Tailoring the exchange bias via shape anisotropy
in ferromagnetic/antiferromagnetic exchange-coupled systems
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The magnetic behavior of Fe lines on top of a continuous,Fafiferromagnetic layer was investigated as
a function of the orientation of the lines with respect to the applied magnetic field and a unidirectional
anisotropy established by field cooling. The orientational dependence of the asymmetric loop shift, called
exchange bias, shows that the competition between shape and unidirectional anisotropies modifies the ex-
change bias and the coercivity. Remarkably, in certain cases, exchange bias can be observed even when the
applied field is perpendicular to the unidirectional anisotropy. Numerical simulations with a coherent rotation
model illustrate a rich phase diagram, which originates from the noncollinearity of the involved anisotropies.
Using this phase diagram, exchange bias and coercivity can be predictably tailored. In particular, different
preferred magnetization directions can be designed in separately patterned structures of the same sample with
identical preparation and magnetic history.
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Although the role of shape anisotropy in homogeneousgxchange bias similar to nanostructured networks of
magnetic materials has been well understood for a longxchange-bias system&® However, there has been no sys-
time =3 we show here that adding shape anisotropy to magtematic study of the role of the shape anisotropy orientation
netic heterostructures can give rise to an unexpected behagnd no quantitative understanding of these effects has yet
ior due to a competition between shape anisotropy and inteleen obtained.
nal interactions of the heterostructure. Examples of In this work, we studied the exchange bias of Fe lines on
heterostructures, which received much attention lately, aran antiferromagnetic FgRilm as a function of line orienta-
ferromagnetic/antiferromagnetic exchange-coupled systemtion with respect to cooling and applied magnetic fields, but
The coupling between an antiferromagnet and a ferromagnédixed with respect to the FeFcrystalline orientations. The
can give rise to an induceghidirectional anisotropy in the main result is that competition and noncollinearity between
ferromagnet, which is referred to as exchange bias. The maianidirectional exchange coupling and shape anisotropy can
characteristic of this induced anisotropy is a shift of the hys-give rise to an unexpected magnetic behavior. This opens up
teresis loop of the ferromagnet along the field &xiEhis  a straightforward pathway to tailor both tmeagnitudeand
unidirectional anisotropy stems presumably from the way thealirection of exchange bias, which can be applied to any
antiferromagnet orders in the proximity of a ferromagnet, butexchange-bias system. We compare the experimental results
a detailed understanding is still missingRegardless of the to numerical simulations obtained from a coherent rotation
missing microscopic understanding, exchange bias has beaodel. The simulations give rise to a surprisingly rich vari-
come important for many magnetoelectronic applicationsety of hysteretic behavior. The magnetic behavior depends
because it pins the magnetization orientation of one ferrostrongly on the ratio and relative orientation between shape
magnetic layer, which then serves as the reference layer inand uniaxial anisotropies. In particular, when the ratio is less
variety of device structures, such as spin valves and magnettban 1, large exchange bias is observed even with magnetic
memory elements. fields applied perpendicular to the unidirectional anisotropy.

For applications, it is often necessary to pattern the hetThis permits the introduction of several different preferred
erostructures into a confined geometry. Thus the question ahagnetization directions in separately patterned structures,
how patterning influences the magnetic behavior arises natirdependent from material specific parameters, even if they
rally. Up to now, studies of exchange-biased antiferro-have identical magnetic history.
magnetic/ferromagnetic wires have been restricted to cases Using e-beam lithography and ion milling, we defined
with shape anisotropy either parallel or perpendicular to the&800-nm-wide polycrystalline Fe lines on top of a continuous
applied magnetic field® These studies showed a modified quasiepitaxial(110 FeR film grown on MgQ100. The

0163-1829/2003/622)/2204064)/$20.00 67 220406-1 ©2003 The American Physical Society



RAPID COMMUNICATIONS

A. HOFFMANN et al. PHYSICAL REVIEW B 67, 2204064R) (2003
1.0 (a) ‘ 1.0 [ (d) ‘ ‘ ] FIG. 1. Hysteresis loops mea-
05| / , 05| 7.&/ , sured with MOKE at 35 K for
0.0 HOARS 0.0 A 4 three patterns with the lines

Cosl / [ S MW7 _45a0, 0° (b, and +45°
S 8 (c,f) oriented with respect to the

2 o0 ) = o0l ] . . ; ]

c : ; S : ; ; ; cooling field and the applied field

S 1.0/ (b) | S 1.0/ (e) . .

g 8 during the hysteresis loop mea-

3 i 1 B O surements. The applied magnetic

5 0.0 oAl @ oo M = field is parallel to the cooling field

E s va/ £ s = for (8)—(c), while it is perpendicu-

8 1ol N -of i lar for (d)—(f). The directions of

g 1ol g ol — the applied field and cooling field

'é 05l /~/ | 2 osl | with respect to the lines are indi-
5.6 y 5% cated to the right of each plot.

