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Remanence plots technique extended to exchange bias systems
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Efforts have been recently made to use remanence plots in exchange-bias studies. However, since the
two remnant magnetizations of a biased loop may differ, this technique cannot be applied in its
classical form. This work extends it to systems with shifted loops and shows that the number of
distinct plots is significantly increased. The approach was probed on Co/IrMn exchange bias films.
Possible discrepancies between experiment and theory are pointed out and discussed. The adaptation
of the model presented here enables it to become one of the few accessible techniques for rapid
and accurate evaluation of magnetic interactions in biased systems. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4816255]

. INTRODUCTION

The exchange bias (EB) phenomenon,1 i.e., a shift of the
hysteresis loop along the magnetic field axis, results from the
exchange coupling between a ferromagnet (FM) and par-
tially uncompensated spins at the interface with an adjacent
antiferromagnet (AF). Despite the intense research efforts,
understanding its mechanisms has remained a challenging
task and EB still continues to receive great deal of attention.
Emerging fields, such as EB manifestation in multiferroic
systems, where a purely magnetic bias could be manipulated
by an electrical field, further fuel the research on EB. Other
types of interactions could also result in shifted loops. It has
been theoretically shown that when an AF is in contact with
a metallic FM, non-uniform quantum spin fluctuations may
induce uncompensated spins in the AF giving rise to a dipole
field responsible for bias® and that dipolar interactions
between FM and rotatable anisotropy grains could lead to
athermal training.’

There exists a number of approaches used to extract in-
formation contained in the specific shape of experimental
hysteresis loops, e.g., their Fourier decomposition® or
demagnetization curve fitting.” Recent attempts have been
made to estimate interactions in EB systems®™® using the
so-called field-dependent remanence curves, namely, the iso-
thermal remanence magnetization (IRM) and dc demagnet-
ization (DCD) ones. A differentiated IRM or DCD curve
represents the switching-field distribution (SFD), i.e., the dis-
persion of the fields at which irreversible rotations occur.”'®
The remanence curves are very sensitive to small changes in
the remanence produced by magnetic interactions.''"'* This
method has been originally developed to characterize
interactions in monophase uniaxial or cubic anisotropy
systems”'?~' with symmetric hysteresis loops, where the
remnant magnetizations of both loop branches are equal, dif-
fering only in sign. In biased systems, however, these rem-
nant magnetizations may differ significantly and the
technique cannot be applied in its classical form.
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In the present work, a procedure that permits the use
of the remanence plots in biased systems is proposed.
Frequently, biased loops are asymmetric so two pairs of IRM
and DCD curves coexist making the number of distinct
Henkel'* and 0M plots® four times greater than that obtained
classically. Here, another two types of remanence plots
related to the asymmetry of the magnetization reversal are
introduced. The amended method was probed on polycrystal-
line IrMn/Cu/Co films.

Il. MAGNETIZATION CURVES PARAMETERS

A proper comprehension of the magnetization curve pa-
rameters of EB systems is essential for the discussions pre-
sented below. In the textbooks on magnetism, the coercivity
(or coercive field), H,, is defined as the value of the applied
magnetic field, H, at which the magnetization, M, is zero. In
the case of a conventional monophase system, H, represents
the half-width at half-height of the hysteresis loop. In EB
systems, the coercivity of the descending branch of a hyster-
esis loop, H., does not have the same absolute value as that
of the ascending branch, H,, and H. is habitually defined as
H. = %(ch — H.1). However, due to other typical character-
istics of the EB systems, i.e., the asymmetric magnetization
reversal, this definition does not necessarily lead to value of
H, equal to the half-width at half-height of the loop. A more
general definition'® using the switching fields of the
two branches of the loop, Hgyi and Hgyp, results in
H; = %(stz — Hgy1). In a hysteresis loop trace, the shift
along the field axis represents the so-called exchange-bias
field Hep, = % |Hci + Heol; in terms of switching fields it
becomes H;b = % |Hgwi + Hgwa|- All these parameters are
visualized in Fig. 1.

