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Polycrystalline exchange-biased bilayers: Magnetically effective versus structural
antiferromagnetic grain volume distribution
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The magnetic characteristics of polycrystalline exchange-biased antiferromagnet/ferromagnet bilayers are
determined by a complex interplay of parameters, describing structural and magnetic properties of the material
system, including, in particular, the grain volume distribution of the antiferromagnet. An ideal characterization of
such systems would be a nondestructive determination of the relevant parameters for each individual grain. This
is in most cases not feasible, since typical characterization methods average over larger areas. Here, we show
that it is, however, possible to determine averaged microscopic parameters from averaged macroscopic magnetic
quantities measured by vectorial Kerr magnetometry in comparison to an elaborate model. In particular, we
estimate the magnetically effective antiferromagnetic grain size distribution, being essential for the interface
exchange coupling to the ferromagnetic layer. We found that the distribution of magnetically active grain sizes
differs from the structural one, indicating that the antiferromagnetic order, relevant for the exchange bias, extends
only over a part of the grains’ structural volumes.

DOI: 10.1103/PhysRevB.106.014403

I. INTRODUCTION

An antiferromagnet (AFM) and a ferromagnet (FM) shar-
ing an interface in a thin bilayer system commonly results
in a horizontal shift of the ferromagnetic hysteresis loop ac-
companied by an additional modification of its coercivity as
compared with loops of a pure FM [1–3]. With the effect aris-
ing from exchange interaction across the common interface,
the phenomenon has been named exchange bias (EB) and is
a key effect for the development of data storage and magnetic
sensor technology [4–7]. Furthermore, domain engineering
of polycrystalline EB thin films [8–13] has proven to be an
important ingredient of lab-on-a-chip devices [14] enabling
the actuation of magnetic particles in liquid media [15–17].

The exchange bias shift HEB is caused by an interaction
of the FM magnetic moments with uncompensated interface
moments of the AFM layer. It is interpreted as a conse-
quence of a macroscopic unidirectional magnetic anisotropy
(UDA), resulting from an aligned pinning of the FM spins
to the AFM ones [1,18]. The modification of the coercivity
HC is attributed to rotatable AFM moments resulting in a
dynamic rotatable magnetic anisotropy (RMA) [18,19]. In
polycrystalline systems, these anisotropies are—apart from
the AFM/FM interface [20,21] and the AFM crystal structure
[22,23]—mainly determined by the grain volume distribution
(GVD) of the AFM [3,24–26]. A general description of the
EB in polycrystalline systems has solidified over the last
decades [3,8,25,27,28], connecting the AFM GVD with the
macroscopically observable features by subdividing the AFM
ensemble into classes of grains differently responding to rotat-
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ing FM magnetic moments during their reversal. The grains
exhibit a varying thermal stability with respect to the reori-
entation of their uncompensated magnetic interface moment
upon the FM layer’s remagnetization. For given temperature
and duration of observation, AFM grains can be classified to
contribute to the macroscopic UDA or RMA [3,25,28]. In ad-
dition to the grain-specific magnetic anisotropy and exchange
coupling constant, the interaction of an AFM grain with the
FM magnetic moments is determined by the ratio of the
interface area, mediating the coupling, and the magnetically
effective AFM grain volume [8,27]. For columnar AFM grains
and assuming that the magnetic anisotropy extends over their
complete structural volumes, this relates to the grain-specific
aspect ratio of cylindrical AFM grains, scaling directly with
the AFM layer thickness for thin layers [3,29].

One—to the knowledge of the authors—hitherto unan-
swered question is whether the structural GVD is identical
to the distribution of the magnetically active AFM grain vol-
umes. Therefore a quantitative link between the magnetic
characteristics of polycrystalline AFM/FM bilayers and their
microstructure is crucial, even if the connection between
thickness-dependent relations of HEB and HC and the AFM
layer’s granular characteristic, or the nature of the EB as an
interface effect itself, can be reasoned [3,29–33].

We present systematic thickness-dependent investigations
of HEB and HC in the case of columnar grain growth, which
we could validate by grain size analysis by means of atomic
force microscopy. A quantitative connection between the av-
eraged macroscopic magnetic characteristics and averaged
microscopic material parameters is established by comparing
thickness-dependent measurements with model calculations
utilizing an extended time-dependent Stoner-Wohlfarth (SW)
approach [26,28]. In conjunction, analytic expressions for
the thickness-dependent relations were derived in the context
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of a generalized description of polycrystalline EB systems
[3,25,28], which further solely depend on measurement condi-
tions and parameters characterizing the averaged microscopic
properties of the system.

II. EXPERIMENT

Prototypical AFM/FM-bilayer systems of the type
Si(100)/Cu5nm/Ir17MntAFM

83 /Co70FetFM
30 /Si20nm were fabricated

on naturally oxidized Si by rf-sputter deposition at room
temperature of alloy targets with the same compositions.
Different nominal thicknesses tAFM between 2.5 and 50 nm
with fixed tFM = 10 nm and different tFM between 5 and
30 nm at fixed tAFM = 5 and 30 nm were prepared. Deposition
rates were ηCu = (6.7 ± 0.2) nm/min, ηIrMn = (5.5 ± 0.8)
nm/min, ηCoFe = (3.40 ± 0.13) nm/min, and ηSi = (3.84 ±
0.96) nm/min for all layers, determined as described in
Ref. [26]. Furthermore, an unbiased FM sample with tFM =
10 nm was fabricated as a reference by omitting the AFM
layer (tAFM = 0 nm). The base pressure was < 10−6 mbar, the
working pressure was ≈ 10−2 mbar, and during deposition an
in-plane magnetic field set to 28 kA/m was applied. While
the 20-nm Si capping layer serves as oxidation protection and
further enhances the contrast in the magneto-optical measure-
ments [28], the 5-nm Cu buffer layer induces the desired (111)
texture in the IrMn layer [22,26].

For the determination of the distribution �̃(rAFM) of AFM
surface grain radii rAFM at thicknesses tAFM between 5 and
100 nm, the FM and capping layer have been omitted. Simi-
larly, for samples with tFM = 10 nm as well as tAFM = 5 and
30 nm, the capping layer has been omitted to determine the
FM grain surface radius distribution �̃(rFM). For tuning the
average aspect ratio of AFM grains, the layer stack has been
fabricated with different AFM deposition rates from 0.9 to
6.8 nm/min for samples with tAFM between 2.5 and 50 nm
at fixed tFM = 10 nm.

The distributions of grain radii were determined by
atomic force microscopy in contact mode measuring several
spots on the samples’ surface with a nominal resolution of
0.49 nm/pixel. Utilizing the watershed algorithm provided by
the evaluation software GWYDDION (v.2.51) [34], the surface
topography was analyzed applying the same evaluation proce-
dure as described in Ref. [26].

The samples were magnetically characterized by vectorial
magneto-optical Kerr magnetometry as described in Ref. [28].
Magnetization reversal curves were obtained for angles be-
tween ϕ = 0◦ and 360◦ with an increment of 1◦, where ϕ is the
angle between the magnetic field applied during layer growth
and the field applied during the measurements. ϕ has been
corrected by considering H exp

C (ϕ) to be largest at ϕ = 0◦ and
180◦ with an accuracy of 1◦ in accordance to Refs. [26,28,35].
The magnetization curves shared a sweep rate of ν ≈ 7.27
kA/ms and a resolution of �H ≈ 0.53 kA/m resulting in
a measurement time of tHys ≈ 44 s. The EB shift H exp

EB and
the coercive field H exp

C are derived from the zero crossings
Hasc and Hdesc of the ascending and descending branch of
the recorded angle-specific hysteresis loops, respectively, via
H exp

EB = (Hasc + Hdesc)/2 and H exp
C = (Hasc − Hdesc)/2 starting

out from positive saturation [26].

