
Role of interface alloying in the exchange bias of Fe/Cr bilayers

S. Rizwan Ali,1,* M. Bilal Janjua,1 M. Fecioru-Morariu,1,† D. Lott,2 C. J. P. Smits,1,‡ and G. Güntherodt1
1Physikalisches Institut (IIA), RWTH Aachen University, 52056 Aachen, Germany

2GKSS Research Centre, 21502 Geesthacht, Germany
�Received 11 January 2010; revised manuscript received 16 May 2010; published 7 July 2010�

The exchange bias field, HEB, in polycrystalline Fe/Cr bilayers exhibits a temperature-driven sign reversal
due to an Fe-Cr spin glass �SG�. Interdiffusion and alloying at the Fe/Cr interface drive Cr into a re-entrant
Fe-cluster SG phase, stabilized after field cooling below the SG transition temperature. The temperature tuning
through the SG-to-antiferromagnet phases yields at the interface to the Fe overlayer a sign change in the
exchange couplings and hence of HEB. The HEB of samples containing the intentionally deposited Fe-Cr SG
alloy underneath the Fe overlayer shows all the features of HEB observed in the Fe/Cr bilayers in support of our
arguments.
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The discovery of antiferromagnetic coupling between two
Fe layers in Fe/Cr/Fe trilayers1 and of giant magnetoresis-
tance �GMR� in Fe/Cr multilayers2 has stimulated wide-
spread research. Part of this was the oscillatory interlayer
exchange coupling and the bulk vs interface electron scatter-
ing in these systems. A number of anomalies in the magnetic
properties of these multilayers, however, has also arisen
mainly because of the presence of interface alloying.3–5 In
particular, the GMR in Fe/Cr multilayers has been found to
be sensitive to interface alloying.6

The interface of a ferromagnet �FM� with the spin-density
wave �SDW� antiferromagnet �AFM� Cr �Refs. 5 and 7� has
also triggered some studies of interfacial exchange coupling,
i.e., the exchange bias �EB� phenomenon.8,9 After cooling the
bilayer in an external magnetic field below the Néel tempera-
ture, TN, of the AFM, this coupling gives rise to a shift of the
hysteresis loop along the magnetic field axis by the EB field,
HEB.10 For epitaxial Ni81Fe19 /Cr�100� bilayers a maximum
of the negative HEB has been found below 150 K.8 The su-
perimposed oscillations of HEB as function of temperature
have been attributed to the incommensurate SDW in the
AFM Cr�100� layer. In epitaxial Fe/Cr�001� bilayers small
amplitude ��1 Oe� multiple-period oscillations in both
magnitude and sign of HEB have been observed in its tem-
perature dependence above 70 K.9 These oscillations are at-
tributed to a sinusoidally modulated Cr interfacial moment.
However, the low-temperature behavior of HEB, exhibiting
an enhanced strength8,9 and a sign reversal9 has not been
explained by the above models.

Here we report on systematic investigations of the low-
temperature enhancement and sign change in HEB in poly-
crystalline Fe/Cr bilayers. An explanation is given by con-
sidering an interdiffused rather than a chemically abrupt
Fe/Cr interface. The HEB of samples with an intentionally
deposited Cr1−xFex alloy underneath the Fe overlayer
�Cr1−xFex /Fe� shows all the features of HEB observed in
our Fe/Cr bilayers. This similarity was observed for
0.15�x�0.20, i.e., for an Fe concentration lying in the
composition range of the Fe-Cr spin glass �SG�.7 At low
temperature the exchange interaction between the frozen Fe
clusters in the SG and the Fe overlayer is ferromagnetic
which yields a negative HEB. The sign change in HEB with
increasing temperature is attributed to a temperature-driven
re-entrant phase transition in the interfacial alloy from the

cluster SG to the AFM phase. The positive HEB originates
from the antiferromagnetic coupling between the AFM and
the Fe overlayer.

