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The influence of Fe1xCox thickness on the magnetic properties of Cr/Fe1.xCox bilayers is investigated. Electronic structure
calculations showed that the Cr moments are suppressed by Co additon and by the deposition of multiple
Fe1xCox layers. Cr/FessCoss bilayers were studied experimentally. Structural investigations showed the presence of strain
and a rough Cr/FeessCoss interface in the measured samples. The magnetic data was analyzed using the Mauri-Siegmann
model, which showed that the interfacial Cr moments decrease with increasing FeessCoss thickness. A large bias field of
0.09T was found at 4K for the sample with a 10 nm thick FessCoss layer, around 10 times larger than previous reports.
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1. Introduction

Multilayer systems comprised of magnetic and non-
magnetic layers have been intensely studied due to their
scientific and technological relevance. Magnetic
multilayers exhibit special or enhanced physical
properties, such as giant magnetoresistance, a discovery
which led to the development of spin valves,
magnetoresistive  random-access memory (MRAM),
magnetic tunnel junctions and spintronics [1-6].

Systems composed of a ferromagnetic (FM) layer
deposited on a Cr underlayer exhibit many interesting
properties. Unlike common antiferromagnets like CoO and
MnO which show an antiparallel ordering of localized
moments, Cr is an itinerant spin density wave (SDW)
antiferromagnet (AFM) [7]. Bulk Cr orders in an
incommensurate spin-density wave (ISDW), where the
magnitude of the sublattice spins, Sarm is modulated
sinusoidally [8, 9]. The ISDW was described through a
wave vector Q, which has a wavelength A = 2a/|Q|. The
wavelength is incommensurate with the periodicity of the
crystal lattice [8]. Two ISDW phases are present below the
Neel temperature, Tn: a high temperature transverse phase,
where QLSarm, and a low temperature longitudinal phase,
where QlISarm [8, 9]. The two phases are separated by a
spin-flip transition temperature, Tsg, of 123 K [9]. The
finite-size confinement in thin films leads to interesting
behaviors very different from the bulk, such as oscillatory
coupling [10], spin-dependent interfacial scattering [11],
surface spin flops [12], and biquadratic coupling [13]. The
onset thickness of finite-size effects in Cr was reported to
be around 110 nm [8].

It was suggested that the exchange bias could be used
to probe the magnetic behavior of the interface in Cr/FM
systems [8]. First discovered by Meiklejohn and Bean

[14], exchange bias is determined by the interfacial
coupling between an FM and AFM layer, and it manifests
itself as the shift of a magnetic hysteresis loop along the
field axis, and, in special cases, along the moment axis
[5, 15]. The size of the bias depends on several factors,
such as the magnetic spin moments of both the AFM and
FM interface layers, the AFM/FM exchange coupling, FM
magnetization, AFM/FM layer thickness, the ISDW in the
antiferromagnet, frustration effects at the interface,
anisotropy and cooling field [1, 4, 5, 7, 15-18].

The magnetic properties of Cr/FM multilayers were
studied in both epitaxial and polycrystalline systems,
where the ferromagnetic material was either Fe, Co, or
permalloy [4, 7, 8, 11-13, 19, 20]. However, most of the
studies were mainly focused on the evolution of the
magnetic properties of the film with Cr thickness. For
example, an increase in both bias and coercive field values
with Cr thickness was reported in polycrystalline
permalloy films covered with Cr, however, the field values
decreased with temperature [7]. On the other hand, it was
reported that in epitaxial Fe/Cr films, the bias field has an
oscillatory dependence on the temperature [8]. In addition
to the AFM layer thickness, the FM layer thickness can
also affect the magnetic properties of the Cr underlayer
through interfacial exchange [15]. Furthermore, a large
FM magnetization could enhance the bias field [15]. For
instance, in polycrystalline ferromagnetic films (permalloy
or Co) covered with Cr, an inversely proportional
dependence of the bias field on the ferromagnetic layer
thickness was reported [7]. Also, the permalloy/Cr films
showed larger bias field values than the Co/Cr ones [7].
Among the multitude of existing ferromagnets, one
material of interest is the FegCoss alloy (called
“permendur”), which has the largest 3d magnetic moment
in the Fe-Co series and the highest known room-
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temperature magnetization value of 2.43 T [21-24]. In this
work we investigate the influence of FegsCoss thickness on
the magnetic properties of Cr(100 nm)/FeesCo35(10-100
nm) bilayers. First, we investigated, through electronic
structure calculations, the effect of Co addition on the
magnetic properties of a Cr/Fe bilayer system, as well as
the effect of depositing multiple atomic layers of
Fei1xCox on a Cr underlayer. The evolution of the interface
magnetic moments is of particular interest. Secondly, the
evolution of the magnetic properties and exchange bias of
the sputtered Cr/FeegsCoss bilayers was investigated as a
function of FegsCoss thickness and temperature by means
of magnetic hysteresis measurements. The exchange bias
was analyzed using a simple model developed by Mauri et
al. [18], in conjunction with experimental data and
theoretical results. We will show that the inversely
proportional dependence of the bias field on the FessCoss
layer thickness is determined by the progressive damping
of the interface Cr moments as more ferromagnetic layers
are deposited.

