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A significant exchange bias (EB) training effect has been observed in sputter deposited FeAu/FeNi bilayers, wherein
the exchange field (HE) exhibits a special sign-changeable temperature dependence. Very interestingly, despite the absence
of multiple easy axes in the FeAu spin glass (SG) layer, HE drops abruptly between the first and second magnetic cycles,
which is followed by a more gradual continuous change in the subsequent cycles. This training behavior cannot be described
by the empirical n−1/2 law because of the asymmetric magnetization reversal processes. We propose modifying Binek’s
model to include the asymmetric changes of the pinning SG spins at the descending and ascending branches. This new
model successfully describes the EB training effect in FeAu/FeNi bilayers.
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1. Introduction
The exchange bias (EB) training effect in ferromag-

netic/antiferromagnetic (FM/AFM) bilayers (i.e. reductions of
both exchange field (HE) and coercivity (HC) during consecu-
tive magnetic hysteresis (M–H) loop measurements) has been
studied extensively because understanding the phenomenon is
a critical part of understanding the intricate physics of EB, and
in turn, improving the performance of spintronic devices.[1–12]

However, the training effect has not been well understood so
far. Thermally driven switching of uncompensated AFM spins
leads to gradual reduction of EB.[6,10,13] For many bilayers,
the exchange field has been found to obey the empirical n−1/2

law. Accordingly, a phenomenological model was proposed
based on non-equilibrium thermodynamics by Binek.[10] For
some bilayers, however, the pattern if the thermal training ef-
fect cannot be explained either by the well-known empirical
n−1/2 law[14,15] or by the Binek’s model. The discrepancy
arises from the experimental strategy. Such studies are usu-
ally focused on the cycle number (n) dependence of HE and
HC. For exchange biased bilayers, however, the changes of the
coercive fields during consecutive M–H loop measurements
may be asymmetric, depending on the magnetization reversal
mechanism. It is more revealing to study the n dependence of
the coercive fields instead of HE and HC.

In reports of the athermal effect, the exchange field and
coercivity often drop abruptly between the first and second cy-

cles. Since the AFM layers have biaxial anisotropy for most
exchange biased systems, the athermal effect was initially ex-
plained as a result of AFM spin flop between the multiple easy
axes during FM magnetization reversal.[11] Surprisingly, how-
ever, it may also come from other sources such as the exchange
and dipolar coupling and the spin clusters at the interface, in-
stead of biaxial magnetic anisotropy.[16,17] This discrepancy
may arise from the definition of the athermal effect. Indeed,
the abrupt change of the exchange field between n = 1 and 2
does not obey the empirical n−1/2 law. Hence, the athermal
training effect was proposed. However, as pointed out above,
the empirical law does not consider the asymmetric changes
of the coercive fields of two branches during the training ef-
fect. Therefore, the definition of the athermal effect may not
be sufficiently rigorous. In order to reveal the mechanism of
the training effect, a pinning layer without biaxial magnetic
anisotropy should be employed.

Recently, Mannan Ali et al.[18] and Fu-Te Yuan et
al.[19] demonstrated independently that EB can also be es-
tablished by including spin glass (SG) layers. Note that in
such totally magnetic-disordered materials, exclusively uniax-
ial anisotropy can be established after field cooling,[20] and
this allows us to study the training mechanism in the absence
of biaxial magnetic anisotropy. In this work, we present a
detailed study of the thermal training effect that employed
FeAu(SG)/FeNi(FM) bilayers. The behavior of the exchange
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field cannot be adequately explained by the n−1/2 law, even
when n ≥ 2. After considering the fact that magnetization
along the descending and ascending branches behaves quite
asymmetrically, we propose a modified Binek’s model[10] to
incorporate the evolution of pinning spins at the ascending
and descending branches and use the coercive field to quan-
tify the training effect. Both the continuous, gradual change
when n ≥ 2, and the abrupt change between n = 1 and 2 can
be explained by the modified model.

