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Granular thin CuFe films with a face centered tetragonal (fct) structure of Fe clusters in Cu matrix
show a giant magnetoresistance effect. The samples were prepared by co-deposition of 57Fe and
Cu metal in Ultra High Vacuum. The role of the scattering of conduction electrons at the interface
between Fe ultrafine particles and Cu matrix has been studied by Mössbauer spectroscopy and
magnetoresitivity measurements. The ratio of Fe atoms located at Cu/Fe interface and in the ultra-
fine particles (bulk) was resolved by Mössbauer spectroscopy. In the system consisting of ultrafine
fct-Fe particles imbedded in Cu matrix the giant magnetoresistance effect is not correlated to the
ratio of interface/bulk in contrast to observations in FeAg granular system. The spin-dependent
scattering of conduction electrons occurs within the ferromagnetic fct-Fe particles.

Introduction Granular thin films with isolated Fe clusters of few nanometers size em-
bedded in the Cu matrix show giant magnetoresistance effect (GMR). Granular
Cu100––xFex can be prepared by co-evaporation of Fe and Cu under UHV conditions.
The structure of the iron clusters in Cu matrix is strongly related to the Fe concentra-
tion. For x > 35, the structure of Fe particles in Cu matrix is body centered cubic (bcc)
while below x < 22 a face centered cubic (fcc) or face centered tetragonal (fct) have
been observed. Fe clusters remain fcc or fct as long as their size is so small to keep the
lattice coherency with the Cu matrix. In situ EXAFS measurements during the deposi-
tion show that the Fe atoms aggregate together in form of clusters which are inter-
mixed by Cu matrix at the interface. Different orientation of the magnetization of the
isolated Fe particles have an influence on the electrical properties and lead to the ob-
served GMR effect. The GMR effect is attributed to the spin dependent scattering of
electrons which occurs within the ferromagnetic particles [1, 2] or at interfaces to the
non-magnetic metals [2, 3]. It has been conceived [4] that in granular systems with bcc-
Fe the interfacial scattering of conduction electrons deforming the magnitude of the
GMR effect. However, the influence of interfaces on GMR effect in granular systems
with fcc-Fe or fct-Fe has not been investigated. Wakoh et al. [5] have shown that the
magnitude of GMR ratio depends on the Fe content and the fabrication methods. Ac-
cording to the theoretical calculations the magnetic ground state of g-Fe is related to
the lattice parameters. Depending on lattice parameters the Fe could be non-magnetic,
antiferromagnetic or ferromagnetic [6, 7]. A first order phase transition from antiferro-
magentic to ferromagnetic state is predicted at 3.66 �A lattice spacing. The coherent par-
ticipates in Cu with a lattice parameter of 3.61 �A correspond to g-Fe with antiferromag-
netic state. The fcc magnetic moment is predicted to increase monotonically with
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increasing lattice spacing [8]. The fct-Fe are in high-spin state with a ferromagnetic
coupling of atoms [9–11]. Because of the low magnetic moment of g-Fe, the GMR
effect is very low (about 1%) [12]. However, Fe clusters with a fct structure show GMR
effects up to 23% at low temperatures [5]. The fct-Fe clusters are in a ferromagnetic
state with a magnetic hyperfine field distribution. The most probable magnetic hyper-
fine field (27 T) is about 20% less than a-Fe at 5 K. Because of the high spin state of
the fct-Fe, the study of the magnetoresistance of fct-Fe is advantageous in comparison
to fcc-Fe particles.
The aim of the present work is to determine the correlation between the magnetic

structure within the nanoparticles and the GMR effect. Especially the role of the inter-
facial scattering on the GMR effect will be of interest. For this purpose, two representa-
tive samples with different Fe concentrations (Cu91Fe9 and Cu88Fe12) have been studied
in detail. Mössbauer spectroscopy as a local probe gives the possibility to reveal the
structural and magnetic properties at the different Fe sites in the CuFe system. The
local structure of fcc-Fe and fct-Fe atoms and the distribution of Fe in Cu matrix can be
identified by the hyperfine interactions [9, 11, 13, 14]. For example, fcc-Fe participants
in Cu matrix at room temperature are characterized by a single line with an isomer
shift of IS ¼ �0.11 mm/s relative to a-Fe and a magnetic hyperfine field of about 2.3 T
at 4.2 K. The Fe atoms with 12 Cu atoms as nearest neighbors have a single line with
an isomer shift of 0.22 mm/s. A quadrupole splitting (QS) of about 0.64 mm/s and an
isomer shift of 0.19 mm/s have been reported for Fe agglomerates consisting of two,
three or more atoms [15].
Above the magnetic transition temperature, the local structure of fct-Fe is character-

ized by an asymmetric quadrupole splitting distribution with an average value of
0.38 mm/s and an isomer shift of ––0.04 mm/s. From the Mössbauer parameter it is pos-
sible to distinguish between the local atomic environments of the Fe atoms within the
Fe particles and Fe atoms located at the interfaces between Cu matrix and Fe particles.
In addition, the ratio of Fe atoms in Cu/Fe interface and within particles can be derived
from the relative intensity of the Mössbauer spectra.