2. Materials and methods
2.1. Computational details

The correlation between the structure and magnetism
for 3d metals has been investigated using the tight-
binding-KKR (Korringa-Kohn-Rostoker) band structure
calculation method [25]. The SPR-TB-KKR program
package allows dealing with 3D- and 2D-systems making
use of the screened or tight binding KKR formalism [26].
The calculations were done in spin-polarized fully-
relativistic  mode, wusing CPA alloy theory, in
ferromagnetic and antiferromagnetic spin configurations.
The local spin density approximation (LSDA) for the
exchange-correlation energy was used with the
parametrization of Vosko, Wilk and Nusair (VWN) [27].

Electronic structure calculations have been performed
for configurations consisting of 1, 2, and 4 monolayers
(ML) of FeixCox (x = 0, 0.34, and 0.50) grown on top of
bulk Cr oriented in the (100) direction. The magnetic
moments are given for the interface region, which is
comprised of the deposited Fei..Cox layers along with
4 ML of Cr. The experimental lattice parameter of Cr was
used in the calculations.

2.2. Experimental details

Bilayer configurations consisting of
Cr(100 nm)/FessC035(10-100 nm) were deposited using
DC magnetron sputtering onto Si(100) substrates coated
with 100 nm of SiO,. Prior to deposition, the substrates
were cleaned in an ultrasonic bath for 5 minutes in
acetone, followed by ethanol, and distilled water. The base
pressure was 7-107 mbar. The Ar pressure during
deposition was kept at 3.4 mTorr for Cr and 1.5 mTorr for
FessCoss, While the sputtering power was kept at 30 W.
The film thickness was monitored during deposition using

an Inficon SQM-160 rate/thickness monitor previously
calibrated by X-ray reflectivity.

The layer thickness and interface roughness were
measured using the X-ray reflectivity (XRR) technique,
while the crystal structure was investigated using grazing
incidence X-ray diffraction (XRD). The XRR and grazing
incidence XRD measurements were performed using a
Bruker D8 Discover diffractometer with Cu K, radiation.
The X-ray reflectivity curves were fitted using the GenX
software [28], a versatile program which uses the
differential evolution algorithm to fit XRR data. The phase
analysis and lattice parameter determination were done
using the Powdercell software.

Magnetic measurements were performed using a
vibrating sample magnetometer (VSM) in the temperature
range 4-300 K and applied fields up to 1 T. The magnetic
field was always applied parallel to the sample surface.

3. Results and discussions
3.1. Electronic structure calculations

Band structure calculations have been performed in
order to clarify the evolution of the magnetic properties of
the Cr/Fe1xCox films as a function of ferromagnetic layer
thickness. Firstly, we will examine the magnetic evolution
of Fe1xCoy as more layers are deposited. Secondly, we will
investigate the effect which the deposited ferromagnetic
layers have on the magnetism of the Cr underlayer.
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Fig. 1. Representation of the Fe1-xCox/Cr(100) layer
configurations used in the calculations
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Configurations were constructed, consisting of 1, 2,
and 4 ML of Fe1«Cox (x = 0, 0.34, and 0.50) grown on
bulk Cr oriented in the (100) direction — Fig. 1. Layers 1 to
4 form the Cr interface layers, while layers 5 to 8 contain
FeixCox. The layer-resolved magnetic moments for the
systems consisting of 1 ML, 2 ML, and 4 ML of Fe;.Coy
on Cr (x =0, 0.34, and 0.50) are given in Table 1.