2. Experimental
A series of multilayers with a stacking sequence of

Ta(4 nm)/FexAu(100−x)(t nm)/FeNi(5 nm)/Ta(2 nm) were de-
posited on silicon wafers by DC magnetron sputtering at room
temperature, where x denotes the composition of Fe and varies
from 3.5 at.% to 13.5 at.%. The FeAu layer thickness t varies
from 5 nm to 50 nm. FeNi represents the Fe19Ni81 being used
as the ferromagnetic layer. A 4-nm Ta buffer layer was de-
posited to promote the SG/FM morphology and a 2-nm Ta
capping layer was deposited to prevent oxidation of the sam-
ples. The FeAu layers were made by co-sputtering with tilted
iron and gold guns. The thickness of the FeNi layer was
fixed at 5 nm for all multilayers. Another series of single
FexAu(100−x) layers was deposited on Kapton substrates as ref-
erence samples for low temperature spin glass characteriza-
tion using zero-field-cooled (ZFC) and field-cooled (FC) M–
T measurements. The base pressure for sputtering was bet-
ter than 7.0×10−6 Pa and the working Ar pressure was kept
at 0.3 Pa during film deposition. Chemical composition of
the FeAu layer was characterized by energy dispersive X-ray
spectroscopy (EDX). Magnetic measurements were performed
in a SQUID-VSM (Quantum Design) with the M–H loops
measured with an applied magnetic field (in the range from
−5 kOe to 5 kOe, the unit 1 Oe = 7.5775 A·m−1) parallel to
the film plane after field cooling. In order to obtain accurate
values of HE and HC, care was taken to ensure that the residual
magnetic field was smaller than 3 Oe.

3. Results and discussion
Figure 1 shows the temperature dependence of HE and HC

for a Ta(4 nm)/Fe11Au89(50 nm)/FeNi(5 nm)/Ta(2 nm) sam-
ple, which has been cooled from 300 K to 2 K under a mag-
netic field of 50 kOe. The inset displays the ZFC and FC M–
T curves from the reference Fe11Au89 film measured with a
50-Oe magnetic field from 5 K to 300 K. Typical spin glass
behavior can be observed with a TF of about 30 K. Since the
EB training effect in our samples still existed when n > 10,
all of the samples were trained to a relatively stable state be-
fore determining the HE and HC values at each temperature.
In Fig. 1, HE shows a clear sign change near 4 K and HE and

HC show very similar peaks around 7 K, which are typical fea-
tures for exchange-biased SG/FM bilayers.[18] This particular
sample has a maximum positive HE of about 18 Oe, which
is much larger in magnitude than any previously reported re-
sults. (Maximum HE is normally less than 10 Oe, even when
the FM layer is only 2.2 nm, as described in Ref. [18].) This
may be due to the cooling field of 50 kOe used in the current
experiment, which is much stronger than those (≤ 5 kOe) re-
ported before.[18,19] Our recent studies show that both HE and
HC are significantly influenced by the cooling field, but that is
not the main subject of this work and so it will be discussed
elsewhere.[21]
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Fig. 1. (color online) Temperature dependences of HE (a) and HC (b) for
a Ta(4 nm)/Fe11Au89(50 nm)/FeNi(5 nm)/Ta(2 nm) sample measured
between T = 2 K and 20 K. The inset compares the zero-field-cooled
(ZFC) and the field-cooled (FC) M–T curves of a 50-nm Fe11Au89 sin-
gle layered film.

For the current FeAu/FeNi sample, the magnitude of HE

decreases and vanishes at about 16 K, which can be regarded
as the exchange bias blocking temperature TB. This value
is only about one half of TF, which is much lower than the
TB of conventional FM/AFM bilayers, that is often just a lit-
tle lower than the AFM Néel temperature TN. The abnor-
mal sign-change temperature dependence of HE can be ex-
plained by the competition between the long range oscilla-
tory RKKY coupling of the spins located deep inside the SG
layer and short range direct coupling of those spins close to
the interface.[18,19] In contrast, the exchange bias is merely
an interfacial effect and the sign of HE can hardly change in
response to temperature variations in conventional FM/AFM
bilayers.[22]
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Fig. 2. (color online) The M–H loops measured in a
Ta(4 nm)/Fe11Au89(50 nm)/FeNi(5 nm)/Ta(2 nm) sample at T =
2 K at cycle n = 1, 2, 10, 20 (a). The cycle number dependencies
of HC1 and HC2 (b), HE (c), and Mpin (d). The dots and the lines
in panels (b) and (c) represent the experimental and fitted results,
respectively.