Experimental Clusters of fct-Fe dispersed in Cu matrix with a thickness of about
100 nm were prepared by co-evaporation of Fe and Cu in an ultra high vacuum MBE
system with a base pressure of about 10––8 Pa. In the present report the results of meas-
urements of two samples with Fe concentrations of 9 at% and 12 at% are presented.
An electron mini beam evaporation source with quartz rate monitor and a K-cell were
used to co-deposit 57Fe and Cu, respectively. 57Fe and Cu were deposited on polyamide
substrates with a deposition rate of 0.01 nm/s for Fe and variable rates of 0.1–0.16 nm/s
for Cu. The temperature of the substrate during the deposition was about 330 K. The
chemical compositions of granular samples were verified by Rutherford backscattering
spectroscopy (RBS) and X-ray photoelectron spectroscopy (XPS) measurements. A
standard dc four-point technique was used to measure the electrical resitivities at differ-
ent temperatures and in applied magnetic fields up to 5 T parallel to the film plane and
the current direction. Depth-selective conversion electron Mössbauer spectroscopy
(DCEMS), integral conversion electron Mössbauer spectroscopy (ICEMS) and trans-
mission Mössbauer spectroscopy were used to determine the microscopic properties.
The isomer shift (IS) values given in the present work are relative to bcc-Fe at room
temperature.
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In situ XPS analysis of samples in the
MBE chamber shows no sign of oxidation.
For resistivity and Mössbauer measure-
ments at different temperatures the samples
were transferred from the MBE chamber
to an ambient atmosphere. The GMR

Mössbauer measurements were performed in He atmosphere.
DCEMS measurements after exposition to the ambient atmosphere show the forma-

tion of oxides (Fe3+) in a depth of about 2 nm from the top of the surface. The relative
intensities of Fe oxide to Fe clusters in a depth of 5 nm is about 50%. The oxidation
starts at the interface between Fe and Cu. Because of the low amount of oxidation
(about 1%) in comparison to the whole film (100 nm), the influence of oxidation on the
GMR is insignificant.

Results and Discussion
Magnetotransport measurements Figure 1 shows the external field, Bex, dependence of
the relative resistivity Rrel(Bex) ¼ R(Bex)/Rmax at 5 K, Rmax is the maximum value of the
resistance. The studied FeCu samples did not saturate even at 5 T, therefore the given
definition was used. At 5 T a maximum GMR of 7% and 5% was obtained for samples
with Fe concentration of 9 at% and 12 at%, respectively. The magnitude of the GMR
effect depends on the Fe concentration. In order to understand the concentration de-
pendence of GMR effect in these systems, Mössbauer spectroscopy was used to clarify
the atomic structure of the Fe clusters.

Mössbauer measurements The Mössbauer spectra and the quadrupole splitting (QS)
distribution of granular CuFe samples measured at 300 K are shown in Fig. 2. The de-
tails for the determination of the QS distribution are given in Ref. [16]. The Mössbauer

spectrum of CuFe with low Fe con-
centration at room temperature con-
sists of a weak asymmetric QS dis-
tribution with an average value
0.38 mm/s. The asymmetry of QS is
caused by the relation between IS
and QS. Similar to the metallic sys-
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Fig. 1. Electrical resistance R(Bex)/R(Bex ¼ 0) vs.
external magnetic field for CuFe films measured
at 5 K