III. POLYCRYSTALLINE MODEL

A. General description

The physical interpretation of the experimental results will
be performed within the model for polycrystalline EB systems
[3,8,18,25–28,36]. The phenomenon is condensed down to the
interaction between a uniform FM layer and a granular AFM
[3]. An individual AFM grain i with a magnetically effective
volume VAFM,i, not necessarily identical to the actual physical
volume, and an anisotropy constant KAFM,i interacting with
the FM at the shared interface AAFM,i via exchange interaction
described by the microscopic exchange energy area density
JEB,i possesses an energy barrier [8,27]

�EAFM,i = KAFM,iVAFM,i

− JEB,iAAFM,i

(
1 − JEB,iAAFM,i

4KAFM,iVAFM,i

)
(1)

between two energy minima corresponding to the parallel
(global minimum) and antiparallel (local minimum) align-
ment of the grain-averaged uncompensated AFM interface
magnetic moment �mAFM,i with respect to �MFM representing
the FM magnetization. Equation (1) is in first order given
by �EAFM,i ≈ KAFM,iVAFM,i [3,8,27]. This allows for a con-
nection of the AFM GVD �(VAFM) with the distribution
of relaxation times τAFM,i = τ0exp{�EAFM,i/kBT } with ν0 =
1/τ0 as the characteristic frequency for spin reversal of the
AFM grains, T representing the observation temperature, and
kB as Boltzmann’s constant [3,28].

For given measurement and storage temperatures and
times, AFM grains can be classified with respect to their
thermal stability, i.e., their individual energy barriers �EAFM,i

and consequently relaxation times τAFM,i, directly related
to the individual grain volumes VAFM,i for constant KAFM,i

[Fig. 1(a)] [3,26–28]. A constant KAFM,i = KAFM ∀ i is an
assumption possibly not valid for very small grain sizes [37].
Thermally unstable grains of classes I and II either exhibit
superparamagnetic behavior (class I) or have relaxation times
of the order of the observation time (class II), which is in
typical experiments equivalent to the hysteresis duration tHys

[19,25,28]. Grains of class II are called rotatable, describing a
realignment of the grain-averaged uncompensated AFM inter-
face magnetic moment during the FM’s remagnetization and
consequently having an effect on the coercivity HC [19,36].
Grains of classes III and IV are thermally stable with relax-
ation times larger than tHys on the timescale of observation.
Class III grains are the origin of the macroscopically ob-
servable EB shift HEB because they have been aligned by
an initialization procedure (e.g., postannealing) [1,3,26], via
applying an adequately strong external magnetic field during
deposition [25,26] or during an ion bombardment [8,38–40],
by thermally assisted scanning probe lithography [13], or via
laser-based annealing [11,12,41]. The orientation of the un-
compensated AFM moments of class IV grains cannot be set
by one of the named treatments, and their pinning directions
are assumed to be randomly distributed [3,28]. Grains of
classes II and III are assumed to be superposable with respect
to their uncompensated interface moments, macroscopically
resulting in a RMA mediating HC [19,25,28] and a UDA
mediating HEB [3,28], respectively.
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FIG. 1. (a) Distributions �(VAFM) of AFM grain volumes VAFM

schematically depicted for a thin (green, solid line) and a thick AFM
layer (blue, dash-dotted line) assuming a constant distribution of
AFM grain radii for different tAFM, i.e., homogeneous columnar grain
growth. The distributions are divided into four classes of different
thermal stability by boundaries VI/II, VII/III, and VIII/IV connected to
material parameters and conditions during observation and post-
treatment. Colored antiparallel arrows (� and �) schematically
depict uncompensated AFM grain-averaged magnetic moments of
the respective grain class interacting with the reversing FM magne-
tization represented by black arrows (← and →). Inset: Schematic
top view of columnar grains with different sizes connected to the
distribution �̃(rAFM) of AFM grain radii rAFM and the scaling of
individual grain volumes for fixed rAFM with tAFM. (b) Vectors in
the applied extended SW approach and corresponding angles with
respect to an arbitrary reference frame. �H is the external magnetic
field with its azimuthal angle ϕ, �MFM is the FM magnetization with
the angle βFM, KFM is the energy density of the ferromagnetic uni-
axial magnetic anisotropy (FUMA) with its easy direction defined
by γFM, �M II

C and �M III
EB are the superposed uncompensated magnetic

moments related to AFM grains of classes II and III with γ II
C and γ III

EB

as the corresponding azimuthal angles connected to the RMA and
the UDA, respectively. (c) Illustration of the RMA during a mag-
netization reversal of the FM at time steps t and t − �t visualizing
the continuous relaxation of �M II

C into a state parallel to �MFM. (b) and
(c) are adapted from Ref. [36].

B. Grain size distribution and class boundaries

The grain size distribution of sputtered polycrystalline thin
films is typically found to be lognormal [Fig. 1(a)] [3,24,42–
44]. For a polycrystalline AFM layer of thickness tAFM we
assume cylindrical, homogeneously grown grains [26] with
radius rAFM and volume VAFM [Fig. 1(a)]. The AFM GVD
can be calculated from the lognormally distributed grain radii

�̃(rAFM, μ, σ ) via a change in variables giving

�(VAFM, tAFM, μ, σ ) = �̃(rAFM(VAFM), μ, σ )∂VAFM rAFM(VAFM)

= �̃(
√

VAFM/πtAFM, μ, σ )

2
√

πVAFMtAFM
(2)

with rAFM(VAFM) = √
VAFM/πtAFM [3,26,37,45]. μ and σ

represent the parameters characterizing the lognormal dis-
tribution with respect to rAFM. The expectation value
〈rAFM〉 of the grain radius as well as the standard devia-
tion SD are given by 〈rAFM〉 = exp{μ + σ 2/2} and SD =
〈rAFM〉√exp{σ 2} − 1 [24]. With Eq. (2) and as shown in
Fig. 1(a), �(VAFM, tAFM, μ, σ ) can be modified with respect
to the grain class boundaries by varying tAFM for a fixed
distribution �̃(rAFM, μ, σ ).

The boundaries between the grain classes are functions of
temperature and time [3] and can be estimated via [37]

VAFM(T, τ ) = kBT

KAFM(T )
ln

{
τ

τ0

}
. (3)

For hysteresis curve measurements, the boundary VII/III be-
tween classes II and III [Fig. 1(a)] is determined by the
measurement temperature T = TRT (where TRT is room tem-
perature) and the hysteresis duration τ = tHys. VIII/IV is
determined by T = Tini and τ = tini of, e.g., the field-cooling
process, whereas VI/II is defined by T = TRT and by a time
τ = tspp. The latter is connected to the timescale on which
very small thermally unstable AFM grains behave super-
paramagnetically. Assuming that the temperature dependence
of KAFM is KAFM(T ) = KAFM(0)(1 − T/TN) [42] with TN ≈
650 K for IrMn [1,37,42], and using the experimentally deter-
mined values KAFM(TRT) = (5.5 ± 0.5) × 105 J/m3 [37] and
τ0 = 1/(2.1 ± 0.4) × 10−12 s−1 [42], the boundaries can be
estimated for given observation temperatures and times.

For calculating the contributions of the grain classes, the
integrals between the respective bounds [Fig. 1(a)] have to be
determined. We define

p =
∫ VIII/IV

VI/II

�(VAFM)dVAFM (4)

as the percentage of grains contributing to the UDA and the
RMA at all, i.e., all grains of classes II and III in relation to the
number of all grains of the polycrystalline ensemble. Based
on this, the contributions pII and pIII of class II and III grains,
respectively, are given as the weighted integrals between the
respective bounds

pII =
∫ VII/III

VI/II

�(VAFM)

p
dVAFM, (5)

pIII =
∫ VIII/IV

VII/III

�(VAFM)

p
dVAFM = 1 − pII. (6)

Knowing the parameters characterizing the distribution of
grain sizes, p and pIII = 1 − pII can be expressed as functions
of tAFM, μ, σ , and the respective grain class boundaries by

χ (VAFM, tAFM, μ, σ ) = erf

{
ln

√
VAFM/πtAFM − μ√

2σ 2

}
, (7)
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where (1 + χ )/2, as the integral of the lognormal distribution,
represents the proportion of grains that are smaller than or
have the same size as VAFM. p and pIII are given by

p = {χ (VIII/IV, tAFM, μ, σ ) − χ (VI/II, tAFM, μ, σ )}/2, (8)

pIII = {χ (VIII/IV, tAFM, μ, σ ) − χ (VII/III, tAFM, μ, σ )}/2p.
(9)