Remnant magnetization, or also magnetic remanence
M., is the magnetization when H = 0; similar to H., it could
be defined as M, =1 (M,; — My,), where M, (positive) and
M, (negative) are the respective remnant magnetizations of
the descending and ascending branches of a major hysteresis
loop. For an unbiased FM, as a general rule M;; = —M;>. An
important question is if the above definition is appropriate
for EB systems where, due to the negative (for the case of

© 2013 AIP Publishing LLC
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FIG. 1. Scheme representing the parameters used in the characterization of
exchange-bias systems. The arrows indicate the directions of the magnetic
field sweeps.

conventional EB) shift along the field axis, M| < M,;; in
many cases M, is positive or even equal to M,;, as exempli-
fied in Fig. 1, where the normalized (to the FM saturation
magnetization M) remnant magnetizations my; = My /M
and m,, = My /M are shown.

The remanence plots technique is based on a comparison
of IRM and DCD curves and has been extensively used for
estimation of interaction effects.”!""'>!> The IRM curve,
m;(H), is measured on an initially demagnetized sample by
applying a positive field H; which is then removed and
my;(H;) is measured. Larger fields are then applied and the
measurements repeated until positive saturation is reached.
The DCD curve, mg(H), is obtained by initially saturating
the sample and then measuring mq(H;) after application of
progressively larger reverse fields H;. For the case of
non-interacting uniaxial anisotropy monodomains in virgin
or thermally-demagnetized samples, these curves are con-
nected via the Wohlfarth’s relation'® mg(H) = 1 — 2m,(H).
Superparamagnetic, multidomain, and/or incoherent rotation
effects could also lead to deviations from the linear rela-
tion."? my(H) versus m;(H) is called Henkel plot'* which
represents a straight line with a slope of —2 for the non-
interacting case. Whereas the dependence of the interaction
effects on the magnetic field is not plainly manifested in a
Henkel plot, it is explicit in the so-called 6M plot,’

OM(H) = 2m(H) — 1 + my(H).

The above relation should also be valid for ac-
demagnetized samples as long as the demagnetization is
accomplished by using an infinite sequence of alternating
field which amplitude decreases according to the chosen en-
velope function. In practice, however, only a finite sequence
may be applied resulting in different levels of demagnetiza-
tion. Zhang and Atherton'” showed that although the level of
the demagnetized state may lead to different subsequent
magnetization behaviors, the initial magnetization curves
calculated through the Stoner-Wohlfarth model'® are practi-
cally identical for sufficiently high-level states. Hence, in
such cases only, the remanence plots technique can be
employed after ac demagnetization.

It is usually accepted that negative oM values indicate
“demagnetizing” interactions that tend to stabilize the
demagnetized state; positive values are attributed to interac-
tions promoting the magnetized state. Similarly, Henkel
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plots that lie above the straight line are typical of systems
which are easier to magnetize than to demagnetize. This is
true, however, for the uniaxial anisotropy case only. Non-
interacting cubic anisotropy systems are characterized by
positive M plots'> and these may vary when anisotropies of
different type co-exist."?

Since my(H) depends on the method by which the
demagnetized state is produced, one can obtain very differ-
ent m(H) after dc, ac, or thermal demagnetization and the
corresponding remanence plots can vary significantly. For
the case of uniaxial anisotropy, Bissel e al.'' have derived a
connection between mg(H) and the IRM curve after dc
demagnetization, m¥(H), produced by cycling the sample to
the negative remanence coercivity (—H,) after previous satu-
ration, and then reducing H to zero. The resulting connec-
tions are m¥(H) = 1 — my(H) for H < H, and m¥*(H) = 1

T

for H > H,. The 6M% plot has been defined® as

OM*(H) = m*(H) — 1 + my(H)

T

for H < H,, and
SM®(H) = m®(H) — 1

for H > H,. In case of no interactions and uniaxial anisot-
ropy, 6M% =0 for all values of H; the corresponding
Henkel plot is a straight line with a slope of —1. The varia-
tions of these plots with the demagnetized state of m, have
also been demonstrated via model simulations*'** and it has
been emphasized that the demagnetization method must be
specified if any conclusions are to be drawn from a rema-
nence plot. Undoubtedly, this technique could only be
applied on magnetic systems that can be repeatedly demag-
netized in a reliable and reproducible manner, which is the
case of the films studied here.