Training behavior is usually characterized by the changes
in HE and HC versus the magnetic cycle number n. Figure 2(a)
illustrates the evolution of the M–H loops with n = 1, 2, 10,
and 20 for the same sample used to obtain Fig. 1. During the
consecutive M–H loop measurements, the M–H loop shrinks
from both sides and meanwhile the absolute value of HC1

decreases much faster than HC2, indicating that the training
behavior at the descending and ascending branches is quite
asymmetric. The measured n dependence of HE is summarized
in Fig. 2(c). A significant drop in HE between n = 1 and n = 2
can be seen, and the training effect remains strong when n≥ 2.
This differs from the results reported earlier.[18,23] Due to the
long-range RKKY interaction in SG/FM bilayers, the pinning
spins coupled to the FM layer may extend into the entire SG
layer, which may be probed by an ordinary magnetometer. In
EB systems, there can be a vertical shift in the M–H loops,
which results in a difference in the magnitude of saturation
magnetization along the cooling field direction (M+

S ) and op-
posite to it (M−S ). The nonzero value of M+

S +M−S is usually
defined as Mpin.[24] In this present work, M+

S and M−S are the
magnetization measured at 5 kOe and −5 kOe, respectively.
Although Mpin is not a direct measurement of the pinning mag-
netization in the SG layer, they are closely correlated. The

measured n dependence of Mpin is shown in Fig. 2(d), where it
can be seen that it follows the same trend as HE. This further
confirms that the training effect in this SG/FM bilayer origi-
nates from the evolution of the pinning SG spins.

We now turn to considering the mechanism of the EB
training effect in the SG/FM bilayer. As we mentioned pre-
viously, the SG layer by itself is totally magnetic-disordered,
so a uniaxial anisotropy can be induced along the field direc-
tion after field cooling,[20] and, hence, the Hoffmann mech-
anism based on the existence of biaxial magnetic anisotropy
can be excluded, although a similar significant drop of HE is
observed between the first two cycles. On the other hand, it
is widely accepted that the empirical n−1/2 law can serve to
describe the thermally activated training effect in FM/AFM
bilayer systems, and a phenomenological origin has been pro-
vided in Binek’s approach under the framework of nonequilib-
rium thermodynamics.[10] Very surprisingly, however, the ex-
perimental results obtained here cannot be fitted well by the
n−1/2 law of HE, regardless of whether the first data point
(n = 1) is included, as shown by the blue dashed and solid
lines in Fig. 2(c). In our understanding, the n−1/2 law was de-
duced without considering the symmetry of the training effect
in the ascending and descending branches. In order to get deep
insight of the EB training mechanism in a SG/FM bilayer, the
asymmetric dependence of HC1 and HC2 on the cycle number
should be considered.

To reveal the phenomenological origin of the EB train-
ing effect in such SG/FM bilayers, we propose a modifica-
tion of Binek’s model.[10] Within the framework of this model,
we suppose that the EB training effect is essentially generated
from the evolution of the pinning SG spins that interact with
the FM layer during magnetic cycles. Therefore, the time-
dependent pinning SG spins under the influence of alternat-
ing FM moment are considered first. Then, a spin glass state
with a uniaxial anisotropic axis along the cooling field direc-
tion (with an anisotropic energy of KSG) is assumed to exist as
a cooperative and collective phase below TF.[20] In this model,
the uniaxial anisotropy for the soft FM layer is neglected for
simplicity. Based on these considerations, the energy per unit
area of the SG/FM system can be written as:[25]

Etotal = −µ0HMFMtFM cos(−β )+KSGtSG sin2(β )

−JRKKYSFMSSG(t)cos(β ), (1)

where H is the external magnetic field parallel to the cooling
field direction, MFM is FM’s saturation magnetization, tFM and
tSG are the thicknesses of the FM layer and the SG layer, re-
spectively, β is the angle between the external magnetic field
and the FM moment, JRKKY defines the exchange coupling
strength between the spins in the FM layer, which have a mag-
netization of SFM, and the spins in SG layer, which have a
magnetization of SSG(t). It should be emphasized here that
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the SG spins that interact with the FM spins are not stable dur-
ing the M–H loop measurements, which is the very reason for
the training effect observed in this experiment. The values of
HC1 and HC2 of the n-th M–H loop obtained from the energy
minimum condition are

HC1 (n) =−
2KSGtSG

µ0MFMtFM
− JRKKYSFM

µ0MFMtFM
Sd

SG (n) ,

HC2 (n) =
2KSGtSG

µ0MFMtFM
− JRKKYSFM

µ0MFMtFM
Sa

SG (n) . (2)

Here, Sa
SG (n) and Sd

SG (n) are the pinning SG magnetization
at HC1(n) and HC2(n), respectively. Obviously, HC1(n) and
HC2(n) depend linearly on Sd

SG (n) and Sa
SG (n), respectively.