C. Thickness dependencies

Varying the layer thicknesses tAFM and tFM of an AFM/FM
bilayer yields a very rich phenomenology with respect to the
alteration of HEB and HC, due to the change in the AFM
GVD as well as the coupling strength at the common in-
terface [1,18,20,29]. Based on the intuitive SW approach
introduced by Meiklejohn [2] and Meiklejohn and Bean [46]
(see Ref. [18]), the absolute value of the EB shift and the
coercive field are here assumed to be given by [1,18,20,47]

|HEB(tFM, tAFM)| = Jeff (tFM, tAFM)

μ0 MS tFM
pIII(tAFM), (10)

HC(tFM, tAFM) = Jeff (tFM, tAFM)

μ0 MS tFM
pII(tAFM) + 2 KFM

μ0 MS
(11)

with HC being shifted by an offset determined by the FM uni-
axial anisotropy constant KFM and saturation magnetization
MS [18]. The exchange bias shift is scaled by the product
between the effective coupling constant Jeff (tFM, tAFM) and
the proportion pIII(tAFM) of HEB-mediating grains of class
III, which should by definition [Eq. (6)] only depend on
tAFM [25,36]. Likewise, in the case of the coercivity, HC −
2KFM/μ0MS is scaled by the product of Jeff (tFM, tAFM) and the
proportion pII(tAFM) of class II grains mediating HC, since the
rotatable anisotropy is time dependent but of unidirectional
nature [28]. The effective coupling constant is given by

Jeff (tFM, tAFM) = JEB(tFM)p(tAFM) (12)

assuming that JEB(tFM) is constant for all AFM grains
(JEB,i = JEB ∀ i) and is already reduced due to, e.g., in-
terface roughness, compensated moments, or stoichiometric
gradients [1,18,21]. It is further supposed that the coupling
itself is solely determined by the coupling interfaces and not
the individual volumes of the AFM grains. Jeff (tFM, tAFM)
is proportional to p(tAFM) ensuring that the grain-class-
specific exchange coupling constants JII/III = JEB ppII/III =
JEBAII/III/A are determined by the scaling of the microscopic
exchange energy area density with the proportion of the area
AII/III accounted to the corresponding grain class with respect
to the whole AFM/FM-interface area A [25,36].

D. Time-dependent Stoner-Wohlfarth ansatz

For numerical calculations of magnetization curves and
the determination of HSW

EB/C(tFM, tAFM) and for fitting model
calculations HSW

EB/C(ϕ) to experimentally determined angular-
resolved H exp

EB/C(ϕ), the extended time-dependent Stoner-
Wohlfarth (SW) approach introduced in Refs. [26,28,36,48]
will be utilized. During remagnetization, a uniform in-plane
magnetized FM with magnetization �MFM and saturation mag-
netization MS is assumed to rotate coherently, where the

azimuthal angle of �MFM is given by βFM [Fig. 1(b)]. Using the
perfect delay convention [26,28,36,49], the time-dependent
FM free-energy area density E [βFM(t )]/A is sequentially min-
imized with respect to βFM(t ) for varying external magnetic
field H .

E [βFM(t )]/A = epot + eFUMA + eRMA + eUDA (13)

is composed of the FM layer’s potential energy density in the
external magnetic field epot, its intrinsic uniaxial anisotropy
eFUMA (FUMA), and additional anisotropy terms eRMA and
eUDA representing the interaction with superposed rotatable
and fixed uncompensated AFM moments. The potential en-
ergy area density is given by

epot = −μ0HMStFM cos[βFM(t ) − ϕ] (14)

with μ0 as the magnetic permeability in a vacuum and ϕ as
the azimuthal angle of the external magnetic field with re-
spect to an arbitrary reference frame [Fig. 1(b)]. The uniaxial
anisotropy energy area density is given by

eFUMA = KFMtFM sin2[βFM(t ) − γFM] (15)

with the energy density KFM and the azimuthal angle γFM

[Fig. 1(b)] defining the FM’s anisotropy axis parallel to the
external magnetic field applied during deposition [26,28]. The
interaction of the uniform FM with AFM grains contributing
to the RMA or the UDA is broken down to the interaction
of the FM with the macroscopic uncompensated interface
moments �MII/III

C/EB = ∑
i �mII/III

AFM,i, with the azimuthal angles γ II
C

and γ III
EB [Fig. 1(b)], as the superposition of the grain-averaged

magnetic moments �mII/III
AFM,i of classes II and III [28,36]. The

anisotropy area densities representing the RMA and the UDA
are given by [28,36]

eRMA = −Jeff pII cos
[
βFM(t ) − γ II

C

(
t, τ II

C

)]
, (16)

eUDA = −Jeff pIII cos
[
βFM(t ) − γ III

EB

]
(17)

with prefactors JII/III = Jeff pII/III [36] as in Eqs. (10) and (11).
The time-dependent contribution of the dynamic RMA is rep-
resented by its azimuthal angle

γ II
C

(
t, τ II

C

) = βFM(t − �t )
(
1 − exp

{ − �t/τ II
C

})
+ γ II

C

(
t − �t, τ II

C

)
exp

{ − �t/τ II
C

}
(18)

with the average relaxation time

τ II
C =

∫ VII/III

VI/II
τAFM(VAFM)�(VAFM) dVAFM∫ VII/III

VI/II
�(VAFM) dVAFM

(19)

of all rotatable grains of class II [27,36]. The dynamic realign-
ment of the RMA is visualized in Fig. 1(c) showing that for
each step during the remagnetization of the FM, for which
βFM(t ) is determined, γ II

C (t, τ II
C ) is derived from the history of

the FM and the RMA at t − �t [26,28,36].
Additionally, to consider a possible offset of HEB(ϕ) due

to the measurement procedure, which is not related to train-
ing effects, an additional magnetic anisotropy term eadd =
−Jadd cos[βFM(t ) − ϕ] is added to Eq. (13) [28]. This addi-
tional term incorporates the interaction of the FM with AFM
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FIG. 2. Atomic force microscopy images of the IrMn surface for
(a) tAFM = 5 and (b) 30 nm and of the CoFe layer for tFM = 10 nm
deposited on IrMn for (c) tAFM = 5 and (d) 30 nm. Distributions (e)
�̃(rAFM) of the grain radius rAFM for tAFM = 5, 30, and 100 nm with
corresponding lognormal fits and distributions (f) �̃(rFM) of rFM for
tAFM = 5 and 30 nm.

grains which align in a direction parallel to the applied ex-
ternal magnetic field, determined by the additional effective
coupling constant Jadd. Since in the experiment ϕ is varied
successively and not randomly, AFM grains which are in the
vicinity of the grain class boundary between classes II and III
having relaxation times larger than or similar to tHys do not
contribute on the timescale of the hysteresis to the coercive
field, but to the exchange bias shift on the timescale of the
angular-resolved measurement.

In order to quantitatively extract model parameters from
H exp

EB/C(ϕ), model calculations HSW
EB/C(ϕ) are fitted to the ex-

perimentally determined dependencies (see the Appendix,
Table III, fit scenario SW). For this, hysteresis loops are
simulated by sequentially minimizing Eq. (13) for varying
measurement angle ϕ. As for the experimental case, the EB
shift HSW

EB (ϕ) and the coercive field HSW
C (ϕ) are derived from

the zero crossings of the calculated angle-specific hysteresis

loops. The procedure is described in more detail in Ref. [26]
alongside a description of how the optimal parameters’ uncer-
tainties are estimated.