My / tH g A\ Note thatHr is always applied

0.5 | , -0.5 | , .
o o along [010] MgO (corresponding
j st ] g ] to either[112] or [112] of the

1

0 2
H (kOe) two FeFR, twins, respectively

0 i
H (kOe)

FeR, layer has a twinned in-plane structure, such fle@1]  different as soon as the patterns are rotated 90° clockwise

FeF, is along eithef011] or [011] of the MgO substrat&* after field cooling. The unidirectional anisotropy is now per-

The Fek and Fe are 90 and 10 nm thick, respectively. Thependiculgr to the applied magnetic field and therefore one
Fe lines have a periodicity of 500 nm and cover severalVould navely not expect to observe any exchange bias. In-
100x 100-um? areas, each with a different direction with deed, for the pattern where the cooling field direction is par-

respect to the Mg@010] direction. Since all the patterns are allel to the lines and thus along the direction of the uniaxial

on one single chip, it is assured that the local exchange inshape anisotropy, the exchange bias is negligible compared

teraction between the Fe lines and Fdifm and the mag- t_o the other caselsee Fig. 1_9)]' On the othe_r ha_nd, for the _
netic history (i.e., magnitude and direction of the cooling lines at 45° to bpth the apphed and the cooling fields, there is
field) are identical for all patterns. an exchange biaksee Figs. (d) and 1f)]. However, note

The magnetic hysteresis loops of the line patterns werd1@t the sign of the exchange bias is opposite for the two
measured with magneto-optic Kerr effe®OKE),%? using orientations, even though the magnetic history is exactly the

an optical cryostat. The transverse MOKE geométiyused ~ S@M€- _ N _ | results with
under~45° incidence, which allows us to measure the mag- 't S instructive to compare these experimental results wit

ot oA f numerical simulations based on a coherent rotation model
gest'eﬁagggrﬁoi;n ?gcnuesnxjpabsvﬂige;% tg;ﬁ%ﬂﬁd&ﬁ?ﬁ ZE? (Stoner-Wohlfarth typ® similar to earlier \_/vorké.“'15 If we
ables us to address each of the Fe-line patterns individuall ssume a homogeneous magnet|zat|on in the Fe lines, then
Magnetic hysteresis loops measured at room temperature f e free energy can be written as
the patterned Fe lines along various directions are consistent
with a uniaxial shape anisotrogg,= 150 Oe.

For measurements in the exchange-biased state, thghereH is the applied fieldM, is the saturation magnetiza-
sample is cooled from room temperature to 35 K in an aption, ¢ is the angle of the magnetization with the applied
plied field of 1.5 kOe. It should be noted that depending orfield, K and K, are theunidirectional exchange coupling
the crystalline orientation of the antiferromagnet, the unidi-and theuniaxial shape anisotropy, anée and 6, are the
rectional exchange-coupling anisotropy is not necessarilangles between the applied field and these two anisotropy
along the cooling field directiot”: However, here we always axes, respectively. Hysteresis loops are determined numeri-
apply the cooling field along MgQ010] (corresponding to  cally via energy minimization of Eq1). Results are shown
either[112] or [112] of the two Fek twins, respectively  in Fig. 2 for different ratios oK, /Kg and fixed values of
which guarantees that in our case the cooling field directiordz=90° andd,=45°, corresponding to the case in FigdiL
and the direction of unidirectional anisotropy are identi¢al. As one can see, a range of hysteretic behavior can be ob-
Figures 1a)—1(c) show magnetic hysteresis loops after field served depending on the ratiq,/Kg.
cooling for three patterns with the lines oriented-a#5°, The exchange biaklg and the coercivityH. values ex-
0°, and+45° relative to the cooling and the applied field. tracted from these simulated loops are plotted as a function
The resulting exchange bias is simildt {~475 Oe) for all of K,/Kg in Fig. 3. One can distinguish three types of be-
three patterns and only the shape of the hysteresis loop avior. For vanishind<,,, Hg also vanishes and the magne-
somewhat changed by the different shape anisotropies. Futization simply rotates reversibly from one direction to the
thermore, as expected, the hysteresis loops for the patterapposite, whereby at remanence the magnetization always
rotated +45° or —45° [see Figs. (a8 and Xc)] are essen- points along the unidirectional anisotropy: [see Fig. 2a)].
tially identical. With increasingK,, the magnetization still rotates reversibly,

As shown in Figs. (d)—1(f), the situation is completely albeit asymmetricallyfsee Fig. 2b)]. This gives rise to an

f=—HMos8—Kgcog 6— 0g) — K, co(6—6,), (1)
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completely akK,=Kg. There is a first-order transition in the
hysteretic behavior, such that the magnetization reverses in
opposite directions during the ascending and descending
branches of the hysteresis lopgee Fig. 2d)]. At the same
time H. increases by more than a factor of 2, such tHat
>K,, andHg changes sign and is significantly reduced in
magnitude. Upon further increasif§,, Hg vanishes, and

H. becomes equal t&, [see region Ill in Fig. 3 as is
expected for a coherent rotation model without additional
unidirectional anisotropy.

