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The training effect and the evolution of magnetic domain during the magnetization irreversible process of Fe thin
film which exhibits exchange bias after F-ion implantation have been studied. Kerr microscopy measurements
were carried out at different temperatures of the exchange bias F-implanted Fe thin film after the field-cooling
from room temperature. With increasing anti-ferromagnetic (AFM) FeF; layer thickness, the value of exchange
bias increases and the training effect becomes weaker. Temperature-dependent study of exchange bias field

indicates that with increasing F-ion fluences the disorder decreases at the Fe/FeF; interface. Specimen of higher
ion-fluence indicates a behavior that is changing from non-equilibrium state to equilibrium state and behavior of
training effect is suggesting step-like.

1. Introduction

Exchange bias (EB) phenomena was discovered in 1956 and since
then EB is studied in many systems to explore theoretical and experi-
mental analysis to use this phenomenon in various magnetic applica-
tions [1]. Exchange bias field is the shifting of hysteresis loop along the
magnetic field axis when ferromagnetic (FM) and anti-ferromagnetic
(AFM) layers are coupled and field cooled below the Néel temperature
of AFM [1]. EB effect has potential applications in devices like giant
magneto-resistance, tunnel Magneto-resistance, magnetic sensors,
spin-valve devices and electrically controllable spin-polarized currents
[2-5]. To understand the effect of FM-AFM interface on the EB, several
experiments have been performed. The experimental observation of EB
phenomena has been understood by different theoretical models:
Meiklejohn-Bean model, Malozemoff random field model, domain state
model, Mauri model, spin glass model, etc [6-8]. An important feature
of EB is the training effect, in which one can observe a decrease of EB
field value as a function of the repeated number of hysteresis loops (n)
measured at the same temperature in similar conditions. Aging phe-
nomena of exchange bias determines the stability of the exchange bias
that is known by the training effect. It is inversely dependent on FM
layer thickness and interface structure, etc [9-11]. The effect has
attracted scientists equally from the experimental and theoretical points
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of view. Radu et al. observed the magnetic reversible by polarized
neutron reflectivity in Co/CoO while studying the training effect [12].
They observed that the change in the value of Hgg with increasing n, is
very well fitted with the power law. However, in some cases the value of
Hgp at n = 1 is not reproducible using power-law particularly when
higher value of Hgp has been observed in the hysteresis loop measure-
ment [13]. This phenomenon is known as thermal and athermal training
effects [13-16]. Thermal training effect comes into the picture when
thermally activated continuing relaxation of frozen AFM moments has
occurred in every hysteresis loop which follows the power-law variation
for n > 1. Athermal training effect arises because of the reorientation of
the AFM interface layer, which is in a metastable state. The metastable
state arises due to the field cooling of the specimen [17-19]. Ion im-
plantation is a suitable technique to tailor the properties of a thin film in
the desired manner. By controlling ion species, its energy and the flu-
ence, one can achieve the desired variation. Hence, it has been utilized
for a variety of phenomena such as erosion, radiation damage, surfa-
ce/interface mixing etc [20-22].

In the present work, the magnetization reversible process and the
training effect of Fe thin film after F-ion implantation with different
fluencies have been investigated by observing the change in the FM layer
domain image as a function of successive M — H hysteresis loop mea-
surements using Kerr microscopy. F implantation converts a thin layer in
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the center of Fe layer into FeF, which is antiferromagnetic at room
temperature. Fe(FM)/FeFo(AFM) is a well known system to understand
the EB phenomenon and it is an ideal system to understand the aging
effect.

2. Experimental details

The Al(2 nm)/Fe(30 nm)/Fe>’(10 nm)/Fe(30 nm)/substrate film
was deposited using ion-beam sputtering technique on Si (100) sub-
strates. Al on the top of the surface has been used as a protective layer.
Ultrasonic cleaning with acetone has been used to clean the Si (100)
substrates before deposition. For the sputtering, the Argon ion beam has
been used and the deposition rate was 3 nm/min. Before deposition of
the film, the vacuum in the chamber was 1.6 x 10~ mBar. In order to
form an iron fluoride layer in the center of the iron layer, different pieces
of the film were implanted with 35 keV Fluorine ions with two different
ion fluences, 5 x 10'° ions/cm? and 1 x 107 ions/cm? It has been
performed using IONAS accelerator, University of Gottingen, Germany.
We have chosen this ion energy so that the maximum ions are deposited
at the center to form FeF, at the middle of the film [23] to achieve
FM/AFM/FM structure. The longitudinal magneto-optical Kerr effect
(MOKE) measurements have been done at room temperature. The EB
behavior and magnetic domain structure have been obtained in the
temperature range from 300 to 10 K by MOKE microscope (M/s Evico
Magnetics, Germany). The M — H hysteresis loops have been obtained
simultaneously by deriving the magnetization signal from the average
domain image intensity.
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3. Results and discussion

Grazing incident X-ray diffraction (GIXRD) measurements have been
performed to get structure phase information of the thin film before and
after ion implantation. Fe layer is in nanocrystalline bce phase. After F*
ion implantation, the crystalline size is reduced. (XRD data not shown).