A series of samples with the layer sequence,
Si /SiO2 /Cu�10 nm� /Fe�6 nm� /Cr�tCr� /Au�5 nm�, with tCr
varied between 10 and 40 nm �series A� was deposited by
molecular-beam epitaxy �MBE� at room temperature. The Cu
layer serves as buffer layer. To study the effect of growth
conditions on HEB, another series with identical layer se-
quence was grown by sputtering �series B�. Atomic-force
microscopy scans show that all the samples studied in the
present work have a granular structure �rms roughness
�1.0 nm�. Transmission electron microscopy and x-ray re-
flectivity reveal that the samples are polycrystalline. Mag-
netic characterizations were performed by superconducting
quantum interference device �SQUID� magnetometry after
cooling the samples from 370 K through TN �311 K for bulk
Cr� to 5 K in a cooling field �HCF� of 1 kOe �unless otherwise
specified�. The temperature was then increased in steps
�from 5 to 330 K� and a hysteresis-loop measurement was
carried out for each step. We have convinced ourselves that
the data are changed only slightly if the sample is warmed to
370 K and then recooled in a field before measuring each
loop. The coercive fields of the hysteresis cycles HC1 and
HC2 were used to estimate HEB= �HC1+HC2� /2.

The temperature dependence of HEB is shown in Fig. 1 in
the range of 5 K�T�300 K for samples of series A
�Fig. 1�a�� and series B �Fig. 1�b��. For both series the HEB is
found to be negative at very low temperatures and it de-
creases with temperature up to a temperature T0 at which it
changes sign and passes through a positive maximum before
vanishing at the blocking temperature, TB. The low-
temperature sign change and maximum of HEB observed in
our polycrystalline Fe/Cr bilayers are very similar to the be-
havior observed in epitaxial Fe/Cr bilayers.9 However, con-
trary to the epitaxial bilayers we do not observe any oscilla-
tions of HEB for temperatures higher than the positive
maximum in Fig. 1. The reason is that the observation of
oscillatory HEB requires an epitaxial Cr�100� film to stabilize
the SDW.8,9 This condition is not satisfied for our polycrys-
talline Cr layers with a granular structure.

In a next step, we test the role of the Fe/Cr interface for
EB by introducing an oxide layer as diffusion barrier at dif-
ferent growth stages of the bilayer. Oxygen was introduced
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into the deposition chamber for the intentional oxidation
stage. Two different Fe/Cr bilayers with tCr=40 nm were
grown by sputtering at room temperature with the oxidation
stages indicated by the arrows in the insets of Fig. 2. For
sample-1, the oxidation was carried out after the formation
of Fe/Cr interface, i.e., after the growth of 5 nm Cr on top of
the Fe underlayer. The remaining 35 nm of the Cr overlayer
and 5 nm of the Au cap layer were grown after recovering
the vacuum. This yields an unoxidized, nominally intact
Fe/Cr interface. Clearly, HEB�T� of sample-1 in Fig. 2�a� ex-
hibits the sign change and positive maximum as observed in
Fig. 1. On the other hand, sample-2, for which the oxidation
is carried out after the growth of the Fe underlayer yielding
an Fe oxide/Cr interface, exhibits no sign change with tem-
perature �Fig. 2�b��. The negative HEB for sample-2 is attrib-
uted to the exchange interaction between Fe/Fe oxide, the
latter being either antiferromagnetic �-Fe2O3 or FeO �Ref.
10�. Clearly the nominal Fe/Cr interface is necessary for the
sign reversal of HEB�T�.