Fig. 2. Mössbauer spectra and quadrupole
distributions, P(QS), of CuFe granular
films measured at 300 K. Top: Cu91Fe9;
bottom: Cu88Fe12



tems with an asymmetric QS, a linear
relation between IS and QS was as-
sumed [17] for the determination of
the distribution. The average value
and the form of QS are in agreement
with the observed Mössbauer param-
eters [9–11]. The Mössbauer Spectra
and the magnetic hyperfine distribu-

tion of CuFe Films are shown in Fig. 3. The details of the analysis of the magnetic
spectra are given in Ref. [18]. The magnetic hyperfine distributions of CuFe samples at
5 K can be deconvoluted into two components: a magnetic hyperfine distribution with a
most probable field of 27 T and a low field component with an average magnetic field
of 6 T. The average hyperfine field and the form of the low field component are consis-
tent with the Mössbauer parameters of Fe atoms at the interface between Fe and Cu
[9]. Therefore, this component is attributed to Fe atoms at the interface between the
fct-Fe particles and the Cu matrix. The relative intensities of two components in Möss-
bauer spectra are related to the Fe concentration in the particles and at the interfaces.
For Cu91Fe9 and Cu88Fe12 films, the relative intensities of the low field components are
23% and 40%, respectively. From this observation it can be concluded that in CuFe
granular films the particle size decreases with increasing Fe concentration. In other
words, the increase of the Fe concentration results in an increase of the interface/bulk
ratio. This conclusion is confirmed by the relaxation phenomena in these systems. The
fct-Fe clusters are single domains with sizes of few nanometers. The clusters are in a
superparamagnetic state. Above a defined temperature known as blocking temperature
the magnetic hyperfine interaction disappears. In the superparamagnetic state the mag-
netization anisotropy energy is comparable to the thermal energy. The magnetization
direction fluctuates between the energy minima with a relaxation time, t, given by

t ¼ t0 exp ðDE=kTÞ : ð1Þ

The pre-exponential factor t0 is of the order 10––9–10––11 s. The energy barrier between
two magnetization directions, DE, is determined by the magnetic anisotropy energy and
the volume of the particles. The time scale, t, which is required for the magnetic hyper-
fine interactions in the case of Mössbauer spectroscopy is about t ¼ 10––8 s. Above the
blocking temperature at which the magnetic hyperfine interactions are not resolved, a
single line or a QS should be observed. Below the blocking temperature the magnetiza-
tion vector fluctuates in directions close to the easy direction of magnetization (collec-
tive magnetic excitations) [16] with a time scale shorter than 10––8 s. The observed mag-
netic hyperfine field of small particles below the superparamagnetic state is an average
magnetic hyperfine field, which is smaller than the magnetic hyperfine field of a bulk
sample. The measured magnetic hyperfine field, Bhf, is given by [19]

Bhf ¼ B0½1� 1=2ðkBT=KVÞ � 1=2ðkBT=KVÞ2 � 5=4ðkBT=KVÞ3 � 37=8ðkBT=KVÞ4� ; ð2Þ
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Fig. 3. Mössbauer spectra and the mag-
netic hyperfine field distributions, P(Bhf),
of granular a) Cu91Fe9 and b) Cu88Fe12
samples measured at 5 K



where Bhf, B0, kB, K and V are the measured
hyperfine field, the hyperfine field in the absence
of the fluctuations, the Boltzmann constant, the
anisotropy constant, and the volume of the par-
ticle, respectively.
The Mössbauer spectra of the Cu91Fe9 films

and the average hyperfine filed as a function of
temperature are shown in Figs. 4 and 5. Due to
the collective magnetic excitations, the average
magnetic hyperfine field of small Fe particles de-
creases linearly with increasing temperature. Ac-
cording to Eq. (2) the energy barrier between
easy directions can be estimated from the de-
crease of the average hyperfine field with tem-
perature. The average hyperfine field at every
temperature is a superposition of the collective
magnetic excitations of particles and temperature
dependence of magnetization (for example spin
waves, temperature dependencce of spontaneous
magnetization, Brillouin function). In order to de-
termine KV, the magnetic hyperfine field of bulk
sample without collective magnetic excitations
should be known. The temperature dependence
of the average hyperfine field of fct-Fe bulk

samples [10] between 4.2 and 60 K
shows a decrease of about 5.5 T. As-
suming a linear decrease of the
hyperfine field of bulk samples with
increasing temperature in the range
4.2 K � T � 60 K, the ratio of the
magnetic hyperfine field of particle,
Bhf (particle), to the magnetic hyper-
fine field of bulk, Bhf (bulk), was
plotted as a function of temperature
in Fig. 6.
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Fig. 4. Mössbauer spectra of Cu91Fe9 film vs. tempera-
ture measured in zero external field

Fig. 5. Average magnetic hyperfine field of
granular Cu91Fe9 film vs. temperature