(i) Training effect studies

To understand the training behavior of the implanted films, two
samples in which we have observed maximum EB namely 5 x 10'® ions/
em? and 1 x 107 jons/cm?, were field cooled to 50 K from room tem-
perature in presence of the magnetic field of £100 mT. To freeze the FM
spins, the magnetic field has been applied along the easy axis of
magnetization of the FM layer. Fig. 1(a,c) gives the M — H data of 5 x
10 F-ions/cm? and 1 x 107 F-ions/cm? specimens measured at 50 K
after field cooling. The observed Hgg as a function of loop cycle number
(n) along with hysteresis loops is depicted in Fig. 1(b,d) for both the
specimens. The change in the value of Hgg with the loop number of
irradiated films has been fitted by the empirical power law [15]:

a
Hgp(n) = Hgp(co) er (€]
where «a is an experimental constant and from the fitting, we obtained
the value of Hgg(). The fit of the experimental Hgp value as a function
of a number of loops with the above eq. (1) have been given in Fig. 1.
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Fig. 1. The hysteresis loops with different cycles and corresponding variation Hgy versus n fitted with different models.
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1 for both the ion irradiated specimens.

To get a deeper explanation about the training behavior, the Hgp
behavior has been fitted by the Binek model [13] given by the following
relation:

Hyg(n+1) — Hpy(n) = — y[Hgs(n) — Hpy(co)]’ @

where Hgg(oo) and y are the two fitting parameters. The steepness
parameter (C) and characteristic decay rate y can be defined as the
following:

_ Hgg(n=1) — Hgg(n = 2)
C_ HEE(n = 1) 7HEB(OO)

3

y= < . “

[Hep(n = 1) — Hpp(o0)]

From the fitted graph shown in Fig. 1 clearly suggest that the data
including n = 1 has been comparatively better fitted with Binek model.
The values of the fitted parameters are shown in Table 1.

The fitted values of C and y give indication about the training
behavior of the exchange bias film. A large value of y implies that the
deviation from the equilibrium state to the non-equilibrium state are
higher and vice versa. In addition, the increasing value of C with ion
fluence (from Table 1) indicates that the strength of the training effect
becomes weaker. Usually, C = 1 resembles step-like behavior, while the
obtained value of C < 1 causes to show gradual behavior of Hgp versus n.
The value of C is increasing as a function of ion fluence indicating the
gradual behavior of Hgp versus n change into step-like behavior for 1 x
10'7 jons/cm?.

Perusal of Fig. 1 indicates that the relative EB training [(H'gx- HOp)/
HIEX] x 100(%) is largest for the sample implanted with 5 x 10'® jons/
cm?. It suggests that the spins in the less well-structured formed FeF (i.
e., stoichiometric and non-stoichiometric) are more prone to reor-
ientation by the applied field during hysteresis cycle [24,25].

(II) Magnetic domain studies

We have measured the hysteresis loop of the as-deposited thin film in
longitudinal mode at room temperature and 9 K in presence of the
applied in-plane magnetic field of 100 mT. Fig. 2 displays symmetric M
— Hloop along with the corresponding Kerr images at specified places of
the as-deposited specimen. When the sample is saturated (—10 mT)
beyond the coercive field all spins are aligned in the direction of the field
and it is represented by white contrast (see image A). On decreasing the
field in the opposite direction at point B in the hysteresis loop, the spins
begin to reverse the domains by 180° symbolized by black contrast in
image (B). While decreasing the field in the opposite direction reverses
the domain by 180° completely as shown in images C and D. Image D (in
Fig. 2) gives only black contrast which suggests that all spins are satu-
rated in the negative field direction. Similar behavior has been observed
in the reverse cycle from images E to A.

Fig. 3 shows the magnetic domain structure obtained at 50 K of ion-
irradiated specimens close to the coercive field of ascending and
descending branches of M — H loop for increasing values of n. The
hysteresis loops of both the ion-irradiated specimens are symmetric for
n = 1 and domain structure are also the same for the specimens with the
ion fluence of 5 x 10'® ions/cm? and 1 x 107 ions/cm? While the

Table 1
Fitting parameter obtained from the eq™(1) and (2) for 5 x 10'® ions/cm? and 1
x 107 ions/cm? samples.

Sample Hgg(o0) y (mT~2) C
(mT)

5 x 10'° F- ions/cm? 2.50 1.21 0.277

1 x 10'7 F-ions/cm? 7.33 8.3 x 1072 0.467
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Fig. 2. Longitudinal MOKE hysteresis loop of the as-deposited film with cor-
responding domain image collected at indicated points from A-F on hysteresis
loop. The arrow shows the direction of magnetization.

domain structure of higher value of n is entirely different for 5 x 10°
ions/cm? sample. From Fig. 3(a), one can observe that for the nucleated
FM domains, the contrast of the domain has been increased with
increasing n for 5 x 10'%ons/cm? sample. The domain structure of the 5
x 10 jons/cm? sample is different along the descending and ascending
branches and it clearly reflects in the corresponding hysteresis loops. For
the 1 x 10"ions/cm? sample, the domain structure is the same along
both the branches (Fig. 3(b)). Usually, the initial loop would be asym-
metric and with training effect, the loop becomes symmetric [26]. But in
our case, we have observed different results for 5 x 10'°® ions/cm?
sample, which may be due to the inhomogeneous formation of FeFs.

