y(k) data of fcc Cu foil, respectively. Also,
comparisons of Fourier transform data of the Fe K-edge
k y(k) data from samples D and G with Fourier trans-
forms of bcc Fe foil and fcc Cu foil are shown in Figs. 7
and 8, respectively. The peak positions in the Fourier-
transform data of sample D are similar to those in the
Fourier transform of bcc Fe rather than those in the
Fourier transform of fcc Cu foil. For sample 6, the peak
positions in the Fourier transform data, on the other
hand, are similar to those in the Fourier transform of fcc
Cu rather than those in the Fourier transform of bcc Fe
foil. Variations in the amplitude of Fourier transform
data of the Fe/Cu multilayered films from those of Fe
and Cu foils data are due to self-absorption of fluores-
cence signal by the samples and structural disorder as
will be shown later in the text. Based on these results, it
is concluded that the local coordination geometry of sam-
ples D and E is similar to that of bcc Fe and the local
coordination geometry of samples F and 6 is similar to
that of fcc Cu. These conclusions are also in agreement
with those obtained from comparisons of the Fe XANES
data.

Quantitative analysis methods for the structure infor-
mation contained in the first peak of the Fourier trans-
form (i.e., b, r =1.30—3.04 A for both Fe and Cu data)
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FIG. 8. Comparison of the Fourier transform of normalized
Cu K-edge EXAFS data, k y(k), for fcc Cu foil (hk:
1.98—12.92 A ), Fe K-edge of sample G (hk: 2.12—13.09 A )

and bcc Fe foil (hk: 2.18—12.90 A ').
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FIG. 6. Comparison of normalized Fe K-edge EXAFS data,
g{k), for sample D and bcc Fe foil (a) and normalized Fe K-edge
EXAFS data, g{k), for sample G and normalized Cu K-edge
EXAFS data, y(k), for fcc Cu foil (b).

where the index i denotes a specific type of atom located
at an average distance R; from the central absorbing
atom Th. e terms 6(k) and P(k) represent the
modification in the phase shift of the ejected photoelec-
tron wave function by the potential of the central absorb-
ing and backscattering atoms, respectively. The amp}i-
tude term C;(k) is given by

will now be presented. This part of the Fourier trans-
forrn is filtered and back transformed into k space to al-
low quantitative analysis of k-space amplitudes and
phases using standard procedures. For polycrystalline
materials and in the dipole approximation, the filtered
EXAFS data is related to the structural parameters by
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FIG. 7. Comparison of the Fourier transform of normalized
Cu K-edge EXAFS data, k y{k), for fcc Cu foil {hk:
1.98—12.92 A ), Fe E-edge of sample D (Ak: 2.24—12.88 A )

and bcc Fe foil (Ak: 2.18—12.90 A ').

C;(k) =
2 SOB (k)F, (m, k, R)e ' e (3)

where N, is the number of atoms of the ith type at dis-
tance R;. The term o.; is the disorder or root-mean-
square deviation about the average distance R; and in-
cludes both a dynamic term arising from the thermal
motion of the atoms and a static term describing
structural disorder. The other terms A, , F;(m., k, R), and
A (k) represent the electron mean free path, the magni-
tude of the effective curved-wave backscattering ampli-
tude for the ith type of atoms and central atom losses, re-
spectively. Finally, So is an energy-independent many-
body amplitude reduction factor.

In fitting the EXAFS data with Eq. (3), four parame-
ters per shell are usually varied: coordination number
(N), coordination distance (R), disorder squared (o ),
and an inner potential energy shift (Eo), which is used in
the definition of the photoelectron wave number k.
Since, the information content of the EXAFS data is
bandwidth limited, the maximum number of fit parame-
ters must not exceed the number of independent data
points 1V „given by the formula, N „=2hkhR /m,
where b,k is the k-space range over which y(k) is fitted
and hR is the filtered R-space range of the Fourier trans-
form. ' All fits were done in the k range of 3.0—I2.5
A ' with k weighted filtered data. For all fits a hk of
9.5 A and a hR of 1.74 A were used and, hence, the
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maximum number of parameters that can be varied is
equal to 10.