IV. RESULTS AND DISCUSSION

A. Surface topography

Figures 2(a) and 2(b) show the surface topography of the
IrMn layer for tAFM = 5 and 30 nm, measured by atomic force
microscopy. Figures 2(c) and 2(d) show the AFM layers of
the same thicknesses covered by 10-nm CoFe. For all tAFM,
the IrMn and the CoFe layer exhibit a similar polycrystalline
structure with almost circular base areas, indicating columnar
grain growth with cylindrically shaped grains [26]. The root-
mean-square surface roughness of the IrMn layer showed for
5 nm � tAFM � 50 nm no significant trend, and the average
value could be determined to be (0.29 ± 0.04) nm, whereas
for tAFM = 100 nm it was determined to be (0.48 ± 0.04) nm.
In the case of the CoFe layer, the root-mean-square surface
roughness was determined to be (0.41 ± 0.11) nm.

Histograms displaying the distribution �̃(rAFM) of AFM
grain radii determined with the watershed algorithm are de-
picted with lognormal fits in Fig. 2(e) exemplarily for tAFM =
5, 30, and 100 nm. �̃(rAFM) does not change significantly
for varying tAFM. We conclude that the expectation value
〈rAFM〉 of the AFM grain radius is constant for the investigated
thicknesses and the average value could be determined to
be 〈rAFM〉 = (7.0 ± 0.3) nm. In combination with Ref. [26],
this validates the assumption of a homogeneous columnar
grain growth for the used deposition parameters enabling a
linear scaling of the individual AFM grain volumes VAFM =
πrAFM

2tAFM with tAFM.
In Fig. 2(f), the distribution �̃(rFM) of FM grain radii in

the case of tFM = 10 nm at tAFM = 5 and 30 nm reveals that
the polycrystalline CoFe layer inherits the distribution of grain
interfaces from the underlying IrMn layer with a trend towards
larger 〈rFM〉 for increasing tAFM.

B. Magnetic properties

In the following description of the determined thickness-
dependent magnetic properties, a series of fit procedures are
performed based on the equations introduced in Sec. III. A
detailed overview of the different fit scenarios is given in the
Appendix in Table III.

1. Ferromagnetic thickness dependence

Experimentally determined |H exp
EB (tFM)| and H exp

C (tFM) are
depicted in Figs. 3(a)–3(d) for tAFM = 5 and 30 nm. The
inverse proportionality is obvious as well as the offset for HC,
with the coercivity not changing significantly from tFM = 20
nm for both values of tAFM. While for tAFM = 5 nm, HC

decreases until tFM = 30 nm down to (5.5 ± 0.9) kA/m, for
tAFM = 30 nm a reduction to (3.1 ± 0.7) kA/m is observable.
With Eq. (11), this suggests an increase in KFM or a reduction
in MS for small tAFM.

Fitting simulated HSW
EB/C(ϕ) to experimentally determined

H exp
EB/C(ϕ) (Table III, fit scenario SW) for varying tFM at

tAFM = 5 and 30 nm allowed for the determination of model
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FIG. 3. tFM-dependent (a) and (b) |H exp
EB | and (c) and (d) H exp

C

as well as parameters (e) pIII, (f) Jeff , (g) Jadd, (h) τ II
C , and (i) KFM

obtained by fitting HSW
EB/C(ϕ) to H exp

EB/C(ϕ) (Table III, fit scenario SW)
for tAFM = 5 and 30 nm. Fits in (a) and (b) are based on Eqs. (10)
and (11), proportional to 1/tFM with fit parameters JII/III = Jeff pII/III

in the case of fit scenario A and proportional to 1/t2
FM in the case of

fit scenario B with JII/III (tFM) = jII/III/tFM (Table III, fit scenarios A
and B). Here, rel., relative.

parameters. Angles γFM and γ III
EB were not fixed but showed no

significant trend. The saturation magnetization MS = (1527 ±
25) kA/m of the CoFe layer in contact with the AFM was de-
termined for tFM = 10 nm and both values of tAFM by utilizing
a vector network analyzer ferromagnetic resonance spec-
trometer. The extracted optimum parameters are displayed in
Figs. 3(e)–3(i) and are discussed in the following.

pIII. The proportion pIII of class III grains [Fig. 3(e)] shows
no significant dependence on tFM for tAFM = 30 nm, stay-
ing constant at 〈pIII〉 = (0.81 ± 0.08). For tAFM = 5 nm and
tFM � 15 nm, 〈pIII〉 = (0.25 ± 0.16), but for tFM > 15 nm the
fit procedure results in a suppression of pIII accompanied by
a large uncertainty due to the rising difficulty of extracting
EB-related parameters for increasing tFM. Since a larger FM
layer thickness should not result in a change in pIII, it has
been set constant to 0.25 at tFM = 20 and 30 nm for tAFM = 5
nm. The scaling of grain number percentages of class II or III
with tAFM reproduces the expectation of a reduced pIII at small
tAFM.

Jeff . The effective coupling constant Jeff [Fig. 3(f)] de-
creases for increasing tFM for both values of tAFM. As with
|HEB| ∝ Jeff/tFM, the satisfying fit ∝ 1/tFM with respect to
Jeff (tFM) suggests that JEB ∝ 1/tFM by considering Eq. (12).
This is more apparent for tAFM = 5 nm with a reduction in Jeff

to ≈45%, whereas for tAFM = 30 nm Jeff reduces to ≈82%.
Hence the AFM layer thickness has an impact on the tFM

dependence of Jeff . This is qualitatively understandable since a
stronger contribution of class II grains is connected to a larger
grain-interface-to-grain-volume ratio and a reduction in KAFM

at smaller grain sizes [37]. For smaller grain sizes, where
�EAFM = KAFMVAFM starts to lose its validity, this influences
crucially how smaller grains interact with the FM [25,27,37].

Jadd. The additional effective coupling constant Jadd

[Fig. 3(g)] exhibits no dependence on tFM but a trend to be
larger for increasing tAFM.

τ II
C . The average relaxation time τ II

C in units of tHys

[Fig. 3(h)] exhibits an overall reduction with increasing tFM

for both values of tAFM, whereas for tAFM = 30 nm an antipro-
portional dependence on tFM similar to HC(tFM) in Fig. 3(d) is
observable. In the case of tAFM = 5 nm, no significant trend
is observable for tFM � 7.5 nm. The alteration of τ II

C with
tFM for fixed tAFM can only be explained by a tFM-dependent
variation of the interaction between the FM and the polycrys-
talline AFM caused by a differing magnetization reversal for
different values of tFM [36,50].

KFM. The anisotropy constant KFM [Fig. 3(i)] exhibits no
significant trend for tAFM = 30 nm. In contrast, for tAFM = 5
nm an antiproportional dependence on tFM is observable as for
Jeff in Fig. 3(f) and HC in Fig. 3(c) approaching KFM(tAFM =
30 nm) for large tFM. The intrinsic uniaxial anisotropy is
probably overestimated by the fit (Table III, fit scenario SW)
and is connected to the increase in HC for small tFM. This en-
tanglement of the FUMA with the RMA is further emphasized
by the fit ∝ 1/tFM depicted in Fig. 3(i), which is in satisfying
agreement with KFM(tFM) for tAFM = 5 nm.

Now our aim is the extraction of parameters by fitting
|HEB(tFM)| and HC(tFM) given by Eqs. (10) and (11) to
|H exp

EB (tFM)| and H exp
C (tFM) as displayed in Figs. 3(a)–3(d)

(Table III, fit scenarios A and B). In the case of fit sce-
nario A, JII = Jeff pII and JIII = Jeff pIII have been used as fit
parameters scaling the contribution of the UDA and RMA,
respectively. Furthermore, the most important result, relating
to the determined model parameters shown in Figs. 3(e)–3(i),
is the observed additional antiproportional tFM dependence
of the effective coupling constant Jeff . Considering this, re-
lations based on Eqs. (10) and (11) are fitted to |H exp

EB (tFM)|
and H exp

C (tFM) with JII/III(tFM) = jII/III/tFM and jII/III as the
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TABLE I. Parameters obtained for the prototypical bilayer system Ir17Mn83(tAFM)/Co70Fe30(tFM) by fitting relations based on Eqs. (10) and
(11) to |H exp

