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We have fabricated flexible exchange biased heterostructures with magnetostrictive Feg;Gao alloy
as the ferromagnetic layer and Ir,(Mng, as the antiferromagnetic layer on polyethylene
terephthalate substrates. The mechanical strain can modify both the strength and the orientation of
the uniaxial anisotropy, giving rise to the switching between the easy and hard magnetization
directions. Different from the previously reported works on rigid exchange biased systems, a
drastic decrease in exchange bias field was observed under a compressive strain with magnetic
field parallel to the pinning direction, but only a slightly decrease was shown under a tensile strain.
Based on a Stoner-Wohlfarth model calculation, we suggested that the distributions of both
ferromagnetic and antiferromagnetic anisotropies be the key to induce the mechanically tunable

exchange bias. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4776661]

In recent years, giant magnetoresistance (GMR) and tun-
neling magnetoresistance (TMR) sensors grown on flexible
substrates, so called flexible magnetoelectronics, have received
widespread attention due to the mechanical deformability and
the low processing cost.' The magnetostriction in magnetic
layers coupled with mechanical stress produced by the sub-
strate bending and stretching can often induce a magnetic ani-
sotropy and change the behaviors of flexible spintronic
devices.* Therefore, for flexible spintronics applied in curved
surfaces or used to evaluate the mechanical stress, their mag-
netic and transport properties under various mechanical
stresses need to be known and well controlled. Exchange bias
(EB) caused by the interfacial exchange coupling between a
ferromagnet (FM) and an antiferromagnet (AFM) is used to
stabilize the magnetization of magnetic layers in spin-valve
structures and be considered as one of the most crucial factors
in determining the performance of flexible spintronic sensors.
Technologically, prior to fabricating flexible spin-valve struc-
tures with the desirable stress sensitivity, it is necessary to
understand how external stress, both compressive and tensile,
affects the magnetic characteristics in exchange biased
bilayers. The previous works have already studied the effect of
stress on magnetic properties for exchange biased systems
grown on rigid inorganic substrates, including NiFe/NiO,°
NiFe/Mnlr,” and Fe/Feg ¢Zno.4F»(110).8 Using a complex ap-
paratus, the maximum strain in the order of 0.1% can be
achieved in stiff substrates, which is far lower than that in flexi-
ble films.” Han et al.° found that the coercivity and the uniaxial
anisotropy field of NiFe/NiO bilayers deposited on Si wafers
are significantly affected by the stress, while the exchange cou-
pling field is apparently not changed by the same stress.
Recently, Liu er al.’ reported that in FeMn/NiFe/FeGaB thin
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films the stress generated by electric field poling the ferroelec-
tric substrates can give rise to a large variation in exchange
bias field for magnetic field applied at an angle of 55° with
respect to the pinning direction (PD), but almost no change for
magnetic field along the PD. So far, the external stress control
of magnetic behaviors for flexible exchange biased bilayers is
still not well known. In this work, we investigated the effect
of mechanical strains on magnetic properties of Feg Ga;o/
Ir,oMng bilayers grown on flexible polyethylene terephthalate
(PET) substrates. The magnetostrictive Feg;Ga, alloys, which
exhibit a large magnetostriction coefficient (~350ppm for
the typical bulk),'® are selected as the FM layers to improve
the response of magnetic properties to the external stress. The
magnetic properties including loop squareness, coercivity, and
exchange bias field of flexible FeGa/IrMn heterostructures can
be effectively tuned by the applied mechanical stresses. Con-
sidering the distributions of both FM and AFM anisotropies
induced by the residual stress in flexible substrates and the in-
homogeneous magnetic field applied during fabrication, a
modified Stoner-Wohlfarth model is developed to account for
the mechanically tunable EB characteristics.

Exchange biased Ta(5nm)/Feg;Gao(trega)/Ira0Mngg
(tirmn)/Ta(30 nm) thin films were deposited on flexible PET
plastics using vacuum DC magnetron sputtering with a base
pressure below 6 x 10~ Torr at room temperature. The bottom
Ta seeding layers were employed to reduce the roughness of
flexible substrates and induce the (111) texture growth of IrMn.
The thickness of FeGa layer, fg.ga, is varied from 5 to 25 nm,
while the IrMn thickness, fi;vn, 1S changed from 10 to 100 nm.
The samples were protected from oxidation by the Ta capping
layers. During deposition, an external magnetic field of 300 Oe
provided by a permanent magnet was applied in the plane of
films to induce a magnetic easy axis and exchange coupling at
the FM/AFM interface. The hysteresis loops for FeGa/IrMn
heterostructures under different tensile and compressive strains

© 2013 American Institute of Physics
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generated via outward and inward bending the samples were
measured by vibrating sample magnetometer (VSM) using a
lakeshore model 7400 system at room temperature.