For the analysis of Cu K-edge EXAFS data a single-
shell fit is sufhcient, and, thus, a maximum of four Aoat-
ing parameters [which is less than the maximum number
of allowable variables that can be used in Eq. (2)] are
needed in the fit. The Cu data were fitted using both
empirical and theoretical standards. Results of numeri-
cal fits using empirical phase and backscattering ampli-
tude values determined from Cu foil data are listed in
Table II. Next, A (k), A, (k), 5(k), P(k), and F(m, k, R)
values determined with the FEFF program for a cluster
of CuCu&2 with RC„C„=2.556 A were used to fit the Cu
data. In fitting the Cu foil data we have constrained the
coordination number N to the value of 12 and varied So,
R, o. , and Eo. The many-body amplitude reduction fac-
tor (So) is determined to be 0.856 and this value will be
used in analyzing Cu-Cu interactions in all other samples.
The distance (R) is determined to be 2.535 A, which is
less by 5R =0.021 A from the crystallographic distance
of 2.556 A and this value of 6R will be used to correct all
Cu-Cu distances analyzed with theoretical standards.
The disorder (o ) is determined to be 8. 1X10 A,
which is slightly higher than the theoretically determined
value of 7.7X10 A giving a 6o. = —0.40X10 A
that will be used to correct all Cu-Cu fit disorders ana-
lyzed with theoretical standards. For all other samples,
the Cu K-edge filtered data was fitted with So set equal to
0.856 and varied N, R, o. , and Eo. Results of these nu-
merical fits are also listed in Table II.

The Fe data were analyzed using only theoretical stan-
dards due to lack of an appropriate empirical standard.
The Fe foil data cannot be used as reference to analyze
Fe-Fe interactions due to the proximity of the first and
second coordination spheres in bcc Fe. The Fe foil and

TABLE II. Summary of structural results using least-square
fits of Cu K-edge EXAFS for the 3300-A Cu film and the Fe/Cu
multilayered films. Uncertainties in the coordination number
(N), coordination distance (R), mean-square relative displace-
ment in R (o. ), and inner potential corrections (Eo) were es-
timated at +10%, +0.01 A, +10%,and +0.5 eV, respectively.

o-' (10 ' A ) E, (eV)Sample

Bulk fcc Cu'
H
H'
Db
Dc
Fb
Fc
Gb
Gc

12.00
11.61
11.56
11.30
11.23
11.55
11.50
10.92
10.87

2.556
2.558
2.558
2.554
2.553
2.557
2.556
2.555
2.556

7.70
8.10
8.37
8.96
8.90
8.74
8.70
7.62
7.58

—1.8
—2.0
—0.1
—1.3

0.7
—1.2

0.8
—1.4

0.4

'Known structural parameters for fcc Cu foil are listed for com-
parison purposes (Refs. 18 and 19).
Fits were performed using central atom losses, electron mean

free path, phase, and backscattering amplitude values deter-
mined theoretically with the FEFF program for a cluster of
CuCu&2 with RC„C„=2.556 A.
'Fits were performed using empirically determined phase and
backscattering amplitude values from Cu foil EXAFS data.

samples D and E with bcc Fe were analyzed using a two-
shell fit with Fe-Fe model data for both shells. Filtered
EXAFS data of samples F and 6 with fcc Fe were ana-
lyzed using either a single-shell fit with Fe-Fe model data
or a two-shell fit with Fe-Fe and Fe-Cu model data. In
these two samples, the fraction of Fe atoms at the Fe/Cu
interface is large enough to require a second shell of Fe-
Cu interactions. Therefore, values for A (k), A.(k), 5(k),
P(k), and F(vr, k, R) were determined with the FEFF pro-
gram for a cluster of FeFe8 with R„,„,=2.485 A. In
addition, samples F and G with fcc Fe were analyzed us-
ing theoretical standards calculated for a cluster of