EB (tFM)| and H exp
C (tFM) [Figs. 3(a)–3(d)] proportional to 1/tFM (fit scenario A) with fit parameters JII/III = Jeff pII/III or with relations

proportional to 1/tFM
2 (fit scenario B) with JII/III (tFM) = jII/III/tFM (Table III, fit scenarios A and B); parameters [Figs. 4(b), 4(c), and 4(f)]

determined by fitting HSW
EB/C(ϕ) to H exp

EB/C(ϕ) (Table III, fit scenario SW) for tAFM = 5 and 30 nm with tFM = 10 nm; and parameters obtained by
fitting Eqs. (10) and (11) to |H exp

EB (tAFM)| and H exp
C (tAFM) as displayed in Fig. 4(a) (Table III, fit scenario C). Furthermore, optimum parameters

are displayed extracted by fitting Eq. (12) to Jeff (tAFM) (from fit scenario SW) in Fig. 4(c) (Table III, fit scenario J), and finally, pmax
III is presented

obtained by fitting Eq. (9), linked to Eq. (8), to pIII (tAFM) (from fit scenario SW) in Fig. 4(b) (Table III, fit scenario P).

tFM = 10 nm tAFM = 5, 30 nm tFM = 10 nm

Parameter Thickness SW A B C C SW, J and P

JEB (10−5 J/m2) tFM = 10 nm 18.91 ± 12.58 27.66 ± 8.89 21.74 ± 0.61

JII (10−5 J/m2) tAFM = 5 nm 7.35 ± 3.67 18.75 ± 2.50 8.13 ± 0.25
tAFM = 30 nm 3.80 ± 6.65 7.05 ± 0.90 3.05 ± 0.08

JIII (10−5 J/m2) tAFM = 5 nm 2.78 ± 2.24 2.17 ± 0.35 1.40 ± 0.06
tAFM = 30 nm 18.18 ± 8.92 17.62 ± 1.20 10.64 ± 0.97

KFM (kJ/m3) tFM = 10 nm 1.21 ± 0.51
tAFM = 5 nm 10.68 ± 5.74 0.40 ± 1.41 4.37 ± 0.23
tAFM = 30 nm 3.80 ± 4.37 1.14 ± 0.50 2.64 ± 0.07

μ (nm) 1.12 ± 0.08 1.08 ± 7.90 1.08 ± 1.05
σ (nm) 0.15 ± 0.01 0.17 ± 0.07 0.09 ± 0.56
〈rAFM〉 (nm) 3.09 ± 0.25 2.97 ± 2.34 2.94 ± 3.23
SD (nm) tFM = 10 nm 0.47 ± 0.24 0.50 ± 6.24 0.25 ± 0.98
VI/II (nm3) 8 ± 20 112 ± 177 130 ± 305
VII/III (nm3) 217 ± 35 255 ± 50
VIII/IV (nm3) 2589 ± 350 1717 ± 271 2242 ± 18
pmax

III 0.96 ± 0.38 0.70 ± 0.19 0.85 ± 0.03

proportionality factor of the respective effective coupling con-
stant in the case of fit scenario B. The obtained parameters are
given in Table I for the two investigated tAFM values, tAFM = 5
and 30 nm, in comparison to the parameters obtained by fitting
model calculations based on the time-dependent SW ansatz
[Eq. (13)] for tFM = 10 nm, presented in Figs. 3(e)–3(i).

Comparing the effective coupling constants JII and JIII ob-
tained using the SW ansatz with the parameters determined
from fit scenario A or B it can be seen that JII is overestimated
by fit scenario A but reproduced by fit scenario B. In contrast,
for JIII it is vice versa, with fit scenario B underestimating JIII,
especially in the case of tAFM = 30 nm. Parameters JII and
JIII obtained by fit scenario B are in all cases in agreement
with the parameters determined via the SW ansatz within
their ranges of uncertainties. The average absolute deviation
between the data points and fit scenario B is always smaller
than 10% of the deviation between the data points and fit
scenario A, except for JIII and tAFM = 30 nm. This is in good
agreement with the antiproportional tFM dependence of Jeff for
tAFM = 5 nm [Fig. 3(f)]. As stated above, it is expected that
the extended SW ansatz overestimates the intrinsic FUMA of
the FM due to an entanglement with the RMA. Hence the
anisotropy constant KFM determined by both fit scenario A
and fit scenario B and for both values of tAFM is smaller than
the values determined by the fit based on Eq. (13).

Equations (10) and (11) are therefore in good agreement
with the time-dependent SW approach when an antipropor-
tional dependence of Jeff on tFM [Fig. 3(f)] is introduced.
The latter additionally depends on tAFM, and investigations
presented in the literature further suggest that in general HC +
const ∝ 1/tFM

n and HEB ∝ 1/tFM
m with 1 � n, m � 2 [33].

Although the 1/tFM dependence of the exchange bias shift
and the coercivity has been tested and validated for a variety
of systems [1,20,51,52], deviations from this with n, m > 1
[33,53,54] should be considered depending on measurement
conditions as well as the microstructure of the system [33].

2. Antiferromagnetic thickness dependence

|H exp
EB (tAFM)| and H exp

C (tAFM) for tFM = 10 nm are dis-
played in Fig. 4(a). The commonly observed dependence
[1,20,29,51] is reproduced, where a significant EB shift starts
to be observable for tAFM � 5 nm, increasing up to tAFM =
12.5 nm. The EB shift stays constant at about (9.3 ± 1.2)
kA/m as the average absolute value for tAFM � 12.5 nm. The
coercivity shows a significant increase for 2.5 nm < tAFM <

5 nm over 〈H exp
C 〉 = (1.7 ± 1.2) kA/m (average value for

tAFM � 2.5 nm representing the coercive field of the sole FM
layer) and exhibits a maximum value of H exp

C = (12.4 + 1.1)
kA/m at tAFM = 7.5 nm. At this thickness, |H exp

EB (tAFM)| has
the largest slope. For larger tAFM the coercivity decreases,
as the EB shift reaches its plateau, until it does not change
significantly and stays constant at 〈H exp

C 〉 = (5.0 ± 1.2) kA/m
for tAFM � 30 nm.

Also here, model calculations HSW
EB/C(ϕ) based on Eq. (13)

are fitted to H exp
EB/C(ϕ) (Table III, fit scenario SW) as functions

of tAFM for tFM = 10 nm with MS = (1527 ± 25) kA/m and
angles γFM �= γ III

EB �= 0, with the latter exhibiting no significant
dependence. Optimum parameters extracted for tAFM � 5 nm
are shown in Figs. 4(b)–4(f) and are discussed in the follow-
ing.
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FIG. 4. tAFM-dependent (a) |H exp
EB | and H exp

C as well as parameters
(b) pIII = 1 − pII, (c) Jeff , (d) Jadd, (e) τ II

C , and (f) KFM obtained by
fitting HSW

EB/C(ϕ) to H exp
EB/C(ϕ) (Table III, fit scenario SW) for tFM =

10 nm. The fit scenarios C, P, and J in (a)–(c) are based on Eqs. (10),
(11), (8), (9), and (12) (Table III, fit scenarios C, P, and J).

pIII. The percentages pIII(tAFM) = 1 − pII(tAFM) are given
in Fig. 4(b) with pIII increasing with increasing tAFM as
|H exp

EB (tAFM)| in Fig. 4(a), reaching a constant value 〈pIII〉 =
(0.8 ± 0.2) when the average for tAFM � 12.5 nm, much like
the EB shift as a function of tAFM. This implies a gradual shift
of the AFM GVD to larger AFM grain volumes. As larger
AFM grains are more probable in the thicker polycrystalline
AFM layers, the proportion of grains accounted to class III
increases while the proportion of grains accounted to class II
decreases. Since pII and pIII are defined as the percentages
of grains accounted to the respective grain classes, pII will
approach 1 for small tAFM. Displayed in Fig. 4(b) are fits
using Eq. (9), extended by the multiplicative factor pmax

III , to
pIII(tAFM) = 1 − pII(tAFM) (Table III, fit scenario P), consid-

AFMAFM

AFM

A
F
M

A
F
M

AFM
AFM

AFM

FIG. 5. (a) Comparison of the structural (tAFM = 5 nm
[Fig. 2(e)]) and magnetically effective AFM grain radius distribution
�̃(rAFM) based on the experimentally performed grain size analysis
by atomic force microscopy and the extracted parameters μ and
σ given in Table I (Table III, fit scenario C), respectively. (b) and
(c) Structural and magnetically effective AFM GVD �(VAFM) have
been subsequently derived by use of Eq. (2) for tAFM = 5 and 30 nm.
Notice that (b) and (c) display the same data but with different axis
limits. The expectation values of the AFM grain radius and volume,
〈rAFM〉 and 〈VAFM〉, are depicted, and lognormal fits are given with
respect to the structural AFM grain radius and volume distributions.

ering that pIII does not approach exactly 1 for increasing tAFM.
The nonzero percentage of grains belonging to class II at large
tAFM is caused by a nonideal interrupted columnar growth,
where a certain percentage of grains will not grow over
the complete thickness of the layer, resulting in effectively
smaller AFM grains in contact with the FM. Consequently,
there will be always a finite nonzero amount of AFM grains
that can be associated with class II for increasing tAFM.