For the configuration consisting of 1 ML of Fe
deposited on Cr, the Fe magnetic moment, 2.29 ug/atom is
higher than the bulk value. A spin moment of 2.19 pg and
an increased orbital moment of 0.10 pg were found,
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suggesting a higher anisotropy than the bulk. The larger
magnetic moment of Fe can be attributed to the finite size
of the Fe layer as there are no neighbouring atoms above
it. Consequently, this removes the orbital quenching
usually observed in high symmetry bulk 3d transition
metals. For example, a Fe moment of 2.28 pg/atom was
reported for ultrafine particles 1.8 nm in size [29].

By adding Co we obtain the systems consisting of
1 ML of FeixCox on Cr. In this case, the Fe magnetic
moment increases with Co content, but the values are

smaller than those reported for bulk Fe1.xCoyx [21]. The Co
magnetic moments are much smaller than the ones
obtained in bulk FeixCox [21]. It is interesting to note that
for x = 0.34, we have a ferromagnetic coupling between Fe
and Co, while for x = 0.50 Fe and Co are unexpectedly
antiferromagnetically coupled. We can analyze this
behavior by looking at the magnetic moments of Fe, Co
and Cr in the interface layers.

Table 1. The layer-resolved magnetic moments of Cr, Fe and Co for the configurations
consisting of 1 ML of Fe on Cr(100) and 1, 2, and 4 ML of Fe1-xCoxon Cr(100)

M (us/atom)
ntf%’ggr Atom | x=0 x = 0.34 x = 0.50

IML |1IML 2ML 4ML|IML 2ML 4ML

: Fe - - - 300 | - - 2.98
Co ; - ; 189 | - ; 1.89

. Fe - - - 249 | - - 253
Co ; - ; 173 | - ; 1.74

5 Fe - - 300 265 - 301 268
Co ; - 19 173 - 189 1.73

. Fe | 229 | 237 185 203 | 250 192 205
Co - 025 138 110 |-073 116 1.09

4 Cr | -115 | -0.68 -0.64 -020 | 085 -027 -0.25
3 cr | 105 | 051 041 017 | 087 014 0.0
2 cr | -079 | 036 -040 -0.12 | 065 -0.14 -0.16
1 Ccr | 053] 022 020 008 | 047 008 0.08

For x = 0.34 Co has a very small moment of 0.25
us/atom. By increasing the Co concentration to x = 0.50,
the Co moment reverses and increases to -0.75 ug/atom.
With increasing Co content, for 1 ML of Fe1.«Cox on Cr,
the Cr interface moment initially drops (x = 0.34), then
increases again (x = 0.50). Also, the addition of Co
diminishes the Cr interface moments compared to the case
of pure Fe on Cr. It appears that Cr increasingly polarizes
the Co moment as the Fe concentration in the interface
layer decreases. On the other hand, the magnetic moments
of Fe in the system of 1 ML of FeixCox on Cr have a
behavior similar to the one found in bulk Fe;xCox [21].

In the system consisting of 2 ML of Fei«Coy on Cr,
the Fe moment in the interface layer decreases, while the
Co interface moment increases compared to the previous
case of 1 ML of FeixCox on Cr. Interestingly, in the
topmost layer, the Fe and Co moments have rather large
values, much larger than the bulk [21]. Increasing the Co
concentration leads to a small increase of the Fe moments
and a very small decrease of the Co moments, in
agreement with previous results [21].

For 4 ML of Fe;xCox on Cr, the magnetic moments of
Fe and Co on the topmost layer stay close to the previous

values obtained for 2 ML of FeixCox on Cr, while in the
interface layer, the Fe and Co moments suffer only small
variations. In the layers between the interface and the
topmost layer, Fe and Co have magnetic moments close to
the bulk [21]. From this we can deduce that the magnetic
moments in the topmost layer are mostly affected by
reduced coordination, while the interface layer is
influenced by both the Cr atoms from the underlayer and
Fe/Co atoms deposited on top. This reflects the large
sensitivity of the magnetic moment magnitude to the local
atomic environment in the thin layers, a sensitivity also
reported for metallic Fe in bulk intermetallic compounds
[30].

The total magnetic moment of each layer, in ug/f.u., as
a function of layer number for the systems consisting of
1 ML of Fe1.xCox on Cr (x = 0, 0.34 and 0.50) and 4 ML of
Fe;xCoyx on Cr (x = 0.34 and 0.50) are shown in Figures 2a
and 2b respectively. The Cr underlayer shows a spin-
density wave (SDW) behaviour, the Cr magnetic moments
decreasing in amplitude as the distance from the interface
increases.