0
FeFe, z with R„,„,=2.540 A. These results were essen-
tially the same as those based on the first cluster, and,
hence, only the former results will be reported. Model
data for the Fe-Cu interactions were determined from a
cluster of FeCu&z with R„,C„=2.540 A. In fitting the Fe
foil data, N, and Nz were fixed to their crystallographic
values of 8 and 6, respectively. In addition, one inner po-
tential parameter Eo was used for both shells. Thus, the
parameters that were free to vary were So, R&, R2, o,
o.z, and Eo. From this fit, a many-body amplitude reduc-
tion factor (So) of 0.781 and corrections of 5R

&

of 0.013
A, 5R2 =0.021 A, 5o.

&
=0.45 X 10 A, and

50.2=0.76X 10 A were obtained. The Fe data in the
multilayered films with bcc lattice were fitted using So
equal to 0.781 and varied N&, R

& R2 o ] 0 z and Eo and
N2 being constrained to equal 0.75NI. The Fe data of
the multilayered films with a fcc lattice were fitted first
with a single shell with So set equal to 0.781 and varied
N i R

&
0 ] and Eo ~ Second, a two-shell fit with Fe-Fe

and Fe-Cu interactions, was made using So equal to 0.781
and varied N&, N2, R, , o.

&,
o.z, and Eo with R2 being con-

strained to equal R, . The two-shell fit yielded a
significantly better fit relative to the single-shell fit by vir-
tue of roughly a 50% reduction in the sum of the square
of residuals. Results of these numerical fits for Fe in the
Fe/Cu multilayered films are listed in Table III.

The coordination numbers in Table II and III include
corrections due to self-absorption of Auorescence signal.
The magnitude of reduction due to this effect on the
coordination numbers and disorders were determined us-
ing equations derived by Tan, Budnick, and Heald.
These reductions in the coordination numbers were es-
timated to be 5 and 7% for Cu data of the 3300-A Cu
film and the Fe/Cu multilayered films, respectively, and
9% for the Fe data. Self-absorption corrections to the
disorder parameter were determined to be very small, of
the order of 0.08 X 10 A, and were neglected.

The following conclusions can be made from inspection
of the data in Tables II and III. For Cu data (Table II),
the structural parameters obtained on the basis of empiri-
cal standards are essentially the same as those obtained
with the use of theoretical standards. The structural pa-
rameters for all samples are consistent with those of a fcc
lattice as expected. The coordination numbers and dis-
tances for all samples are nearly the same within the
quoted uncertainty and resemble those of bulk Cu
(1V =12 and R =2.556 A). The disorder in all samples
within the quoted uncertainty is nearly the same as that
of bulk Cu disorder of 7.7 X 10 A indicating that the
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Cu structural disorder in the multilayered films is negligi-
ble.

For the Fe data (Table III), the structural parameters
are consistent with those of a bcc lattice (samples D and
E) or a fcc lattice (samples I' and G). Within the quoted
uncertainty, the coordination numbers are similar to
those of a bcc lattice (samples D and E) or a fcc lattice
(samples F and G). The coordination distance of the first
and second shells for samples D and E are very similar to
those expected for a bcc lattice, i.e., 2.483 and 2.867 A,
respectively, except for a slight reduction in the second
shell distance (R2) of sample E. The disorders for sam-
ples D and E of both the first and second coordination
spheres are significantly higher than those of bulk bcc Fe
(compare with o i=5.09X10 A and cree=6 6X.10
A ) indicating a high degree of structural disorder. The
degree of structural disorder in the second coordination
sphere of sample E is also significantly increased relative
to that of sample D. For both samples, the increase in
the disorder of the second coordination sphere is
significantly larger than that of the first coordination
sphere suggesting a specific type of lattice distortion
which only significantly aAects the second coordination
sphere. These results are consistent with a tetragonally
distorted bcc lattice in which the c axis expands, while
both the a and the b axes contract equally in such a way
to keep the unit-cell volume the same as that of the un-

Sample

Bulk bcc Fe'