The assumption of a decrease of the
magnetic hyperfine field as a function
like T 2 or T 3/2 does not change the val-
ue of energy barrier in essential man-
ner. The best fit of data in Fig. 6 with
Eq. (2) was achieved for a value of the
energy barrier of KV ¼ 1.5	 10––2 eV.
The derived energy barrier is an

average value which describes the tem-
perature dependence of the hyperfine
field in zero external field. Because of

the size distribution of the magnetic particles, there exists a probability for the small
particles to fluctuate between the easy directions at temperatures below the blocking
temperatures. As a consequence of the size distribution of the magnetic particles, the
relaxation time and the blocking temperature are not well defined. The relaxation time
exponentially depends on the particle size (Eq. (1)). At 100 K, however, all the parti-
cles are in a superparamagnetic state. Above the blocking temperature, TB ¼ 100 K, the
Mössbauer spectra consist of a paramagnetic component. The fct-Fe clusters with large
particles show a ferromagnetic spectrum even at 300 K [9].
The Mössbauer spectra of Cu88Fe12 and Cu91Fe9 samples at 66 K are shown in Fig. 7.

The Mössbauer spectrum of Cu91Fe9 film consists of a broad unresolved magnetic com-
ponent and a paramagnetic component. The Mössbauer spectrum of the Cu88Fe12 sam-
ple, however, shows only a paramagnetic component. This shows a faster relaxation
time of Cu88Fe12 film in comparision to the Cu91Fe9 sample. In agreement with former
measurements the fast relaxation of the magnetization directions in Cu88Fe12 film can
be interpreted as a consequence of the lower particle size of Cu88Fe12 sample in com-

parison to the Cu91Fe9 films.
Above the the superparamagnetic state (150 K), the

magnetiude of GMR effect in an external field of 5 T
is about 3%. The spin-relaxation process in every par-
ticle changes the occupancy of spin up and spin down
of Fe 3d electrons. Similar to the multilayers with
GMR effect [20], after the reorientation with relaxa-
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Fig. 6. Ratio of the magnetic hyperfine field
of particles, Bhf (particle), to the magnetic
hyperfine field of bulk, Bhf (bulk), vs. tem-
perature

Fig. 7. Mössbauer spectra of a) Cu91Fe9 and b) Cu88Fe12 sam-
ples measured at 66 K



tion times faster than 10––8 s, the majority electrons of 3d band with spin up become the
minority electrons of the Fe 3d bands with spin down, and the minority Fe 3d electrons
with spin down become the majority electrons with spin up. Because of the different
orientation of spins in the particles, the GMR effect can be explained in the framework
of the anisotropic scattering of electrons with spin up and down within the ferromag-
netic particles. The decrease of GMR magnitude with increasing temperature is ex-
plained in the terms of electron–magnon scattering and inelastic scattering by phonons
[21].

Relation of the interface/bulk ratio to the magnitude of GMR The increasing inter-
face/bulk ratio leads to a decrease of the magnitude of GMR effect in fct-Fe granular
systems. This shows that the magnitude of the GMR effect is not affected by the inter-
facial scattering of the conduction electrons. This trend is caused by the weak magnetic
moment of Fe atoms at the interfaces. The average value of magnetic hyperfine fields
of 6 T at the interfaces proves that in granular fct-Fe systems, the Fe atoms at the inter-
face between fct-Fe and Cu matrix are magnetically weak. This results in a moderate
spin dependent scattering at the interfaces. On the other hand, the increase of Fe con-
centration in CuFe systems causes an increase of the intermixing between Cu and Fe.
This leads to an increase of the thickness of the interfaces between Cu and Fe. The
weak magnetic interfaces form a barrier between the Cu matrix and the ferromagnetic
fct-Fe clusters which results in an additional scattering of electrons. The additional scat-
tering causes a decrease of the spin dependent scattering within the fct-Fe clusters. In
opposite to the fct-Fe particle, the Fe moments at the interface between bcc-Fe particles
and Cu or Ag matrix are about 3% less than bulk a-Fe. In this case the spin depen-
dence of scattering at the interface between Cu and bcc-Fe plays the predominant role
for the GMR effect. In fct-Fe clusters, however, the interface between Fe and Cu is a
scattering center for all electrons. The spin dependent scattering occurs within Fe clus-
ters. The increase of the interfaces reduces the number of electrons with a spin depen-
dent scattering. The result is a decrease of the magnitude of GMR effect with increas-
ing cluster size.

Conclusion The results of Mössbauer spectroscopy and GMR measurements show
that the spin dependent scattering at interfaces is determined by the magnitude of mag-
netic moments of the interface atoms. The weakly magnetic or non-magnetic interfaces
form additional scattering centers for the electrons and thus cause a decrease of the
GMR effect. For the magnitude of GMR effect, the magnetic state of the interfaces is
the dominant factor.
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