Thus, defined as

HE (n) =
HC1 (n)+HC2 (n)

2

and

HC (n) =
−HC1 (n)+HC2 (n)

2
,

the expressions for HE and HC of the n-th M–H loop can also
be obtained. Although the above equations (1) and (2) reveal
the relationship between the pinning SG magnetization and HE

or HC during the training process, it remains unclear exactly
how the pinning SG magnetization will change with the cycle
number n.

Binek[10] proposed a simple analytic approach to describe
the exchange bias training effect by considering the damping
of AFM interfacial magnetization in FM/AFM bilayers, which
is utilized here in describing the SG/FM bilayer simply by re-
placing the magnetization of AFM spins with SG spins. Be-
cause the M–H loops were measured continuously in our ex-
periment, the time interval ∆t between each loop can be ne-
glected. Therefore, the time-dependent pinning SG magneti-
zation can be expressed as SSG(t) for the measurement. With
the final equilibrium pinning SG magnetization after training
defined as SSG(∞), the change of pinning SG magnetization
δSSG(t) can be defined as SSG(t)–SSG(∞) and the change of
total free energy F according to Eq. (2) in Ref. [10] can be
rewritten as

∆F =
1
2

aδS2
SG (t)+

1
4

bδS4
SG (t)+O

(
δS6

SG (t)
)
. (3)

Following a procedure similar to the one described
in Ref. [10], the evolution of pinning SG magnetization
ξ ṠSG (t) = −bδS3

SG (t) = −b(SSG (t)−SSG (∞))3 can be ob-
tained using the Landau–Khalatinikov (LK) equation:

ξ ṠSG (t) =− ∂∆F
∂SSG (t)

,

where ξ is a phenomenological damping constant. Thus, after
integration, we can get the expression for SSG(t) as follows:

SSG (t) = SSG (∞)±
√

ξ

2b
(t + t0)

−1/2 . (4)

Here, t0 comes from the integration, representing the ini-
tial state of the system. The signs “+” and “−” reflect the
amount that SSG decreased or increased, respectively. How the
sign is determined will be described below. Because the time
interval τ required for each loop is the same, t in Eq. (4) is
proportional to n; that is, t = nτ . Therefore, the cycle number
dependence of SSG(n) can be described as

SSG (n) = SSG (∞)±
√

ξ

2bτ
(n+n0)

−1/2
. (5)

Like t0 in Eq. (4), n0 is also related to the initial state of
the system. The above treatment of discretizing the pinning
SG magnetization is the biggest advantage of our model and
also the largest difference from Binek’s model in Ref. [10].
This treatment enables us to quantify the evolution of the
pinning SG magnetization at any position of the M–H loop.
Hence, for the position of the coercive field at the descending
or ascending branch, equation (5) can be rewritten as

Sd(a)
SG (n) = Sd(a)

SG (∞)±

√
ξ d(a)

2bτ

(
n+nd(a)

0

)−1/2
,

where ξ d(a) are the damping constants for Sd(a)
SG (n). Then,

plugging the expression for Sd(a)
SG (n) into Eq. (2), the n depen-

dence of HC1 and HC2 can be described as

HC1(2) (n) = HC1(2) (∞)+ k1(2)

(
n+n1(2)

0

)−1/2
. (6)

Here,

HC1 (∞) =− 2KSGtSG

µ0MFMtFM
− JRKKYSFM

µ0MFMtFM
Sd

SG (∞)

and

HC2 (∞) =
2KSGtSG

µ0MFMtFM
− JRKKYSFM

µ0MFMtFM
Sa

SG (∞) ,

and they both represent coercive fields within the limit of infi-
nite loops; n1

0 and n2
0 denote the initial states for the descending

and ascending branches respectively; that is,

k1 =∓
JRKKYSFM

µ0MFMtFM

√
ξ d

2bτ

and

k2 =∓
JRKKYSFM

µ0MFMtFM

√
ξ a

2bτ
.

By fitting the experimental n dependences of HC1 and HC2

by Eq. (6), one can acquire both the quantity and the sign
of k. Note that positive (negative) k means the amount of
SSG has increased (decreased). According to Eq. (6) and HE

= (HC1 +HC2)/2, one can clearly see that if n1
0 6= n2

0 and/or
k1 6= k2, HC1 and HC2 will change asymmetrically with n and
the empirical n−1/2 law does not hold.