It is important to realize that the complexity of this mag-
netic behavior is due to the noncollinearity of the applied
field, the unidirectional exchange-coupling anisotropy estab-
lished by the field cooling, and the shape anisotropy deter-
mined by the geometry. For example, if the unidirectional
anisotropy is parallel to the applied field, then the exchange
E— L e bias is independent of the shape anisotropy, nantély,
6-4-20 2 46 -6-4-20 2 46 =Kg/Mg, which is exactly the experimental observation

H/(K/M) H/(K/M) [see Figs. @a—1(c)]. It should also be pointed out that the
calculated hysteresis loops do not require that the uniaxial

FIG. 2. (Color onling Hysteresis loops from the coherent rota- anisotropy be due to the shape of the ferromagnet. If the
tion model with 6 and 6, fixed to 90° and 45°, respectively. ferromagnet has an intrinsic uniaxial anisotrogye.,
Shown are the longitudindsolid ling) and transversédashed ling  crystalliné®), then the same effects should be observable.
magnetizationd ;. and M, normalized by the saturation mag- However, unlike crystalline uniaxial anisotropy, shape an-
netization. The curves are fé¢, /K ratios of 0(a), 0.3 (b), 0.95  jsotropy introduces an extra degree of freedom, since differ-
(c), and l.5(d). The solid symbol§ itb) indicate the average of the gnt parts of the same sample can be designed to have differ-
two hysteresis branches from Figdl ent magnitude and direction of shape anisotropy.

We can estimate, which region of Fig. 3 corresponds to
Hg which increases linearly witK, [see region | in Fig. B the samples we measured. The shape anisotropy of the Fe
When K, /Kg reaches 0.85, the hysteresis loop shows irredines can be calculated from demagnetizing factors if one
versible behaviofsee Fig. 2c)]. Notice that the exact value approximates the wires as general ellipsoids. Usiig
at which the irreversible behavior becomes important de=1740 emu/cr for Fe and the dimensions of 1Q0m
pends on the angle between the uniaxial and the unidiredength, 300 nm width, and 10 nm thickness results in
tional anisotropy. FoK,/Kg larger than 0.85H, increases K, /M =353 Oe? This compares well with the shape aniso-
and Hg decreasegsee region Il in Fig. Buntil they both  tropy determined from room-temperature, hard-axis hyster-
become close t&Kg/2M nearK,/Kg=1. ForK,/Kg<1, esis loops, which show an anisotropy fi¢ld~ 300 Oe, cor-
the perpendicular component of the magnetization alwaysesponding to K,/M¢~150 Oe. The unidirectional
points along the direction of the unidirectional anisotropyexchange-coupling anisotropy can be determined directly
during the magnetization reversal. The situation changeBom measurements with the field applied along the field
cooling direction [Figs. 1a-1(c)] and is Kg/M¢=Hg
‘ =475 Oe. Thus, the samples correspond to region | in Fig.
e = 3. Therefore the exchange bias should be equ#l (oM,
1.0 - T e L0 and in fact the exchange bias in Figs(djl and Xf) is
+180 Oe, corresponding well t&,/M =150 Oe, deter-
mined from the room-temperature hysteresis loops. Of
course, one may notice that the simulation in Figh) 2Zloes
not show any hysteresis in contrast to the experimental data.
This is most likely due to the fact that the model ignores
more complicated origins of coercivity in exchange-bias sys-
tems, such as irreversible losses in the antiferromagnet.
These contributions can be removed from the experimental
data by averaging the branches of the two hysteresis loops
2 2.5 and the result is shown by the solid symbols in Figh)2
together with the corresponding numerical simulation. The
result is remarkable, since without any free parameter, not

FIG. 3. (Color online CalculatedHg (solid line and H,  only the shift of the loop but also the overall shape of the
(dashed lingnormalized byKg /M andK. /Mg, respectively, as a loop are well described.
function of K, /K¢ at fixed z=90° and#,=45°. The regions of In the past, various other approaches have been used suc-
different hysteresis behavior are indicated by I, II, and Il cessfully to modify exchange bias locally, for example, by

0.0
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ion irradiation!’ One distinct advantage of the work pre- K,/Kg should be able to explore the full range of predicted
sented here is that the use of shape anisotropy provides priysteretic behavior. Furthermore, the directional selectivity
cise control of the magnitude and orientatior., sign of  of the exchange bias due to shape anisotropy can be used to
the exchange bias over a wide range. This means that onegtablish different preferred magnetization directions in sepa-
the unidirectional exchange-coupling anisotropy is knownrately patterned structures with the same magnetic history.
(i.e., from an unpatterned filnthe coherent rotation model  sjmilarly, one can expect that the competition between shape
can be used to prediquantitativelythe resulting exchange- anjsotropy and internal interactions in other types of mag-

bias shifts of the patterned areas. o _netic heterostructures can give rise to equally rich varieties
In conclusion, we have proven that uniaxial shape anisogs magnetic behavior.
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