Jeff . The effective coupling constant [Fig. 4(c)], as de-
fined in Eq. (12), increases and stays constant within the
margin of uncertainty at 〈Jeff〉 = (2.3 ± 0.6) × 10−4 J/m2 for
tAFM � 7.5 nm, with a decreasing tendency for increasing
tAFM. Assuming a constant microscopic coupling constant JEB,
this suggests that at tAFM = 7.5 nm, most of the AFM grains
belong to class II or III. For increasing tAFM the percentage
of class IV grains will increase accompanied by a decrease
in p(tAFM). Equation (12), describing Jeff (tAFM) linked to
p(tAFM) defined by Eq. (8), is fitted to the values presented
in Fig. 4(c) (Table III, fit scenario J), yielding the microscopic
coupling constant JEB = (2.17 ± 0.06) × 10−4 J/m2.
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FIG. 6. (a) |H exp
EB (tAFM)| and (b) H exp

C (tAFM) for different depo-
sition rates ηAFM of the AFM layer with corresponding fits using
Eqs. (10) and (11) (Table III, fit scenario C). ηAFM-dependent
(c) 〈rAFM〉, (d) JEB, and (e) KFM as averages of parameters obtained
from fitting Eqs. (10) and (11) to tAFM-dependent relations in (a) and
(b). Average values in the ηAFM intervals indicated by dashed lines
are additionally displayed.

Jadd. The additional effective coupling constant Jadd

[Fig. 4(d)] shows a significant enhancement between tAFM =
15 nm and tAFM = 30 nm. This occurs in the thickness regime
where the decrease in H exp

C with tAFM slows down to a constant
value. Jadd is therefore connected with AFM grains in the
vicinity of the grain class boundary between classes II and
III.

τ II
C . In Fig. 4(e), the average relaxation time τ II

C of grains as-
sociated with class II at room temperature is displayed in units
of tHys. It increases with increasing tAFM and reaches a plateau
with an average value 〈τ II

C 〉 = (9 ± 4) × 10−3 tHys for tAFM �
15 nm. With the average hysteresis duration tHys ≈ 44 s of the
angular-resolved measurements, this gives an average relax-
ation time of HC-mediating grains of (390 ± 170) ms. The
increase in τ II

C with tAFM and its saturation for larger tAFM are
in agreement with the general description of polycrystalline
EB systems as well as the definition given in Eq. (19) [28].
As the averaging of τAFM is performed within the bound-

AFM

AFM AFM

AFM AFM

AFM

AFM AFM

AFMAFM

AFM

AFM

FM

FM

FM

FM

FM FM

FMFM

FM

FM

FM

FM

AFM

AFM

FIG. 7. Flowchart describing the cross-check’s individual steps
comparing simulated |HSW

EB (tFM, tAFM)| and HSW
C (tFM, tAFM), using

the time-dependent SW ansatz [Eq. (13)], with the extended phe-
nomenological relations |HEB(tFM, tAFM)| and HC(tFM, tAFM) defined
by Eqs. (10) and (11). It is aimed at reproducing the input parameters
by fitting the relations to the simulated values (Table III, scenario
CC) in order to check for the validity of Eqs. (10) and (11) in the
context of the time-dependent SW ansatz on the basis of calculated
AFM GVDs.

aries of class II [Eq. (19)], τ II
C should increase for increasing

tAFM until the expectation value of the AFM GVD passes
the class boundary VII/III. From there, τ II

C will not increase
further.

KFM. The anisotropy constant KFM [Fig. 4(f)] decreases
from KFM = (11 ± 6) kJ/m3 and stays constant at 〈KFM〉 =
(4 ± 4) kJ/m3 within the range of uncertainty for tAFM � 30
nm. As the course of KFM(tAFM) is comparable to that of
H exp

C (tAFM) in Fig. 4(a), and likewise to the tFM dependence of
KFM displayed in Fig. 3(i), the observable increase for small
tAFM � 5 nm is linked to an entanglement of the FM’s intrinsic
FUMA with the RMA [36].

The fits in Figs. 4(b) and 4(c) with respect to pIII(tAFM) =
1 − pII(tAFM) and Jeff (tAFM) (Table III, fit scenarios P and
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TABLE II. Input parameters for calculated AFM grain size distributions as well as simulated |HSW
EB (tFM, tAFM)| and HSW

C (tFM, tAFM)
displayed in Fig. 8, representing the average values of the respective parameters given in Table I obtained from fitting Eqs. (10) and (11)
to |H exp

EB (tAFM)| and H exp
C (tAFM) (Table III, fit scenario C) as displayed in Fig. 4(a). Optimum parameters obtained from fitting Eqs. (10) and (11)

to simulated |HSW
EB (tFM, tAFM)| and HSW

C (tFM, tAFM) are given, reproducing the input parameters of the simulations using the time-dependent SW
ansatz based on Eq. (13) (Table III, fit scenario CC).

tAFM = 10 nm tFM = 10 nm

Parameter Input AC CC CC

JEB (10−5 J/m2) 23.29 23.35 ± 14.53 23.17 ± 1.65
JII (10−5 J/m2) 6.70 5.97 ± 0.06
JIII (10−5 J/m2) 16.59 16.80 ± 0.04

KFM (kJ/m3) 1.21 0.34 ± 0.07 1.21 ± 0.32

μ (nm) 1.10 1.10 ± 0.89 1.10 ± 0.58
σ (nm) 0.16 0.16 ± 0.01 0.16 ± 0.03
〈rAFM〉 (nm) 3.03 3.05 ± 2.71 3.05 ± 1.78
SD (nm) 0.48 0.49 ± 0.21 0.48 ± 0.52
VI/II (nm3) 60 60 ± 14 60 ± 70
VII/III (nm3) 236 237 ± 422 235 ± 274
VIII/IV (nm3) 2153 2142 ± 381 2142 ± 160

J), respectively, validate Eqs. (8) and (9) describing the tAFM

dependence of p and pIII. Consequently, by incorporating
these equations together with Eq. (12) into Eqs. (10) and
(11), relations |HEB(tAFM)| and HC(tAFM) can be fitted to the
experimentally determined |H exp

EB (tAFM)| and H exp
C (tAFM) as

displayed in Fig. 4(a) (Table III, fit scenario C). As Eqs. (8)
and (9) additionally depend on the grain class boundaries VI/II,
VII/III, and VIII/IV and on the parameters μ and σ describing
the distribution of AFM grain radii rAFM, these parameters
connect the tAFM-dependent relations of the EB shift and the
coercive field with the polycrystalline AFM GVD and the
measurement conditions. The determined fit parameters are
presented in Table I.

