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Exchange Anisotropy of Ferromagnetic/Antiferromagnetic Bilayers
—Magnetic Anisotropy of Antiferromagnetic Layer and Its Role in

Exchange Anisotropy—
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The origin of magnetic anisotropy of the anti-
ferromagnetic layer and its role in the magnetization
process of exchange-coupled ferromagnetic(F)/anti-
ferromagnetic(AF) bilayers are discussed. Magnetic
torque analysis of pseudo-single crystalline F/AF bi-
layers strongly suggests that the magnetocrystalline
anisotropy of the antiferromagnet is the origin of mag-
netic anisotropy of the AF layer. According to the
simple exchange anisotropy model established by Mei-
klejohn and Bean (1957), magnetic torque curves were
analyzed for pseudo-single crystalline Ni-Fe/Mn—Ni
and Mn-Ir/Ni-Fe bilayers, the AF layer thicknesses of
which are less than the critical value necessary to
induce an exchange bias field. The anisotropy energies
of Mns2Nijs and Mnyslres were determined in (110)-,
(001)-, (111)-planes from the saturation torque ampli-
tude of the pseudo-single crystalline bilayers with the
respective crystallographic orientation. We introduce
a single spin ensemble model for polycrystalline bilay-
ers, taking into account the two-dimensional random
distribution of the magnetic anisotropy axes of AF
grains. We also successfully elucidate the exchange
anisotropy features, such as blocking temperature, re-
versible directional control by field cooling, critical AF
layer thickness, and changes of unidirectional anisot-
ropy constant by thermal annealing, with a single spin
ensemble model, in relation to the role of the magnetic
anisotropy of the AF layer.

Key words: exchange anisotropy, unidirectional an-
isotropy, single domain, magnetic anisotropy, anti-
ferromagnet, magnetic torque analysis
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Fig.1 A schematic model of ferromagnetic
(F)/antiferromagnetic(AF) bilayers (‘single spin
model’). The spin moments in the F layer of
thickness dr and the AF layer of thickness dar
are indicated as open arrows. Exchange
coupling at the interface is indicated by the
spring labeled /. The uniaxial anisotropy for
the AF layer is indicated by the large shaded
arrow labeled Kar and the elongated dashed
line cylinder. The shaded arrow H denotes the
applied in-plane magnetic field. Orientations of
the various vector components are given by
angles a, 8, and 6, as indicated.
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Fig.2 The exchange anisotropy field Hex,
shown as open circles, and the coercivity, H,,
shown as solid circles, as a function of the
antiferromagnetic (AF) layer thickness dar, as
obtained from the single spin model. The
vertical field axis is given in terms of the
reduced field parameter M;drH/], where M,
and dr denote the magnetization and thickness
of the ferromagnetic layer, respectively, and J
is the interface exchange coupling parameter.
The horizontal thickness axis is given in terms
of the reduced thickness parameter Kardar/J,
where Kar is the uniaxial anisotropy energy
density for the AF layer.
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Fig. 3 Computed torque curves from the single spin model. The vertical axes show the torque per unit
volume L in units of tL/J, where ¢ is the bilayer thickness and J is the interface exchange coupling
parameter. The field angle 8 on the horizontal axis is referenced to the antiferromagnetic (AF) easy axis.
Panels (a) through (e) show increasing values of the AF layer thickness dar, expressed in terms of Kardar/J,
where Kar is the uniaxial anisotropy energy density for the AF layer. The individual graphs in the panels
are for different values of the in-plane field H, expressed in terms of M.drH/], where M, and dr denote the
magnetization and thickness of the ferromagnetic layer, respectively.
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Fig. 4 Schematic model of the epitaxial
relationship of Ni-Fe/Mn-Ni bilayers
fabricated on MgO single crystal substrate
with various orientations.
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Fig. 5 Measured magnetic torque curves as a
function of the applied field for Ni-Fe 200 A/
Mn-Ni dar bilayers fabricated on (110), (001),
and (111) oriented MgO substrate. From left
to right, each panel corresponds to (110), (001),
and (111) oriented specimens, respectively.
The antiferromagnetic layer thickness, dar
equals 50 A for (110)- and (001)-bilayers, and
45 A for (111)-bilayer. The vertical axes show
the product of the torque per unit volume, L,
and the film thickness, . The horizontal axes
show the in-plane field angle, 6, relative to the
respective crystallographic direction of the
MgO substrates.
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Fig. 6 Measured torque wvs field angle for
polycrystalline Ni-Fe 50 A/Mn-Ir 30 A bilayers
for the indicated values of the applied in-plane
magnetic field H. The vertical axis shows the
product of the torque per unit volume L and
the film thickness ¢t. The horizontal axis shows
the in-plane field angle @ relative to the field
direction during the deposition.
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Fig. 7 Calculated magnetic torque curves from
the single spin model, as a function of the
reduced field parameter, MsdrH.x/J, where M, and
dr denote the magnetization and thickness of the
ferromagnetic layer, respectively, and J is the
interface exchange coupling energy. The mag-
netic anisotropy energy of the antiferromagnetic
(AF) layer, K%, is assumed to have different
symmetry in the bilayer plane. From left to
right, the panels correspond to two-, four-,
six-fold symmetry, respectively. The calculation
parameters used are K %dar/J=0.3 (left), Ki%dar/
J=0.15 (center), and K §xdar/J=0.1 (right), respec-
tively. The vertical axes show the normalized
magnetic torque per unit surface, tL//, where ¢ is
the film thickness. The horizontal axes show the
in-plane field angle, 6, relative to one of the easy
directions of the respective magnetic anisotropy
of the AF layer.