Db

Eb

Fc
Fd Fe-Fe

Fe-Cu
N-total

Gc
Gd Fe-Fe

Fe-Cu
N-total

8.00
6.00
7.27

5.45
7.38

5.53
9.21
5.91
5.24

11.15
10.68
5.39
6.41

11.80

R (A)

2.483
2.867
2.491
2.855
2.497
2.832
2.537
2.532
2. 532

2.552
2.543
2. 543

o- (10 ' A )

5.09
6.60
6.93

12.51
6.62

18.24
7.84
7.14

12.64

8.21
8.43

10.94

—3.0
—3.0
—2. 1
—2. 1
—2.5
—2.5
—2.3
—1.5
—1.5

—3.2
—1.9
—1.9

'Known structural parameters for bcc Fe foil are listed for com-
parison purposes (Refs. 17 and 18).
"Data analyzed using a two-shell fit with Fe-Fe model data for
both.
'Data analyzed using a single-shell fit.
Data analyzed using a two-shell fit with Fe-Fe and Fe-Cu mod-

el data.

TABLE III. Summary of structural results using least-
squares fits of Fe K-edge EXAFS data for the Fe/Cu multilay-
ered films. Uncertainties in the coordination number (N), coor-
dination distance (R), mean-square relative displacement in R
(o. ), and inner potential corrections (Eo) were estimated at
+10%%uo, +0.01 A, +10%%uo, and +0.5 eV, respectively. Underlined
quantities assert that these parameters were constrained during
the fit. Fits were performed using central atom losses, electron
mean-free-path, phase, and backscattering amplitude values
determined theoretically with the FEFF program for a cluster of
FeFe8 with Rp, p, =2.485 A.
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FIG. 9. Room-temperature magnetization of samples A —G,
grown on mica substrates, normalized to the Fe single-layered
film (sample A).

perturbed bcc lattice. With this type of lattice distortion,
the second shell of bcc Fe splits into two subshells with
four Fe atoms at a smaller distance and two Fe atoms at a
larger distance than that of the unperturbed bcc second-
shell distance. The degree of splitting in the second shell
of bcc Fe depends on the degree of lattice distortion.
These two subshells, when analyzed in terms of a single
shell, result in a high level of structural disorder. Our re-
sults indicate that the degree of lattice distortion in sam-
ple E is greater than that of sample D (i.e., increases with
decreasing film thickness). This observation combined
with the fact that both samples I' and G consist of fcc Fe
suggest a critical film thickness below which the fcc lat-
tice is more stable than the distorted bcc lattice.
Quantification of the degree of lattice distortion, which
requires detailed analysis of the structure of higher coor-
dination spheres is currently underway and will be pub-
lished later. For samples I' and G, the first-shell coordi-
nation distances (results from the two-shell fit) indicate a
fcc Fe lattice with lattice constant of 3.581 and 3.596 A,
respectively. Although the disorder of the first shell of
the Fe-Fe interaction in samples F and G is larger than
that of the first shell of bulk bcc Fe, it is very similar to
that of the first shell of bulk fcc Cu. The larger disorder
for the Fe-Cu interaction relative to that of the Fe-Fe in-
teraction in both samples is due to structural disorder in-
troduced by the presence of the interface and to a smaller
degree due to Cu and or Fe interdiff'usion. Although
both samples F and G show a fcc structure, a small
amount of bcc Fe phase in both samples cannot be ruled
out.

Quantitative analysis of recently acquired EXAFS data
for sample A (1050 A single layer Fe film) reveals a per-
fect bcc structure similar to that of bulk Fe foil, as ex-
pected.