The role of interdiffusion and alloying at the Fe/Cr
interface can be tested by considering the melting points of
underlayer and overlayer.4 The melting point of Fe
��1808 K� is lower than that of Cr ��2130 K� and thus the
interface alloying should be significant for an Fe/Cr inter-
face. In polycrystalline samples interfacial defects and
roughness may act as nucleation centers to further enhance

the interface alloying. On the other hand, no alloying should
occur for the reversed interface, i.e., Cr/Fe. This is consistent
with the temperature dependence of HEB of the Cr �40 nm�/
Fe�6 nm� bilayer shown in Fig. 3�a�, which does not exhibit
any sign reversal of HEB. The inset of Fig. 3�a� shows the
dependence of HEB on HCF at 5 K for an Fe�6 nm�/Cr�40 nm�
bilayer and a reversed Cr �40 nm�/Fe�6 nm� bilayer sample.
Obviously, the HEB of the sample with the Fe/Cr interface
does not depend markedly on HCF whereas a clear HCF
driven sign reversal is observed for the Cr/Fe interface. This
behavior indicates that after cooling the sample to 5 K for
different values of HCF, the coupling at the Fe/Cr interface is
ferromagnetic. On the contrary, for the reversed Cr/Fe inter-
face the interfacial coupling is antiferromagnetic. Such an
interface undergoes with increasing HCF a change in sign of
HEB, indicative of a change from antiferromagnetic to ferro-
magnetic interface coupling.10,11 Since the nominal coupling
between Fe and Cr at interfaces is antiferromagnetic,5,12 the
difference between Fe/Cr and reversed Cr/Fe interfaces is
attributed to the formation of a Cr1−xFex alloy at the Fe/Cr
interface.

In order to demonstrate the effect of interface alloying on
HEB more clearly, a series of samples �series C� containing
Cr1−xFex alloys for values of 0.15�x�0.20 underneath the
interface to the Fe layer on top was grown by MBE with the

FIG. 1. �Color online� Exchange bias field HEB of
Fe�6 nm� /Cr�tCr� bilayers as a function of temperature T for differ-
ent values of Cr thickness tCr grown by �a� molecular-beam epitaxy
and �b� sputtering.

FIG. 2. Exchange bias field HEB as a function of temperature T
for �a� sample-1 and �b� sample-2 of the same nominal composition.
Both the samples were oxidized at different growth stages as shown
by the arrows in the insets in �a� and �b�. Details about the sample
growth are described in the text.

χ

FIG. 3. �Color online� �a� Exchange bias field HEB as a function
of temperature T for a bilayer with a reversed Cr�40 nm�/Fe�6 nm�
interface. Inset: exchange bias field HEB at 5 K as a function of
cooling field strength HCF for bilayers with a Cr�40 nm�/Fe�6 nm�
�squares� and an Fe�6 nm�/Cr�40 nm� �circles� interfaces. �b� Ex-
change bias field HEB as a function of temperature T for bilayers
containing an intentionally alloyed layer Cr1−xFex�40 nm� for dif-
ferent concentrations x of Fe content exchange biased by an
Fe�6 nm� layer. Inset: temperature dependence of the real part of the
ZFC ac susceptibility ���T� for a sole intentionally alloyed Cr1−xFex

layer with x=0.20 and frequencies from 0.01 Hz �squares� to
100 Hz �circles�.
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layer sequence: Si /SiO2 /Cu�10 nm� /Cr1−xFex�40 nm� /
Fe�6 nm� /Au�5 nm�. For the deposition of the binary alloy
two quartz microbalances together with a computer con-
trolled feedback loop to the evaporation sources kept the
rates �and thus the alloy composition� constant to within 1%.
Note that we have deliberately chosen for these samples the
reverse growth sequence with a nominal Cr/Fe type inter-
face. As we have mentioned previously, for this growth se-
quence no interface alloying should occur4 and thus the com-
position of the intentionally deposited Cr1−xFex layer should
not be affected by interface alloying. Figure 3�b� shows the
HEB�T� for some selected values of 0.15�x�0.20 which
cover the range of the SG composition of the bulk alloys.7 In
this composition range the HEB of Cr1−xFex /Fe bilayers
�series C� exhibits similar features as observed for the
Fe/Cr bilayers in Figs. 1�a� and 1�b� for series A and B,
respectively.