Table 1 Magnetic anisotropy energy of Mng:Nis
and Mnslrgs films, determined from magnetic
torque analysis of exchange coupled Ni—-Fe/Mn—
Ni and Mn-Ir/Ni-Fe bilayers

Anisotropy
Symmetry Crystal energy (erg/cc)
plane
Mn-Ni Mn-Ir
K2, Two-fold (110) 3.2x10° 8.5X10°%
K%  Four-fold (001) 1.4x104 5.0x10*
K%  Six-fold (111) 7x10%  103~10%
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Fig. 8 A schematic model of the ferromagnetic
(F)/antiferromagnetic(AF) bilayer (‘single spin
ensemble model’). The spin configuration in the
F layer and in the AF grain, and their angular
relations are indicated (right).
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Fig. 9 Measured magnetization curves of Ni-Fe
(50 A)/Mn-Ir(50 A) polycrystalline bilayer after
thermal annealing in a magnetic field of 1 kOe.
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@r7>7, Magnetic
P anisotropy axis

Fig. 10 Schematic view of the change of
antiferromagnetic spin directions by field
cooling in polycrystalline ferromagnetic/
antiferromagnetic bilayer, based on the
single spin ensemble model.
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Fig. 11 Calculated magnetization curves with
using single spin ensemble model. The antiferro-
magnetic spin directions at the interface are
assumed to be distributed from —90° to +90°.
Calculation parameter, Kardar/J/=5.
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Fig. 12 The antiferromagnetic layer thickness,
dar, dependences of the unidirectional anisotropy
constant, /i, of exchange coupled bilayers with
various kinds of antiferromagnetic layer material;
Mn-Ni2" Mn-Ir,*® 37 FeMn,®® RuRhMn,? Mn-

Rh®  NiO*" NiMn*’ PtMn,'® PdPtMn,*
CrMnPt.*¥
62
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Fig. 13 The unidirectional anisotropy constant,

Jk, of ‘bottom type Mnrslres/CozFeso bilayers,

annealed at various temperatures, 7., as a func-

tion of the antiferromagnetic layer thickness, dar.
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Fig. 14 Changes of Jx of Mnzslres(dar)/CozoFeso
(40 A) bilayers annealed at 250°C as a function of
cumulative annealing duration, f,. Fitted curves
are based on the single spin ensemble model.
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