The addition of Co reduced the Cr moments — Fig. 2a
— the maximum damping being obtained for x = 0.34.
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Fig. 2. Layer-resolved Cr and Fei1.<Cox magnetic moments as a function of Co
content for (a) 1 ML of Fei.xCox on Cr and (b) 4 ML of Fe1xCox on Cr
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Fig. 3. Layer-resolved Cr and Fe1xCox magnetic moments for 1, 2 and 4 ML of
Feo.66C00.34 on Cr (a) and Feo.50Coo.50 on Cr (b)

One could observe that the ferromagnetic layer
moments are smaller for x = 0.50 compared to x = 0.34 —
Fig. 2b — in agreement with the Slater-Pauling curve
obtained for Fe1xCox[21].

The Cr underlayers are also affected by the number of
deposited Fe-Co layers, as shown in Figures 3a and 3b. It
can be seen that the Cr magnetic moments are
progressively reduced when the number of deposited
Fe1xCox layers increases. As we have discussed earlier, the
Cr-Co exchange interaction competes with the Fe-Co
interaction. For 1 ML of Fe1.xCox on Cr, the Cr underlayer
had a predominant effect on the Co moments. As more
layers are added, the Fe-Co interaction becomes dominant,
leading to a damping of the Cr magnetic moments through
the Cr-Co exchange interaction.

3.2. XRR and XRD investigations

In order to investigate the thickness of the deposited
bilayer configurations, we employed the X-ray reflectivity
technique, which can give us information regarding film
thickness and interface roughness. The measured XRR
curves were then fitted using the GenX software [28]. For
the XRR fits we used a multilayer model in which we
assumed homogeneous layers with interface roughness and
interdiffusion. For the starting model used in the fits, the
substrate was considered to be pure Si. The 1% layer was
comprised of 100 nm of SiOz, the 2" layer consisted of
100 nm of Cr, while the 3 layer contained 10 to 100 nm
of FegsCoss. A thin 1 nm layer of Fe,O3 was added on top
of the starting multilayer model, as the measurements and
sample handling were performed in air.
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The measured X-ray reflectivity curves for the
deposited samples along with the fitted curves are shown
in Fig. 4. It can be seen that the simulated XRR curves fit
the measured curves reasonably well, meaning the model
used is close to the real configuration of the samples. The
results of the fits are shown in Table 2. The thickness
values obtained from the fits are close to the desired
thickness configurations. A very thin surface layer of
Fe,O3 was found in the investigated samples, mainly due
to their manipulation in air. A root mean square roughness
value around 3 nm was obtained for the Cr/FeesCoss
interface for all of the samples. This is also confirmed by
the absence of oscillations in reflectivity — Fig. 4 — which
is an indicative of a rough interface. This behavior is
unavoidable in polycrystalline sputtered films [31].
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Fig. 4. Measured and simulated X-ray reflectivity curves
for the deposited bilayer samples. The symbols represent
measured data, while the red lines represent the fitted
reflectivity curves. The measurements were performed
using Cu K, radiation

Table 2. Thickness values obtained from the XRR fits for
the SiOz underlayer, tsioz, the Cr layer, tcr, the FessCoss
layer, tresscoss, and the Fe2Os layer, tre203. The root mean
square roughness values of the Cr/FessCoss interface,
oCriFe65Co35, are also given

D_eSi red_ tsioz ter tresscoss tre203 | OCrFessC035
configuration (nm) (nm) (nm) (nm) (nm)

Cr (100 nm)/FeesCog5 | 95+2 | 103+2 102+5 202 |3.1+06
(100 nm)

Cr (100 nm)/FegsCogs {104 £3| 108 +10 58+3 0+02 | 322
(50 nm)

Cr (100 nm)/FegsCogs {104 £2| 99+3 20+1 34+0.1 [29+05
(25 nm)

Cr (100 nm)/FeesCog5 104 £2| 105+10 9+0.3 0.6+0.03|25+0.2
(10 nm)

The grazing incidence X-ray diffraction patterns are
shown in Fig. 5. The grazing incidence scans were
performed as 20 detector scans at fixed source 6 values of
1.5 - Fig. 5 (a) — and 0.8 degrees — Fig. 5 (b). For 6 = 1.5
degrees the Cr/FessCoss (110) peak is visible along with
the (311) peak coming from the Si substrate and the (221)
and (301) peaks of a-cristobalite [32] originating from the