For a better understanding of the origin of the observed
features of HEB of our samples, sole Cr1−xFex layers of the
type: Si /SiO2 /Cu�10 nm� /Cr1−xFex�40 nm� /Au�5 nm�
were deposited for x=0.19 and 0.20 under the same condi-
tions as we used for series C. Low field magnetization �M�
and ac susceptibility �ACS� of these alloy films were mea-
sured as a function of temperature by SQUID magnetometry.
The M�T� measurements �not shown here� reveal a strong
irreversibility between field-cooled �FC� and zero-field-
cooled �ZFC� curves indicating the onset of a SG transition13

in both samples. The temperature at which the irreversibility
appears was �50�10� K for x=0.19 and �65�10� K for
x=0.20. We denote this temperature as TRSG which will be
defined below. The inset of Fig. 3�b� shows the temperature
dependence of the real part of the ZFC ACS, ��, for a sole
intentionally alloyed Cr1−xFex layer with x=0.20 from 0.01
Hz �squares� to 100 Hz �circles�. Clearly, ���T� exhibits a
peak for 0.01 and 0.1 Hz which changes with increasing
frequency to a plateau with a double peak structure. The
high-temperature peak occurs at a temperature T� near which
the system undergoes with increasing temperature a transi-
tion from the ordered AFM or FM phases into the disordered
paramagnetic phase. The low-temperature peak is with de-
creasing temperature a signature of a re-entrant SG �RSG�
transition from the ordered AFM or FM phases into the clus-
ter SG phase13–15 near its transition temperature TRSG.

According to the magnetic phase diagram of the bulk
Cr1−xFex alloy a SG composition lying near the boundaries to
the AFM and FM phases shows temperature-driven RSG
transitions into the respective AFM and FM phases.16–18

These RSG transitions are not sharp on the microscopic
scale, i.e., the system can be described neither by a single
Curie temperature TC or TN nor by one value of TRSG.17,18

This is because of the fact that the magnetic properties of the
Cr1−xFex alloy depend very sensitively on the local concen-
tration of Fe atoms or Fe clusters in the Cr matrix.17,18 The
nonuniform distribution of Fe atoms due to clustering in the
Cr1−xFex alloy would yield in some local regions a SG com-
position close to that near the FM-RSG phase boundary. In
these regions the alloy supports a RSG-to-FM transition
upon increasing the temperature.17 Similarly in Fe deficient
regions, the alloy composition will be closer to that near the
AFM-RSG phase boundary and thus a temperature-driven

RSG-to-AFM transition is favored.18 The formation of the
RSG state upon cooling can be understood as follows. By
lowering the temperature below T�, a mixture of ferromag-
netic and superparamagnetic Fe clusters is formed. At lower
temperature �TRSG�T�T�� the state becomes a mixture of
ferromagnetic clusters distributed in the AFM Cr matrix. By
further decreasing the temperature �T�TRSG� the Fe clusters
freeze out such that the long-range order decreases and a
RSG state evolves.19 Competing exchange interactions are
considered to be at the origin of these RSG transitions in the
CrFe alloy20 as well as of the sign change in HEB. The Fe-Fe
interaction is ferromagnetic whereas Cr-Cr and Cr-Fe inter-
actions are antiferromagnetic.

In the light of the above arguments the temperature de-
pendence of HEB of our Cr1−xFex /Fe bilayer system can be
interpreted as follows. In the field cooling process, as the
Cr1−xFex alloy undergoes a RSG transition at T=TRSG, the Fe
clusters in the RSG become frozen, giving a net ferromag-
netic coupling with the Fe overlayer near its interface. The
degree by which a cluster is coupled to the surrounding mo-
ments within the glass will depend on its size, shape, and the
details of the local magnetic anisotropy. Clusters which are
more strongly coupled due to their large anisotropy and with
their net moments blocked will remain largely pinned during
the reversal of the FM layer, yielding negative HEB.21 With
increasing temperature, the effective ferromagnetic interfa-
cial coupling decreases as TRSG is approached where the al-
loy undergoes a RSG-to-FM and RSG-to-AFM phase transi-
tions. However, due to the Cr rich alloy composition, local
regions favoring a RSG-to-AFM transition will dominate.
Above this transition temperature in the AFM-dominated re-
gions the uncompensated moments of the antiferromagnetic
Cr prefer antiparallel alignment with the Fe layer at the
interface.5,12 Hence, there will be a sign reversal temperature
above which the antiferromagnetic coupling will dominate at
the Fe/Cr interface. Consequently, with increasing tempera-
ture the HEB changes sign from negative to positive. The
gradual rise to a positive maximum is due to the inhomoge-
neous composition of the alloy and the gradual disappear-
ance of the FM clusters. Thereafter, the positive HEB de-
creases because of the disappearance of the AFM order near
TB, where the HEB vanishes. TB is significantly lower than
the bulk TN since the addition of Fe to Cr leads to a decrease
in TN.7 Moreover, in thin films the TB is generally lower than
the bulk TN because of finite-size effects.22