Magnetic properties

Figure 9 shows the room-temperature spontaneous
magnetization of samples 2 —G grown on mica substrates
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EXAFS result. The sudden drop of the magnetic mo-
ment from sample E to I' cannot be explained by the Fe-
to-Cu interaction alone. The decrease is mainly due to
the fact that the majority of Fe in sample I occurred in
the fcc structure as deduced from the structural analysis.
Sample G with the minimum thickness of Fe (6.3 A or 3.5
monolayers) shows no spontaneous magnetization at
room temperature. Since the structure of Fe in the
Fe/Cu film of sample 6 is shown to assume that of a fcc
lattice, this suggests that at this thickness and at room
temperature, y-Fe is paramagnetic. The magnetization
values for all samples are listed in Table I. Figures
10(a)—10(e) show the hysteresis loops of samples A and
D —G (grown on mica), for field directions both parallel
and perpendicular to the film plane. It appears that the
anisotropy favoring the in-plane orientation is reduced
with decreasing Fe thickness.

Figure 10(f) shows the magnetization curves in the
direction parallel to the film plane of sample G grown on
glass, measured at 300 and 10 K using a SQUID magne-
tometer. Similar to the sample grown on mica [Fig.
10(e)], no spontaneous magnetization was observed at 300
K. However, at 10 K, the sample shows a magnetization
of -690 emu/cm (8.6 kG). The thermomagnetic curve
of the same sample measured under a field of 5 kOe is
shown in Fig. 11. By using the conventional M -versus-T
plot, the magnetic transition was estimated to be 210 K.
The broadness of this transition could be due to the dis-
tribution of the layer thicknesses occurring due to manu-
ally controlling the target shutters during the growth
process or to the largeness of the applied field. From our
quantitative XAFS analysis, the lattice constant of the
single-phase fcc Fe (sample G) is 3.596 A. According to
total-energy-band calculations, at this lattice constant,
y-Fe can be in a nonmagnetic or antiferromagnetic state
with the latter as the lower-energy state. In contrast to
theory, our experimental results seem to suggest that y-
Fe is ferromagnetic at low temperature and paramagnetic
at 300 K with the transition around 210 K. The struc-
ture of this y-Fe is a well-defined fcc structure similar to
that of three Fe monolayers of a Cu-Fe-Cu sandwich

structure. This conclusion is based on the fact that our
Fourier transforms of EXAFS data for samples I and G
display well defined second, third, and fourth coordina-
tion spheres. Furthermore, our disorder values are simi-
lar to those of the ordered rather than the distorted fcc
structure. Thus, this results does not agree with that of
Magnan et al. , who suggested that ferromagnetic fcc Fe
has a distorted lattice, while a well-ordered fcc Fe lattice
is characteristic of anitferromagnetic or paramagnetic
samples.

The critical thickness of fcc Fe stabilized in our experi-
ment is also a point of interest. Assuming the room-
temperature magnetic moment of sample F derives from
the presence of bcc Fe, it is then estimated that the
amount of bcc Fe is roughly 10%. Such a small amount
cannot be ruled out on the basis of EXAFS data. There-
fore, the maximum thickness of purely fcc Fe stabilized
in magnetron-sputtered Fe/Cu multilayers is about five
monolayers. Above this thickness, samples are likely to
contain both fcc and bcc or only bcc Fe.

SUMMARY

The structure and magnetic properties of Fe/Cu mul-
tilayered films were investigated using x-ray diffraction,
x-ray-absorption fine-structure spectroscopy, and mag-
netic measurements. It was found that the room-
temperature magnetization decreases with increasing
Cu-to-Fe thickness ratio or decreasing thickness of indi-
vidual Fe layer. XRD and XAFS results indicate that in
the multilayered films, Cu has a we11-defined fcc structure
with a minimal amount of structural disorder, while the
crystal structure of Fe changes with decreasing Fe thick-
ness from tetragonally distorted bcc (42- and 21-A-thick
Fe layers) to fcc (10.5- and 6.3-A-thick Fe layers) in films
with a Cu-to-Fe layer thickness ratio of 3. The single-
phase fcc Fe of the 6.3-A-Fe/19-A-Cu multilayered film
was found to have a lattice constant of 3.596 A and is fer-
romagnetic with a Curie temperature of 210 K and a
spontaneous magnetization around 690 emu/cm of Fe.
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FIG. 11. Thermomagnetic curve of sample G measured at a
field of 5 kOe.
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