Figure 1(a) shows the typical hysteresis loops for
FeGa(10 nm)/IrMn(20nm) exchange biased bilayers. The
EB field, H,;,, achieves a maximum value of 69 Oe for mag-
netic field applied along the induced PD and vanishes for
magnetic field perpendicular to the PD. The EB requires the
relation K pastarn > Jox to be satisfied,!! where K,z is the
anisotropy of AFM layer, t4r) is the thickness of AFM
layer, and J,, is the interface coupling constant. Thus, H,,, is
significantly influenced by the t4ry, dependence of Kj,ry,,
when t45), i1s comparable to the size of AFM domain wall.
For FeGa(10 nm)/IrMn(#;;\1,) exchange biased bilayers, H,,,
significantly increases to 69 Oe by increasing fy, to 20 nm,
and increases slowly to a constant value by further increasing
tirmn, as displayed in Fig. 1(b). Compared to the exchange bi-
ased systems deposited on rigid substrates, H,;, reaches satu-
ration usually at the thickness of IrMn below 10 nm.'? Our
x-ray diffraction characterization (not shown) indicates that
the (111) texture growth of IrMn on flexible substrate is not
as good as on rigid substrates due to the rough surface of
flexible substrates, which is probably the reason why the
thick AFM layer is needed to saturate H,, in flexible EB
systems.

Figure 1(c) shows H,;, of FeGa/IrMn bilayers with tg.g,
ranging from 5 to 25nm and f, fixed at 20 and 100 nm.
H,, is inversely proportional to fg.g, for a fixed #n,, indicat-
ing the interfacial effect of EB. The FM/AFM exchange cou-
pling energy can be described as J,, = H,.,Mtr);, where M,
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is the saturation magnetization of FM film, and g, is the
FM layer thickness. In our experiment, the saturation mag-
netization of FeGa films is measured about 833 emu/cm®,
which is much less than that of FeGa bulk alloys but compa-
rable with the previously reported values in FeGa films.'>'*
As a result, J,, is obtained to be 0.055 and 0.041 erg/cm2
for FeGa(tge.g.)/IrMn(100 nm) and FeGa(tg.g.)/IrMn(20 nm)
heterostructures, respectively. J,, is increased with increas-
ing fivn. Compared to the exchange coupling energy
(J(,X:0.192erg/cm2) for FeCo/IrMn grown on rigid sub-
strates,'> J,, of FeGa/IrMn on flexible substrates are much
smaller.

As shown in Fig. 1(d), the magnetic field orientation
dependence of H,,;, for FeGa(10 nm)/IrMn(#,\m,) heterostruc-
tures with various fy, presents a unidirectional symmetry
about the PD. To further understanding the phenomenon,
we perform numerical calculations based on the Stoner-
Wohlfarth model.'® The total energy of EB system can
be given by E=—K,cos>0—K,,cos 0 —MsH cos (0 — ),
where H is the applied magnetic field, and 0 is the angle
between magnetization and magnetic easy axis, as indicated
in the inset of Fig. 1(d). The unidirectional anisotropy K, is
given by K, = H,,M,. The induced uniaxial anisotropy K, is
evaluated with the relation K,=H M2, where H, is the
magnetic anisotropy field determined from fitting the hyster-
esis curves measured with magnetic field parallel to the hard
axis. For FeGa(10nm)/IrMn(t;1,) heterostructures, H is
obtained to increase from 67 to 200 Oe with increasing f,
from 10 to 40 nm, and reach a constant value with further
increasing fi,. As a result, the uniaxial anisotropy K, is
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FIG. 1. (a) Typical magnetization curves of the flexible exchange biased FeGa(10 nm)/IrMn(20 nm) heterostructures measured parallel and perpendicular to
the PD. (b) t1;mn and (¢) frega dependences of H,, for the flexible FeGa/IrMn bilayers. The curves correspond to the 1/fg.g, dependence of H,,,. (d) Experimen-
tal (symbols) and simulated (continuous lines) H,;, as a function of the field orientation  for the FeGa(10 nm)/IrMn bilayers with various #a,. The geometry