SiO; underlayer. By scanning at a lower 6 angle of 0.8
degrees, the only observable peaks are the (110) peak of
Cr/FegsCoss and a faint (311) peak from the Si substrate.
These observations lead us to believe that our bilayer
samples are textured along the (110) direction. Texturing
along a specific direction is common for polycrystalline
films deposited at room temperature and low sputtering
power [33-35]. Since Cr and FegsCoss have the same BCC
crystal structure with a very good lattice parameter
matching, the (110) peak of FegsCoss is superimposed on
the (110) peak of Cr. Even though it is difficult to separate
the two contributions to the (110) reflection, by taking into
account the low mismatch between Cr and FegsCoss, we
can infer that FegsCoss grows in tune with the Cr layer and
they are both textured along the (110) direction.
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Fig. 5. Grazing incidence XRD patterns measured at
6=1.5°(a) and #=0.8° (b). The simulated patterns of
bulk Cr and FessCoss are shown for comparison. The
measurements were performed using Cu K, radiation

By looking at the diffraction patterns in Figures 5 (a)
and (b) we can see that the (110) reflections of Cr/FessCoss
progressively shift to higher 20 angles as the FessCoss
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thickness increases. As Cr and FessCoss have BCC unit
cells, the 26 shift translates into a decrease of the lattice
parameter of the film. Table 3 shows the lattice parameters
of the investigated samples obtained from grazing
incidence XRD scans. We can see that for the thinnest film
configuration, 10 nm of FegsCoss on 100 nm of Cr, the
lattice parameter, 2.92 A, is larger than that of bulk Cr,
2.88 A [36]. This is an indication of strain in our samples,
possibly induced by the crystalline SiO, underlayer. As the
thickness of the FessCoss layer increases, the lattice
parameter decreases. The lowest value of 2.88 A was
obtained for the configuration consisting of 100 nm of
FessCoss on 100 nm of Cr. However, this value is still
larger than the one obtained for bulk FegsCoss, of 2.85 A.
Therefore, even as strain is relaxed with increasing
FessCoss thickness, it is not completely eliminated.

Table 3. Lattice parameters of the Cr/FessCoss bilayer

samples determined from XRD data. The lattice

parameters of bulk Cr and FessCoss are also shown
for comparison

a
Sample A)

Cr (100 nm)/FegsCo3s (10 nm) | 2.92
Cr (100 nm)/FegsCogs (25 nm) | 2.90
Cr (100 nm)/FegsCogs (50 nm) | 2.89
Cr (100 nm)/FegsCo3s (100 nm) | 2.88

M (10" p/mm?)

Bulk Cr [33] 2.88
Bulk F855CO35 2.85
2.0
(a)
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3.3. Magnetic investigations

In order to investigate the magnetic properties of our
films we recorded hysteresis loops between -1 and 1 T at
temperatures between 4 and 300 K. Exchange bias can be
induced either by applying a magnetic field during
deposition or by cooling the sample in a constant field
[15]. Our films were cooled from room temperature down
to 4 K in an applied field of +0.3 T. The cooling field
ensures that the FegsCoss layer magnetization is saturated
during cooling, and the pinned Cr moments at the interface
are aligned with the directions of the field and the
magnetization of the FeesCoss layer [15]. Each hysteresis
loop was recorded after field-cooling. The exchange bias
field, He, and coercive field, Hc, were determined from the
hysteresis loops and are defined as He = (Hrc + Hic)/2 and
Hc = (Hre - Hic)/2, respectively. Hgrc and Hic represent
the right-hand and left-hand side coercive fields in the
positive and negative field direction. A linear background
was subtracted from the hysteresis loops due to the
diamagnetic response of the Si(100)/SiO; substrate.

The hysteresis loops measured at 4 K with the field
applied in-plane are shown in Figs. 6 (a) and (b).

2.0

1.5

1.0 4

0.5+

0.0

-0.54

-1.0+

-1.51 T=4K

in-plane field

20 +——1———7 7
-05 -04 -03 -02 -01 00 01 02 03

1M (T)

Fig. 6. (a) Hysteresis loops of the Cr/FessCoss bilayer samples measured at 4 K between 1 and -1 T after field-cooling in +0.3 T
from room temperature; (b) Zoom in on the same hysteresis loops between -0.5 and 0.3 T. The value tre-co represents the
FessCoss layer thickness

By looking at the reversal curves we can see that
switching occurs in a narrow field range, the easy
magnetization axis lying in the plane of the films. With
decreasing FegsCoss thickness the surface unit
magnetization scales with the thickness. If the surface

magnetization remained constant with decreasing
thickness, then the magnetization would scale with the law
M(tre-co) = M(100)*0.01*treco, Where M is the
magnetization of a sample with a given FegsCoss layer
thickness, tre-co, and M(100) corresponds to the surface
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magnetization of the sample with a FessCoss thickness of
100 nm. A linear fit of the saturation surface
magnetization versus thickness yields a magnetization
scaling law M(tre-co) = M(100)*0.0097*tre.co, therefore we
can assume that the magnetization per unit volume of the
films remains constant with decreasing thickness.