There is some similarity of the sign reversal of HEB of the
Cr1−xFex /Fe bilayers to the one observed by Ali et al.23 for a
canonical SG �CuMn� exchange biased to a ferromagnet
�Co�. They attributed the sign reversal of HEB to long-range
RKKY interactions that lead to the SG state in dilute CuMn.
However, the RSG state we have discussed above differs
from that of a canonical SG, which contains isolated, ran-
domly oriented magnetic moments dispersed in the metallic
matrix. On the other hand, in the RSG the presence of en-
sembles of magnetic atoms or clusters, with a distribution of
size, shape, and magnetic anisotropies, presents a more com-
plex situation and requires a different quantitative descrip-
tion. The latter we would like to stimulate by this work.

Recently, Lund and Leighton24 have shown that a SG
phase, which is formed due to alloying at the NiMn/Ni in-
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terface, affects the temperature dependence of HEB and leads
to its enhancement. However, in our case, competing ex-
change interactions and thus different phases in the cluster
SG phase, which is formed at the Fe/Cr interface, yield not
only an enhancement of HEB but also cause its sign reversal
at low temperature. We believe that this constitutes a topical
and intriguing example of temperature tuning HEB involving
competing magnetic phases of the Fe-Cr alloy.

A sign change in HEB has been observed by Gredig et al.25

in the Co/CoO bilayer system. It is interpreted by a model
based on the nonmonotonic temperature dependence of the
right-hand coercivity exhibiting a peak below TB. This be-
havior is attributed to a disordered interface due to reversed
AFM grains. The Co/CoO bilayer system investigated by
Gredig et al.25 differs from our Fe/Cr bilayer sample because
the latter exhibits interdiffusion and alloying at the Fe/Cr
interface as well as SG formation. Moreover, we observe a
nonmonotonic temperature dependence and a peak below TB
in both the right-hand and left-hand coercivities �inset of Fig.
4�. A similar behavior of the coercive fields is also observed
by Ali et al. �Ref. 23 and its supplementary information� in
another SG system, Co/CuMn, which we have discussed
above. The nonmonotonic temperature dependence of the
left-hand coercivity of our system cannot be accounted for
by the model proposed by Gredig et al.25 Thus, we devel-
oped an adequate model considering the composition and
temperature-dependent phase diagram of a cluster SG, ex-
plaining the underlying mechanism of the sign reversal of
HEB in our Fe/Cr bilayers. There are other instances of sign
reversal of HEB in the literature, such as, FeF2 /Fe by Nogues
et al.11 However, the qualitative features of our data differ
from these cases.

In summary, the temperature-driven sign reversal of HEB
of polycrystalline Fe/Cr bilayers is explained by considering
interface alloying and the formation of a cluster SG phase
which is stabilized after field cooling. The ferromagnetic in-
terfacial coupling between frozen Fe clusters in the SG and
the Fe overlayer yields a negative HEB at low temperatures.
The sign reversal occurs as a consequence of a temperature-
driven re-entrant cluster SG-to-AFM phase transition in the
interfacial alloy. Consequently, antiferromagnetic interfacial
coupling between the uncompensated Cr moments and the
Fe layer yields a positive HEB.
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