Although the fit to |H exp
EB (tAFM)| in Fig. 4(a) yields JEB =

(1.9 ± 1.3) × 10−4 J/m2 and the fit to H exp
C (tAFM) gives JEB =

(2.8 ± 0.9) × 10−4 J/m2 displaying rather large uncertainties,
both values agree with JEB = (2.17 ± 0.06) × 10−4 J/m2, ob-
tained from fitting Jeff (tAFM) in Fig. 4(c) (Table III, fit scenario
J), as estimates for the microscopic coupling constant JEB.
KFM = (1.2 ± 0.5) kJ/m3 determined by fitting Eq. (11) to
H exp

C (tAFM) is significantly smaller than the values determined
by fitting model calculations based on the SW ansatz (fit
scenario SW) and by the tFM-dependent fit (fit scenario B)
in Figs. 3(c) and 3(d) but larger than the values obtained
utilizing fit scenario A (Table I). This can understood by
an overestimation of KFM in the case of fitting HSW

C (ϕ) to
H exp

C (ϕ) (fit scenario SW) and by an underestimation of KFM

in the case of fitting Eq. (11) to H exp
C (tFM) (fit scenario A),

because H exp
C (tFM) values at large tFM are needed to accurately

determine the offset 2KFM/μ0MS. When fitting Eq. (11) to
H exp

C (tAFM) (fit scenario C), KFM is determined by values
at small tAFM, tAFM → 0, which is more explicit as H exp

C
can be measured for tAFM = 0 nm by omitting the AFM
layer.

Values for μ and σ as well as the expectation value 〈rAFM〉
of the AFM grain radius and the standard deviation SD
extracted by fitting Eqs. (10) and (11) to |H exp

EB (tAFM)| and

H exp
C (tAFM) in Fig. 4(a) and Eq. (12) to Jeff (tAFM) in Fig. 4(c)

(Table III, fit scenarios C and J) are listed in Table I. These
fit scenarios yield considerably smaller values for 〈rAFM〉
than the structural average AFM grain radius (7.0 ± 0.3) nm
determined by atomic force microscopy. Averaging the ob-
tained values of μ and σ in the case of fit scenario C yields
〈rAFM〉 = (3.0 ± 0.6) nm representing ≈ (43 ± 10)% of the
experimentally determined value. This indicates that only
about ≈ (18 ± 8)% of the structural AFM grain volume is
effectively contributing to the interfacial exchange coupling.
The latter is visualized by comparing the structural (tAFM = 5
nm [Fig. 2(e)]) and the magnetically effective distribution of
AFM grain radii in Fig. 5(a) and by comparing the struc-
tural and magnetically effective AFM GVD for tAFM = 5 and
30 nm in Fig. 5(b) with the help of Eq. (2).

It is not surprising that the structural AFM grain volume
exceeds the magnetically effective AFM grain volume since
the former defines the space over which the AFM order
can extend. Thus the difference is expected to arise due to
defects or impurities within the individual grains’ volume
or at the AFM/FM bilayer’s interface. Regarding the latter,
solely uncompensated AFM moments contribute to the
interfacial exchange coupling, for which reason the presence
of compensated moments results in an effective reduction in
the AFM grains’ coupling areas shared with the FM layer.
It is important to point out that interfacial roughness or stoi-
chiometric gradients certainly have an impact on the effective
coupling constant, just as volume defects influence the AFM
grains’ magnetic anisotropy. While the former eventually
scales the exchange bias shift and the coercive field, the latter
specifies the distribution of the AFM grains’ energy barriers
[48]. The relationship between the distribution of magnet-
ically active and structural grain sizes could therefore be
investigated more thoroughly by systematically introducing
structural defects only into the volume of the AFM grains,
e.g., via light-ion bombardment not penetrating the bilayer’s
interface [55].
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Finally, from the determined grain class boundaries listed
in Table I, also the timescales determining these boundaries
for fixed temperatures can be derived using Eq. (3). For the
grain class boundaries between classes I and II as well as
between classes II and III, the respective time scales have
been determined to be τI/II = (2 ± 2) × 10−9 s and τII/III =
(41 ± 30) s with T = TRT ≈ 293 K based on the average val-
ues of VI/II and VII/III obtained by fitting Eqs. (10) and (11)
to |H exp

EB (tAFM)| and H exp
C (tAFM) (Table III, fit scenario C).

Despite the rather large uncertainty, the measurement time
tHys ≈ 44 s is reproduced by τII/III.

C. Deposition-rate-dependent analysis

Equations (10) and (11) as relations that can be fitted to
tAFM-dependent data of the EB shift and the coercivity rep-
resent a powerful tool to retrieve parameters characterizing
the microstructure of the AFM layer in a polycrystalline EB
system. Therefore |H exp

EB (tAFM)| and H exp
C (tAFM) have been

experimentally determined for fixed tFM = 10 nm for differ-
ent deposition rates ηAFM of the AFM layer to modify the
distribution of AFM grain radii [24,26]. |H exp

EB (tAFM, ηAFM)|
and H exp

C (tAFM, ηAFM) are displayed in Figs. 6(a) and 6(b),
respectively, for different ηAFM. |H exp

EB (tAFM, ηAFM)| and
H exp

C (tAFM, ηAFM) are equivalent to the dependencies depicted
in Fig. 4(a) for large ηAFM, whereas for decreasing ηAFM a
gradual suppression of the EB shift and the coercivity can be
observed [26].

Parameters 〈rAFM〉, JEB, and KFM as functions of ηAFM have
been determined by fitting Eqs. (10) and (11) in Figs. 6(a)
and 6(b) (Table III, fit scenario C) and are presented in
Figs. 6(c)–6(e). In the deposition rate interval in which an
overall increase in |H exp

EB (tAFM, ηAFM)| and H exp
C (tAFM, ηAFM)

can be observed, 〈rAFM〉 and JEB increase gradually until
saturation with 〈rAFM〉 = (3.0 ± 0.3) nm and 〈JEB〉 = (2.2 ±
0.5) × 10−4 J/m2 for ηAFM � 2.43 nm/min. KFM stays con-
stant for all ηAFM with an average value of 〈KFM〉 = (1.4 ±
0.7) kJ/m3. This implies a constant FUMA independent of
ηAFM but a dependence of the average AFM grain radius
〈rAFM〉 and the microscopic coupling constant JEB on the
AFM deposition rate for ηAFM < 2.43 nm/min. A reduction
in JEB might be connected to an ηAFM dependence of the
AFM/FM-interface structure or the AFM crystal texture and
homogeneity of AFM crystallites, crucially determining the
coupling strength between individual AFM grains and the FM
[1,3,22,26,56].

D. Simulations and cross-check

In addition to the experimental approach discussed so
far, Eqs. (10) and (11) are fitted to |HSW

EB (tFM, tAFM)| and
HSW

C (tFM, tAFM), which have been simulated by using the
time-dependent SW ansatz given by Eq. (13) (Table III, fit
scenario CC). With Eqs. (10) and (11) reproducing the in-
put parameters of the simulations, the validity of the named
relations is evidenced (cross-check) in the context of the
time-dependent SW approach introduced in Sec. III D and
Refs. [26,28,36,48].

The individual steps of the cross-check are shown in Fig. 7
and will be explained in the following. The input parameters
used are listed in Table II based on the averaged parame-

AFM

AFM

AFM

AFM

AFM

AFM

FM

FM

FM

FM

A
F
M

A
F
M

FIG. 8. (a) Calculated AFM GVDs for different values of tAFM

based on parameters μ and σ from Table II. (b) Simulated |HSW
EB (tFM)|

and HSW
C (tFM) for tAFM = 10 nm in (a) with corresponding fits

∝1/tFM (Table III, fit scenario AC). (c) tAFM-dependent pSW and
pSW

III = 1 − pSW
II obtained by integrating distributions in (a) and cor-

responding fits based on Eqs. (8) and (9) (Table III, fit scenario
PC). (d) Simulated |HSW

EB (tAFM)| and HSW
C (tAFM) using pSW(tAFM)

and pSW
III (tAFM) = 1 − pSW

II (tAFM) displayed in (c) alongside fits using
Eqs. (10) and (11) (Table III, fit scenario CC). Input parameters for
(a)–(d) are given in Table II alongside extracted fit parameters.

ters given in Table I obtained by fitting Eqs. (10) and (11)
to |H exp

EB (tAFM)| and H exp
C (tAFM) (Table III, fit scenario C).