025 f
0 50 100

t (nm)

Fe-Co

Fig. 7. Coercive field values, poHc, and exchange bias
field values, poHe, measured at 4 K versus the FessCoss
layer thickness. The lines are guide for the eye

The coercive field values increase significantly with
decreasing the FegsCoss thickness — Fig. 7. It is interesting
to note that the hysteresis curves become increasingly
asymmetric as the FessCoss thickness drops below 50 nm.
This indicates the presence of exchange bias in our
samples, the exchange bias field increasing as the FegsCo3s
layer becomes thinner — Fig. 7. The loops are shifted along
the field axis towards negative values, opposite to the
direction of the setting field, i.e. we have negative bias.
Therefore, we can deduce that the preferred magnetization
direction of the bilayers is in the same direction as the
setting field [15]. Exchange bias usually leads to an
enhancement of the coercivity [15], which explains the
increase of coercivity with decreasing FegsCo3s thickness.

Exchange bias occurs due to the presence of
uncompensated pinned AFM interfacial spins which, in the
ground state, are aligned along the same direction as the
FM spins. The pinned interfacial spins are anchored in the
AFM layer through a Bloch domain wall [15]. The sign of
the bias is given by the sign of the AFM/FM interfacial
exchange coupling, while the size of the bias is dependent
on several factors, such as the number of uncompensated
pinned interfacial AFM spins, the exchange stiffness of the
domain wall and the magnetocrystalline anisotropy of the
AFM layer [15].

The exchange bias in Cr/FegsCoss films can be
analyzed using a simple model given by Mauri et al. [15,
18, 37]. The model is illustrated in Fig. 8. We consider a
bilayer sample consisting of a thick antiferromagnetic

layer and a ferromagnetic layer of thickness t and
magnetization M separated by an interface layer of
thickness & (one to a few monolayers) [15, 18]. The AFM
and FM layers are assumed to have a magnetocrystalline
anisotropy along the x axis, with anisotropy constants
Kaem and Kgw respectively. The interface layer is
comprised of uncompensated AFM spins, Sarm, Which are
rigidly pinned to the AFM layer, and are aligned parallel
to the ferromagnetic spins, Srm [15, 18].
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Fig. 8. lllustration of the model used for analyzing
exchange bias in Cr/FessCoss films [7, 19]. In the AFM
only one spin sublattice is shown

The exchange coupling between FM and AFM
interfacial spins is given by a Heisenberg-like coupling
constant, J [15, 18]. If an external magnetic field H is
applied at an angle B with respect to the x axis, the FM
moments will align along the direction of the field. The
uncompensated spins at the interface will be aligned at an
angle o with respect to the x axis [15, 18]. If a £ 0, a
Bloch wall tail will extend into the AFM [18]. The total
magnetic energy per unit interface area, 8", is given by
[15, 18]:

5 = Ew(l—cosa)+%[l—cos(a—ﬂ)] )
+Kpytsin? g+ HMt(1-sin )

The first term in equation (1) is the energy of the
domain wall tail extending into the AFM, E,, being the
energy of a 90° domain wall. The second term in (1)
represents the exchange coupling energy between Sarm
and Skm. This term can be positive or negative, depending
on whether J is positive or negative. The third term
represents the intrinsic FM magnetocrystalline anisotropy
energy and the fourth term is the Zeeman energy.

The most common case is that of weak interfacial
coupling, which is characterized by o= 0 [15, 18]. In units
of Ew, equation (1) becomes [15, 18]:
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8=, sin® f+x(l—sinB)+ A, (1-cosp) (2
— ‘]SAFMSFM

where 3 - is the interface exchange,
" E.a¢
Keyt . . . .
= FM7 s the anisotropy field, and . - HMU s the
anl E E

normalized field [18]. The last term in equation (2)
introduces asymmetry in the hysteresis loops, due to the
fact that we obtain different results for = 0 and p = 180°
[15]. The shift in the hysteresis loops is due to the
transferred exchange bias field, He [15, 18]:

JS jenS
c=- AFMFM 3)
actM

Usually, the bias field values are overestimated [15]
because in the model an entire interface layer of
uncompensated AFM spins is assumed. It was previously
shown that in reality only a fraction of interfacial spins is

pinned [15, 38-40]. Therefore, the exchange bias in
equation (3) must be multiplied with a scaling factor, as
the pinned interfacial spin density, Sarm/aé, is reduced.