107502-4



Chin. Phys. B Vol. 23, No. 10 (2014) 107502

To test the validity of the above model, fitting calcula-
tions were carried out. Figure 2(b) compares the experimental
and calculated results of HC1 and HC2 as a function of n at
T = 2 K for the same sample shown in Fig. 1, where a per-
fect fit described by Eq. (6) can be obtained. Moreover, the n
dependence of the fitted HE can also be calculated according
to HE = (HC1 +HC2)/2. As indicated by the red solid line in
Fig. 2(c), it also agrees perfectly with the experimental results.
Of course, because HC = (−HC1 +HC2)/2, the n dependence
of HC can also be perfectly fitted. The corresponding fitting
parameters for HC1, HC2 are listed in Table 1, in which one can
clearly see that k1 is negative and k2 is positive, and the abso-

lute value of k1 is larger than that of k2. As mentioned above, a

negative k1 means that SSG decreased and thus caused the de-

scending curve to shift rightward, while a positive k2 denotes

an increase of SSG and the ascending curve shifting leftward.

Therefore, the M–H loop shrinks from both sides with the cy-

cles, agreeing well with experimental observations. On the

other hand, since |k| ∝
√

ξ , one has ξ d > ξ a, which agrees

with the commonly observed asymmetry of the M–H loops

in exchange-biased systems. Moreover, since the parameter ξ

depicts the damping rate of SSG during the magnetic cycles, it

is easy to understand that |HC1| drops faster than |HC2|.

Table 1. Fitting parameters obtained from Eq. (6) for HC1, HC2 for a Ta(4 nm)/Fe11Au89(50 nm)/FeNi(5 nm)/Ta(2 nm)
sample and a Ta(4 nm)/Fe8Au92(50 nm)/FeNi(5 nm)/Ta(2 nm) sample measured at 2 K.

HC1(∞)/Oe HC2(∞)/Oe k1/Oe k2/Oe n1
0 n2

0

Fe11Au89/FeNi –155.2 113.3 –118.6 91.1 –0.6 –0.1
Fe8Au92/FeNi –104.5 50.8 –61.5 77.0 –0.8 –0.4

In order to convey an intuitive understanding of the reason
for the EB training effect in the SG/FM bilayers, a schematic
diagram is presented in Fig. 3, which illustrates the evolu-
tion of the pinning SG magnetization at the descending branch
(Sd

SG) and the ascending branch (Sa
SG) for two consecutive M–

H loops. Before going further, two important issues need to
be addressed. First, the reversal of the FM layer magneti-
zation is the key factor that triggers the evolution of pinning
SG magnetization. Second, during an M–H loop measure-
ment, the decrease of pinning SG magnetization when the
FM moment is antiparallel to the pinning direction is larger
than the increase when the FM moment is parallel, which
is similar to the FM/AFM systems described by LLG equa-
tion in Ref. [26]. Therefore, as shown clearly in Fig. 3(b),
after the M–H loop changes from n-th to (n+ 1)-th, the in-
equation ∆Sd

SG = Sd
SG (n+1)− Sd

SG (n) < 0 is satisfied, which
implies a decrease of pinning SG magnetization at the de-
scending branch. Meanwhile, another inequation ∆Sa

SG =

Sa
SG (n+1)− Sa

SG (n) > 0 implies an increase in pinning SG
magnetization at the ascending branch. This is why k1 (k2) is
always negative (positive), and thus shrinkage from both sides
in the M–H loop is observed. However, the difference be-
tween ∆Sd

SG and ∆Sa
SG depends mainly on the absolute values

of k because |k| ∝
√

ξ . For the sample displayed in Fig. 2,
since |k1|> |k2|, |∆Sd

SG| is larger than |∆Sa
SG|.