of the magnetic anisotropies is shown in the inset of (d).
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FIG. 2. The applied strain dependence of magnetic hys-
teresis loops for FeGa(10nm)/IrMn(20nm) bilayers
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with magnetic field (a) parallel and (b) perpendicular to
the PD. The compressive and tensile strains are applied
perpendicular or parallel to the PD, as shown in the
insets of (a) and (b), respectively.
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obtained to increase from 2.7 x 10* to 8.3 x 10%erg/cm’
with increasing fip, from 10 to 40 nm. The continuous lines
in Fig. 1(d) show the calculated angular dependence of H,,,
which agree well with the experimental results.

The effect of mechanical strain on magnetic properties
of flexible exchange biased FeGa/IrMn bilayers is systemati-
cally investigated. The strain, which is produced by inward
or outward bending the flexible samples, is considered to be
positive for tensile state, negative for compressive state, and
zero for unstrained state. The strain ¢ can be evaluated using
e¢=T/2p with T and p being the thickness of samples and the
curvature radius of bended substrates, respectively. The
stress ¢ is estimated by o=¢ E/;(1 — %), where Ef and v
denote Young’s module and Poisson ratio of FeGa film,
respectively. Using Young’s module E= 60 GPa for FeGa
film and Poisson ratio v of 0.3 typically for metals,'” ¢ is
applied within a maximum value of 39, which corresponds
to 0 =0.2GPa. All the samples are mechanically and con-
stantly strained ranging from a compressive strain of —39/,
to a tensile strain of 39/ . Figure 2 shows the typical results
for the in-plane strain dependence of normalized magnetic
hysteresis loops of FeGa(10 nm)/IrMn(20 nm) bilayers meas-
ured by VSM. ¢ is applied perpendicular or parallel to the
PD. In order to restrict H parallel to the surface of films, H is
kept perpendicular to ¢, i.e., the bending direction, as shown
in the insets of Figs. 2(a) and 2(b). When ¢ is applied perpen-
dicular to the PD, the obvious changes in loop squareness,
H., and H,, are observed in the strained FeGa/IrMn hetero-
structures. When H is applied along the PD of FeGa(10 nm)/

0
H (Oe)

IrMn(20 nm) films, the increase of tensile strain from 09, to
3%, gives rise to a drastic decrease in the loop squareness
from 0.71 to 0.38 and an increase in H,. from 21 to 47 Oe. In
contrast, under a compressive strain of —39/,, the loop
squareness increases to 0.94 and H,. increases to 48 Oe. H,,
decreases significantly from 95 to 86 Oe with increasing the
compressive strains from 09, to —39%,, and decreases
slightly to 93 Oe with increasing the tensile strains to 39,..
As shown in Fig. 2(b), for ¢ applied parallel to the PD and
perpendicular to H, the increase of tensile strain from 09, to
3%, leads to a drastic increase in the squareness from 0.06 to
0.85 and an increase in H,. from 5 to 19 Oe. In contrast, under
a compressive strain of —39 . the squareness slightly
increases to 0.17 and H, increases to 42 Oe. Obviously, in
our flexible FeGa/IrMn system, the easy axis of K,, can be
swapped with the hard axis under a tensile strain applied per-
pendicular to the easy axis or a compressive strain parallel to
the easy axis. The mechanical strain dependences of loop
squareness, H,., and H,,, for flexible FeGa(10 nm)/IrMn(#{;n1,)
heterostructures with different #,,, are summarized in Figs.
3(a) to 3(d).