The measured and calculated exchange bias field
values versus FegsCoss thickness are shown in Fig. 9 (a).
Indeed, the exchange bias field is inversely proportional to
the thickness, decreasing as 1/t. For the calculation of the
bias field using Mauri's model we used J value of 10 meV,
corresponding to a pair of atoms [15], which was assumed
to remain unchanged with FegsCoss thickness. For the
interface layer thickness, we used &= a = 0.249 nm, i.e.
the nearest-neighbour distance in Cr, or one atomic layer.

From the magnetization curves, a magnetization value
of M = 166 ps/nm?® was obtained for a FegsCoss thickness
of 100 nm corresponding to a magnetic moment of 1.98
us/atom.
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Figure 9. (a) Measured (T = 4 K) and calculated exchange bias field values versus FessCoss thickness;
(b) calculated interface antiferromagnetic spin value, Sarm versus FessCoss thickness. The lines are guide for the eye

As we stated before, we assume a constant
magnetization with varying thickness. This leads us to a
ferromagnetic spin value of Sgm of 0.99. Band structure
calculations showed a Cr spin value between 0.10 and
0.34. At the Cr/FegCoss interface we have reduced
coordination, which could lead to an enhanced magnetic
moment of the interface Cr layer as observed elsewhere
[41]. Therefore, for the antiferromagnetic spin value we
can assume the maximum value determined from band
structure calculations, Sarm = 0.34. For the sample with a
FeesCoss thickness of 10 nm, the model vyields an
overestimated bias field value of 0.57 T, while the
experimental value is around 0.09 T. However, if we
consider a reduced interfacial spin density, by using a
scaling factor of 0.16, the model yields an exchange bias
field value close to the experiment. It was previously
reported that usually only around 4-7% of the interfacial
spins are pinned, so the scaling factor has values around
0.04-0.07 [15, 38-40]. The scaling factor in our case is of
the same magnitude but slightly higher than previously
reported values, possibly due to strain and the rough
Cr/Fegscoss interface, which could create an increased

surface density of pinning centers. With increasing
thickness, we can see that for the samples with 25, 50 and
100 nm of FegCoss the calculated bias fields are still
overestimated. Interestingly, the difference between the
calculated and experimental bias field values decreases
with increasing FegsCoss thickness. As we assumed the
parameters J, M, a, & and Sgm to be constant, the possible
causes for this behavior are either a decrease in the
fraction of pinned interfacial AFM spins with the
thickness, or a decrease of the interface AFM spin value
Sarm. On one hand, as the films were deposited in the
same conditions (technique, substrate, temperature,
sputtering power, Ar pressure), the interfacial defect
density on which the AFM spins are pinned could be
assumed the same for all four samples. In other words, the
scaling factor should have the same value for all of the
samples. On the other hand, band structure calculations
showed that the interface Cr magnetic moment decreases
as more FegsCoss layers are added to the system.
Therefore, we can infer that the difference between the
calculated and experimental bias field values is determined
by decreasing Sarm Vvalues with FegsCoss thickness. By
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using the experimental Hg values in equation (3)
multiplied with a scaling factor of 0.16, we calculated the
interface AFM spin values, Sarm. The results show that
Sarm decreases with FegsCoss thickness — Fig. 9 (b) — in
agreement with the theoretical results.