Starting from the input parameters μ and σ , the AFM GVD
�(VAFM, tAFM, μ, σ ) can be calculated for different values
of tAFM [Eq. (2)]. In Fig. 8(a), calculated AFM GVDs are
displayed for exemplary thicknesses tAFM visualizing the tun-
ability of the grain classes’ population with the AFM layer
thickness. Jeff (tAFM), pIII(tAFM) = 1 − pII(tAFM), and conse-
quently JII/III(tAFM), as well as τ II

C (tAFM), are determined for
fixed JEB and KFM by integration of the AFM GVD consider-
ing respective bounds VI/II, VII/III, and VIII/IV given in Table II.
With Jadd = 0 J/m2, γFM = γ II

EB = 0◦, and MS = 1527 kA/m,
|HSW

EB (tFM, tAFM)| and HSW
C (tFM, tAFM) have been simulated

using the time-dependent SW ansatz based on Eq. (13) and
are displayed in Figs. 8(b) and 8(d) with fits of Eqs. (10) and
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(11) (Table III, fit scenario CC) for the reproduction of the
input parameters as depicted in Fig. 7.

Simulated |HSW
EB (tFM)| and HSW

C (tFM) are presented in
Fig. 8(b) for tAFM = 10 nm with fits using Eqs. (10) and
(11) (Table III, fit scenario AC). The tFM-dependent relations
|HEB(tFM)| and HSW

C fit well to the simulated |HSW
EB (tFM)| and

HSW
C (tFM), and the effective coupling constants JII and JIII of

the respective grain classes are reproduced with a deviation
of � 10% from the input values (Table II). However, KFM =
(0.34 ± 0.07) kJ/m3 differs from the input value 1.21 kJ/m3

as the offset 2KFM/μ0MS in Eq. (11) is determined by values
of the coercive field at large tFM.

Simulated pSW(tAFM) and pSW
III (tAFM) = 1 − pSW

II (tAFM)
and simulated |HSW

EB (tAFM)| and HSW
C (tAFM) are depicted in

Figs. 8(c) and 8(d), respectively, which qualitatively re-
produce the experimentally determined tAFM dependencies
displayed in Figs. 4(a)–4(c). Fits based on Eqs. (8) and (9)
(Table III, fit scenario PC) as well as Eqs. (10) and (11)
(Table III, fit scenario CC) agree with the simulated dependen-
cies. Within the uncertainty margins, input parameters used
for the simulated dependencies are reproduced by fit scenarios
PC and CC (Table II).

The agreement of the the relations |HEB(tFM, tAFM)| and
HC(tFM, tAFM) as defined by Eqs. (10) and (11) with the sim-
ulated relations |HSW

EB (tFM, tAFM)| and HSW
C (tFM, tAFM) based

on Eq. (13) emphasizes the validity of the direct connection
between the SW approach and the presented analytic expres-
sions of the EB shift and the coercivity.

V. CONCLUSION

We conducted a systematic investigation of the ferromag-
netic (FM) as well as the antiferromagnetic (AFM) thickness
dependence of the exchange bias (EB) shift and the coer-
cive field of the prototypical polycrystalline AFM/FM-bilayer
IrMn(tAFM)/CoFe(tFM). Thickness-dependent relations, fur-
ther depending on the conditions of observation and the
parameters characterizing the AFM grain volume distribution
(GVD), are introduced and validated by the comparison with
simulations based on an extended time-dependent Stoner-
Wohlfarth (SW) ansatz. These are proved to interlink the
averaged microscopic material parameters with averaged
macroscopic magnetic quantities, representing an adequate
tool to check for the equality of the magnetically effective
AFM GVD and the structural AFM GVD.

In contrast to the average structural AFM grain radius
(7.0 ± 0.3) nm, experimentally determined by atomic force
microscopy, fits to the measured tAFM-dependent EB shift and
coercive field gave rise to a significantly smaller value of
(3.0 ± 0.6) nm. This indicates that the grains’ AFM order
extends only over (18 ± 8)% of the structural volume, which
is hypothesized to be correlated to volume defects within the
individual AFM grains.

For the investigated system, the microscopic coupling con-
stant could be determined to be JEB = (2.3 ± 1.7) × 10−4

J/m2 by fitting tAFM-dependent relations of the EB shift
and the coercive field to thickness-dependent experimental
data, whereas fits based on the time-dependent SW ansatz

yielded JEB = (2.17 ± 0.06) × 10−4 J/m2. Furthermore, the
timescale of observation for measurements at room temper-
ature could be reproduced, and the timescale below which
thermally unstable AFM grains exhibit superparamagnetic
behavior could be estimated to be τI/II = (2 ± 2) × 10−9 s.
Introducing the AFM layer’s deposition rate as an additional
parameter alongside its thickness allowed for a systematic
study of the EB shift and the coercive field depending on the
average aspect ratio of AFM grains. The extracted averaged
microscopic parameters as functions of the deposition rate are
in agreement with the utilized model description.

Successfully interlinking analytic expressions describing
|HEB(tFM, tAFM)| and HC(tFM, tAFM) with averaged micro-
scopic material parameters in the context of a generalized
model emphasizes the consistency of the latter. The presented
overall macroscopic approach for the description of polycrys-
talline EB bilayers depending on their microstructure repre-
sents a showcase example for the modeling of polycrystalline
systems in general and especially more complex heterostruc-
tures composed of systems similar to the ones investigated.
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APPENDIX: FIT SCENARIOS

In this paper, different fits are performed, which are listed
in Table III. For each individual scenario, the fit function, the
data to be fitted, and the extractable parameters are given.

Fit scenarios A and B represent relations based on Eqs. (10)
and (11) introduced in Sec. III C fitted to experimentally de-
termined |H exp

EB (tFM)| and H exp
C (tFM) for fixed tAFM, whereas

fit scenario C is connected to the same equations, which
are, however, fitted to |H exp

EB (tAFM)| and H exp
C (tAFM) for fixed

tFM. Fit scenario SW describes the fit of angular-resolved
model calculations HSW

EB/C(ϕ) to H exp
EB/C(ϕ) by minimiza-

tion of Eq. (13) representative for the time-dependent SW
ansatz introduced in Sec. III D, aiming for the quantita-
tive determination of model parameters. Fit scenarios P
and J are tAFM-dependent fits of Eqs. (8), (9), and (12)
to p(tAFM), pIII(tAFM) = 1 − pII(tAFM), and Jeff (tAFM) ob-
tained by fit scenario SW. Fit scenarios AC, PC, and CC
are tFM- and tAFM-dependent fits of Eqs. (10), (11), (8),
and (9) to |HSW

EB (tFM, tAFM)|, HSW
C (tFM, tAFM), pSW(tAFM), and

pSW
III (tAFM) = 1 − pII(tAFM) obtained by model calculations

based on the time-dependent SW ansatz given by Eq. (13)
and the calculation of the AFM GVD for a specific set of
input parameters (Table II). These fit scenarios are variations
of fit scenarios A, P, and C as they are performed for the
cross-check between the extended phenomenological rela-
tions introduced in Sec. III C and the time-dependent SW
ansatz explained in Sec. III D.
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TABLE III. Overview of the different fit scenarios referred to in this paper. For each case it is displayed which fit functions with the
respective dependencies are used, to which type of data they are fitted, and which fit parameters are extracted. Fit scenarios A, B, C, AC,
and CC are based on Eqs. (10) and (11). Fit scenarios P and PC are connected to Eqs. (8) and (9), while fit scenario J is based on Eq. (12).
Fit scenario SW represents the fit of model calculations, using the extended time-dependent SW ansatz based on Eq. (13) and introduced in
Sec. III D, to experimentally determined angular-resolved data.
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[34] D. Nečas and P. Klapetek, Cent. Eur. J. Phys. 10, 181 (2012).
[35] F. Radu, A. Westphalen, K. Theis-Bröhl, and H. Zabel, J. Phys.:

Condens. Matter 18, L29 (2006).
[36] M. Merkel, R. Huhnstock, M. Reginka, M. Vogel, A.

Ehresmann, H. Glowinski, and P. Kuswik, Phys. Rev. B 104,
214406 (2021).

[37] G. Vallejo-Fernandez, L. E. Fernandez-Outon, and K. O’Grady,
Appl. Phys. Lett. 91, 212503 (2007).
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