(III) Temperature-dependent studies

Fig. 4 shows the variation of exchange bias with increasing tem-
perature for 5 x 101® and 1 x 107 ions/cm? samples after field cooling.
Perusal of Fig. 4, suggests that the behavior of both the films are iden-
tical while the magnitude of exchange bias is higher in the case of 1 x
10'7 jons/cm? due to higher degree of homogeneity in the formation of
FeF,. For both the specimens, exchange bias exists up to 70 K, which is
very close to the Néel temperature of FeFo(Ty = 78 K), it suggests that
anti-ferromagnetic anisotropy is responsible for the development of
exchange bias in the film. The value of Hgg is increasing with decreasing
temperature, it is due to strong coupling among most of the interfacial
spins, which leads to increase in the value of the exchange anisotropy.

Fig. 5 gives the temperature-dependent M — H hysteresis curve for
the 5 x 10'® jons/cm? and 1 x 107 ions/cm? specimens and corre-
sponding temperature variation of normalized [Hgp(T)/Hgp(T = 10 K)].
The temperature-dependent Hgg(T) has been fitted with the Malozemoff
model with improved correction of exponent [27].

HEB(T)/HEB(TzloK):B(1 7T£) 5)

B

where B is a fitting constant, Ty is blocking temperature and exponent v
will provide the information about the magnetic ordering of the AFM
layer [8].

The fitted values of the constant B and the exponent (v) are given in
Table 2. The exponent value (v) is close to unity indicates that the cubic
anisotropy of the AFM layer is present in the specimens and its variation
from the unity clearly suggests that the disorder is present in the AFM
layer [28].

The obtained values of Tp for the two samples are close to 70 K. The
exponent value (v) close to unity indicates the cubic anisotropy of the
AFM layer and its deviation from the value of unity suggests that the
disorder of the AFM layer is more [28]. The fitted values of exponent (v)
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Fig. 3. M — H hysteresis loop with number of loops (n) along with domain images captures for the ion-irradiated specimens with the ion -fluence (a) 5 x 10'%ions/
em?, (b) 1 x 10"7ions/cm? at 50 K for ascending(AS) and descending branches (DS) branches of the loop close to the coercivity.
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Fig. 4. Exchange bias value (Hgp) as a function of temperature for 5 x 10'6
ions/cm? and 1 x 107 jons/cm? of F-ion implanted specimens.
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are given in Table 2.

4. Conclusions

The training effect and the evolution of the magnetic domain during
the magnetization irreversible process have been studied at 50 K for F-
ion implanted specimens. Magnetic irreversibility has been observed
with training effect which is also confirmed by domain images from Kerr
microscopy. The value of y which is smaller for higher fluence specimen
indicates a behavior that is changing from non-equilibrium state to
equilibrium state. On the other hand, the increased value of C that is
giving the information of the behavior of training effect is suggesting
step-like behavior. For 1 x 10'7 F-ions/cm? sample, change in the ex-
change bias field after measuring the 6th cycle is 4.42% while in case of
5 x 10 F-ions/cm? is 27.32%. Remarkably, for the largest fluences, the
relative training becomes smaller than the one for the low fluence that
indicates suitability for device application. The temperature behavior of
the Hgp value for both the ion-fluences are identical while the Hgg value
for the specimen 1 x 10'7 jons/cm? is much higher.

We have also investigated the temperature dependence of Hgp for
both the specimens 5 x 10'® ions/cm? and 1 x 107 ions/cm?. The ex-
change bias field disappeared at ~70 K which is near to Néel tempera-
ture of FeFy(Ty = 78 K) indicating anti-ferromagnetic anisotropy is
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Fig. 5. (Left) Temperature-dependent M — H loops of 5 x 10'® ion/cm? after field cooling down to 10 K and corresponding results of best-fitting from Eq".5 similarly
(Right) temperature-dependent M — H loops of 1 x 107 ion/cm? and corresponding fitting with the same model.

Table 2
Fitting parameters for 5 x 10'® jons/cm? and 1 x 107 ions/cm? sample ac-
cording to Eq. (5).

Sample B v
5 x 10'® ion/cm? 0.84 1.15
1 x 10" ion/cm? 0.87 0.95

responsible for the exchange bias effect. Hgp(T) variation is fitted within
the Malozemoff model with a modified exponent. The value of v is
greatly reduced i.e., v = 0.92, for 1 x 107 jon/cm? sample, indicating
close to the cubic anisotropy of FeF, while in case of 5 x 10'® ion/cm?
the value of v is 1.12 which shifts from cubic anisotropy of AFM.
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