A much more surprising training effect has
been observed at 2 K in another sample, that is,
Ta(4 nm)/Fe8Au92(50 nm)/FeNi(5 nm)/Ta(2 nm), after being
cooled from 300 K to 2 K under a 70-kOe magnetic field. As
shown in Fig. 4(a), although the M–H loop still shrinks from
both sides in consecutive measurements (not shown here) and

HE also decreases dramatically from n = 1 to n = 2, HE in-
creases a little during the subsequent training process. This
non-monotonic variation of HE with n has never been ob-
served in conventional FM/AFM bilayers and certainly cannot
be fitted by the empirical n−1/2 law. Surprisingly, this ab-
normal training effect can be perfectly fitted by Eq. (6), as
shown in Figs. 4(a) and 4(b), and the fitting parameters are
listed in Table 1. In comparison with the sample shown in
Fig. 2, although the sign of k1 or k2 remains unchanged, the
absolute value of k1 becomes smaller than that of k2, leading
to an increase of HE for n > 2. The quite significant differ-
ence of EB training behavior may result from the different
spin configurations in the FeAu layer at various Fe concen-
trations. Note that in some newly developed SG-induced EB
systems, such as BiFeO3–Bi2Fe4O9 nanocomposite,[15] Fe–
Ni–B nanostructures,[27] and BiFeO3/NiFe bilayers,[28] the
training behavior can all be fitted well by Eq. (6).

(a)

(b)

M

SSG

DSSG

DSSG
a

d

n th

↼n⇁↽ th

Fig. 3. (color online) Schematic illustrations of M–H loops of cycle
number n and n+1 (a) and the pinning SG magnetizations at the coer-
cive fields of the M–H loops (b).
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Fig. 4. (color online) Cycle number dependence of HE (a), HC1 and HC2
(b) for a Ta(4 nm)/Fe8Au92(50 nm)/FeNi(5 nm)/Ta(2 nm) sample. The
dots and lines represent the experimental and fitted results, respectively.

4. Conclusions

In conclusion, the EB training effect in the
FeAu(SG)/FeNi(FM) bilayers has been investigated both ex-
perimentally and theoretically. With increasing temperature,
a sign-changeable temperature dependence of HE can be ob-
served, which is due to competition between the long range
oscillatory RKKY coupling of the spins inside the SG layer
and short range direct coupling from those spins close to the
interface. In addition to the gradual change of EB, there is an
abrupt change of the exchange field between n = 1 and 2, de-
spite the absence of biaxial anisotropy in the spin glass layer.
This abnormal training effect cannot be adequately described
by the empirical n−1/2 law. After considering the asymmetric
evolution of pinning SG spins at the descending and ascend-
ing branches, both the abrupt change of the EB between n = 1
and 2, and the continuous, gradual change when n ≥ 2 can

be explained within the framework of the Binek’s model. We
believe that this modified model will also be found to hold for
the EB training effect in FM/AFM bilayers.
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[9] Keller J, Miltényi P, Beschoten B, Güntherodt G, Nowak U and Usadel

K D 2002 Phys. Rev. B 66 014431
[10] Binek C 2004 Phys. Rev. B 70 014421
[11] Hoffmann A 2004 Phys. Rev. Lett. 93 097203
[12] Qiu X P, Yang D Z, Zhou S M, Chantrell R, O’Grady K, Nowak U, Du

J, Bai X J and Sun L 2008 Phys. Rev. Lett. 101 147207
[13] Fulara H, Chaudhary S and Kashyap S C 2012 Appl. Phys. Lett. 101

142408
[14] Shi Z, Qiu X P, Zhou S M, Bai X J and Du J 2008 Appl. Phys. Lett. 93

222504
[15] Maity T, Goswami S, Bhattacharya D and Roy S 2013 Phys. Rev. Lett.

110 107201
[16] Harres A and Geshev J 2011 J. Phys.: Condens. Matter 23 216003
[17] Kaeswurm B and O’Grady K 2011 Appl. Phys. Lett. 99 222508
[18] Ali M, Adie P, Marrows C H, Greig D, Hickey B J and Stamps R L

2007 Nat. Mater. 6 70
[19] Yuan F T, Lin J K, Yao Y D and Lee S F 2010 Appl. Phys. Lett. 96

162502
[20] Mydosh J A 1993 Spin Glasses: An Experimental Introduction (Lon-

don, Washington, DC: Taylor & Francis Press) p. 105
[21] Rui W B, Hu Y, Du A, You B, Xiao M W, Zhang W, Zhou S M and Du

J (unpublished)
[22] Nogués J and Schuller I K 1999 J. Magn. Magn. Mater. 192 203
[23] Yuan F T, Yao Y D, Lee S F and Hsu J H 2011 J. Appl. Phys. 109

07E148
[24] Ohldag H, Scholl A, Nolting F, Arenholz E, Maat S, Young A T, Carey
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