The saturation magnetostriction coefficient /; of FeGa
film can be estimated using the stress-induced uniaxial anisot-
ropy. For H applied perpendicular to the PD, the EB-induced
uniaxial anisotropy K, =1/2H;M; can be measured. When
applying the mechanical stress, the effective anisotropy
energy is changed to E ;= 1/2HM, + 3/24,0. Taking the dif-
ference of the two sides of the effective anisotropy energy for-
mula, we obtain /i, = AHM/(3Ac), where the difference of
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the saturation field AH, is experimentally measured as 70 Oe
for FeGa(10 nm)/IrMn(20nm) heterostructures. As a result,
we obtained A, =47 ppm, which is in agreement with the pre-
viously reported value for FeGa films.'® Compared to the high
magnetostriction in FeGa single crystals, A, has been found to
decrease significantly in sputtered FeGa films due to the sig-
nificant interface contribution to effective magnetostriction.'’
Theoretically, for an exchange biased system with mag-
netic field applied along the PD, a compressive stress perpen-
dicular to the PD may enhance the uniaxial anisotropy of films,
and therefore align the FM moments along the PD, which can-
not lead to any change in the squareness of hysteresis loop and
the EB. For a strong tensile stress applied perpendicular to the
PD, our simulations based on the Stoner-Wohlfarth model
indicate that the squareness can be switched to 0, but the loop
shift, i.e., H,, remains unchanged. In our previous work, we
consider the distribution of uniaxial anisotropy of the grains in
polycrystalline FM layers and qualitatively interpret the
mechanically tunable loop squareness in flexible FeGa films.*
For the present flexible exchange biased system, if only con-
sidering the distribution of uniaxial anisotropy in FM layers,
that is, a misalignment between FM and AFM spins, H,;, pre-
dicted using the Stoner-Wohlfarth model remains unchanged
regardless the strength of external stresses, which is not con-
sistent with our experimental observations. Due to the inhomo-
geneous substrate stress and the stray magnetic field during the
sample fabrication, the uniaxial anisotropy of AFM layers may
be also distributed around the PD of films. Each AFM grain on
polycrystalline films interacts with the FM grain on top of it,
producing the EB and the unidirectional anisotropy K, which
is oriented at a small angle of 6 with respect to the PD. The
EB-induced uniaxial anisotropy K, of the corresponding FM
grain is collinear with K,, Consequently, for a flexible
FeGa/IrMn systems under various external stresses applied
perpendicular to the PD, as shown in the inset of Fig. 4(a),
the total free energy can be written as E = —K, cos*(0 — )
+ K, cos’0 — K., cos(0 — 5) — MH cos(0 — V), where K, is
the external-stress-induced magnetic anisotropy. We assume
that the angle of ¢ for the distribution of both K, and K, is
ranged from —10deg to 10 deg with respect to the PD. Based
on the magnetization reversal mechanism of coherent rotation,
we obtain the hysteresis loops predicted under various K,
using K,/M;=200e, K,,/M;=1000e, and an intermediate
value of 6 =5deg. The simulated magnetization curves of
FeGa/IrMn heterostructures gradually become slanted with
increasing K,/M,, as shown in Fig. 4(a). The squareness of hys-
teresis loops increases to 1 with increasing the compressive
K, /M to —50 Oe, and decreases to O with increasing the tensile

K,/M; to 16 Oe, as shown in Fig. 4(b), which could qualita-
tively interpret the stress dependence of loop squareness shown
in Fig. 3(a). The H,,;, of flexible FeGa/IrMn heterostructures is
significantly affected by the stresses, as shown in Fig. 4(b).
The simulated H,, drastically decreases with increasing the
compressive stress, and decreases slightly with increasing the
tensile stress, which is qualitatively in agreement with the ex-
perimental results. Since our model only considers the most
dominant factors, a perfect agreement between theory and
experiment still cannot be achieved. Obviously, the simula-
tions are able to qualitatively interpret the mechanically tuna-
ble EB in flexible FeGa/IrMn heterostructures. In contrast, no
substantial change in H,,, has been found for the exchange bi-
ased bilayer grown on rigid substrates measured in the similar
configuration of magnetic field and mechanical stress.® Thus,
we conclude that the key to induce the tunable EB is the
distribution of both FM and AFM anisotropies caused by the
residual stress in flexible substrate and the inhomogeneous
magnetic field applied during fabrication. It should be noted
that the Stoner-Wohlfarth model with considering the distribu-
tion of FM and AFM anisotropies can also give almost the
same fitting results shown in Fig. 1(d).

In conclusion, we have fabricated a series of exchange bi-
ased FeGa/IrMn heterostructures with various thicknesses of
FeGa and IrMn layers on flexible PET substrates. By inward
and outward bending the samples, the compressive and tensile
strain control of uniaxial anisotropy, loop squareness, H,., and
H,, were demonstrated in flexible magnetostrictive FeGa/
IrMn heterostructures. In particular, H,, decreases drastically
with increasing the compressive stress, and decreases slightly
with increasing the tensile stress for magnetic field applied
along the PD. Considering the distribution of AFM and FM
anisotropies, a modified Stoner-Wohlfarth model was devel-
oped to account for the mechanical tunable exchange bias
field.
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