The magnetic behavior of the samples at different
temperatures was also investigated by means of hysteresis
curves recorded after field-cooling the samples in +0.3 T
from room temperature to the respective temperature
value. Hysteresis loops recorded at different temperatures
for the investigated samples are shown in Fig. 10. For the
sample with a FessCoss thickness of 100 nm — Figure 10a —
the hysteresis curves are symmetric, and the coercive field
decreases upon increasing temperature. With decreasing
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thickness, at low temperatures, the curves become more
asymmetric, due to the increase of the bias field with
FeesCoss thickness — Figs. 10 (b), (c), and (d). With
increasing temperature, the right and left-hand side
coercive fields decrease. For the sample with 100 nm of
FessCoss, the right-hand side and left-hand side coercive
field values decrease at the same rate with temperature, the
hysteresis curves remaining symmetric. For the samples
with 50, 20 and 10 nm of FegsCoss respectively, the left-
hand side coercive fields decrease at a faster rate than the
right-hand side ones. This can be attributed to a decrease
of both the exchange bias and coercive fields upon
increasing temperature.
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Fig. 10. Hysteresis loops measured between 1 and -1 T at different temperatures after field-cooling in 0.3 T from room
temperature for the samples having a FessCoss thickness of: (a) 100 nm, (b) 50 nm, (c) 25 nm and (d) 10 nm
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Fig. 11. Exchange bias field (a) and coercivity (b) values for all of the Cr/ FessCoss bilayer samples. The lines are guide
for the eye

The temperature dependence of the exchange bias
field for different FessCoss thicknesses is shown in Fig. 11
(a). The bias field decreases rapidly with temperature and
becomes 0 around the blocking temperature, Tg = 20 K.
The fact that Tg is smaller than the Neel temperature, T,
would suggest that the ISDW phase is present in the Cr
layer [8]. Also, in epitaxial Cr/Fe films, a spin-flip
transition, from SaemllQ to Sarm LQ, was reported similar
to bulk Cr, which is identified as a peak in the coercivity
versus temperature [8]. Also, an oscillation of the bias
field with temperature was reported for epitaxial Cr/Fe
films, which was attributed to the modulation of the ISDW
wavelength with temperature [8]. Our samples do not
display an oscillating bias field with temperature nor do
they show a spin-flip transition in the coercivity — Fig. 11
(b). It was suggested that interface disorder, such as strain
and interface roughness could cause a commensurate
SDW at the interface, which can lead to unusually large
bias field values and an absence of both the MoHe
oscillation and the spin-flip transition [31]. The large bias
field values and the presence of strain in our samples could
indicate that the commensurate SDW phase is present in
the Cr layer. In Cr/Fe systems, the reported bias field
values range from 0.001 to 0.01 T, or 10 Oe to 100 Oe [8,
31]. The bias field value of 0.09 T obtained in the sample
with 10 nm is around one to two orders of magnitude
larger than the previously reported values. The large bias
field value could be attributed to two factors. First, the
higher magnetization of FeegsCoss could lead to an
enhanced bias field value. Second, the rough surface and
the presence of strain could generate a high pinning center
density, which could also enhance the bias field by
increasing the antiferromagnetic spin density at the
interface. The decrease of the bias field with temperature
and its vanishing at Tg could be explained by the fact that
although Cr is antiferromagnetic up to the Neel
temperature, thermal fluctuations can cause the interface
exchange coupling between interfacial FM and AFM spins
to become random, decreasing the bias field [31].

The coercivity values decrease with temperature and
increase as the films get thinner. For the samples with a
FeesCoss thickness of 25, 50 and 100 nm, the coercive
field decreases and remains constant after 60 K at a value

around 0.03 T. By contrast, for the sample with 10 nm of
FessCoss the coercive field also decreases with
temperature, however, it decreases slowly after 60 K and
is almost double the value obtained for the other three
samples. This could be explained by the fact that as the
FessCoss thickness is very low, it could lead to an
enhanced anisotropy, which in turn leads to higher
coercivity values.

4, Conclusions

In summary, the effect of the FessCoss thickness on
the magnetic properties of Cr/FessCoss thin films was
investigated both theoretically and experimentally.
Electronic structure calculations showed that Co addition
and the deposition of multiple layers dampens the Cr
moments in the underlayer, leading to a decrease of the
spin  moment at the interface. Experimentally, the
magnetic properties were investigated from hysteresis
curves performed on thin film samples, which were field
cooled in an applied field of +0.3 T. Negative exchange
bias was found in all of the samples, and the magnitude of
the exchange bias field at 4 K was found to be inversely
proportional to the FeesCoss thickness. The largest
exchange bias field of 0.09 T was found at 4 K for the
sample with a FegsCoszs thickness of 10 nm. A simple
model was used to analyze the exchange bias in
Cr/FegsCoss bilayers, which pointed out the fact that as the
FessCoss thickness increased, the interface
antiferromagnetic spin moment decreased, in agreement
with theoretical results. The high bias field values and the
presence of strain and interface roughness in our samples
pointed to the possibility of a commensurate SDW phase
at the Cr/FegsCoss interface.
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