As stressed above, in EB systems m;; + m;; # 0 making
the above method impracticable. Here, we propose that the
reference frame of M(H) should be changed in a manner that
the new origin, O', coincides with the center of the original
shifted loop as exemplified in Fig. 1. The new remnant mag-
netizations are normalized to mey, = 3 (mg, — m3™), being
mip and md>™ the normalized magnetizations at Hep, of the
descending and ascending branches of the major loop,
respectively. Performed the above operation, the remanence
plots technique can be readily applied.

Recall, however, that the majority of EB hysteresis
loops are intrinsically asymmetric, which is reflected on the
respective m,(H) and mq(H). There can be traced two IRM
curves, m:r and m_, for each method (ac or dc) used to
achieve m; = 0, and two DCD ones, namely, mj{ and mg,
greatly increasing the number of M and Henkel plots that
can be built. Here, “+” or “—” refers to the field sweep direc-
tion of the remanence curve. It seems intuitive that “+4”
(“=") in my (my) also indicates that the sign of the saturating
magnetic field last applied before start achieving this curve
is negative (positive). “4” (“~”) in m;(H) notation, however,
implies that the saturating field used before demagnetization
was positive (negative) as it is in the classical procedure'® to
achieve m,(H).
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Here, we introduce another two types of plots,
Ami(H) = m, (H) — m; (H), ()
Amy(H) = my (H) — mj (H). (2)

As shown below, these plots can also be used to characterize
the magnetization reversal mechanisms and/or interactions
in systems with asymmetric hysteresis loops.

lll. RESULTS AND DISCUSSION

This approach was tested on a polycrystalline FM/AF
(Co/IrMn) system, namely, a series of films composed by
Ta(5 nm)/Ru(15 nm)/Co(5 nm)/Cu/Ir,gMngg(7 nm)/Ta(3 nm),
for Cu layer thickness fc, varied between 0 and 2.0 nm, de-
posited onto Si(100) substrates via magnetron sputtering
(base pressure of 1.4 x 1077 Torr, Ar pressure of 2 mTorr
for the deposition of Ru, Ta, Cu and Co, and 7.5 mTorr for
IrMn). A film containing only the FM, i.e., Ta(5nm)/
Ru(15 nm)/Co(5 nm)/Cu(3 nm), has also been deposited. To
set the EB, the films were grown in in-plane magnetic field
of 180 Oe. All magnetic measurements were made at room
temperature via an alternating gradient-field magnetometer
with in-plane H applied along the growth-induced EB direc-
tion. None of the samples showed appreciable training effect,
i.e., a variation of the hysteresis loop’s characteristics upon
subsequent field cycling, see Ref. 3 and references therein.

A pair of m¥(H) and mq(H) as well as M. and Henkel
plots (hpg.) for the film with 7, = 0 are shown in Figs. 2
and 3, respectively. The signs in the “++,” “4+-" “—+,” or
“— —” notations refer to those of the respective m,(H) or
my(H). For example, in oM " (H), equal to m; %(H) — 1
+m{ (H) for H < H, and m_%(H) — 1 otherwise, zero rema-
nence is attained by dc demagnetization after negative satu-
ration; mq(H) is measured after negative saturation as well.

For better visualization, when a oM plot with mixed
signs (“—" or “4-") is constructed, the field sweep direc-
tion of mgy(H) is reversed. Such 6M plots show only positive
(for “—+" pairs) or negative (for “+-" ones) values. The dc
“—+” Henkel plot, Ap ", is almost rectangular owing to the
fact that mq used varies very little in the field range where m;,
is practically reversed, see m; (H) and mJ (H) and the SFDs
plotted in Fig. 2; this, to a certain extent, holds for the rest of

m/m, , SFD (arb. units)
(e}

\
'l' ‘v‘ ch \"
- -~ +
SFD, /. \ SFD
-1 P m.r e e — A L
-250 -200 -150 -100

H (Oe)

FIG. 2. Remanence curves for the Co/IrMn film, where m, = 0 was attained
by dc demagnetization; dashed lines: the respective SFDs. The solid lines
are guides to the eyes.
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FIG. 3. 0M (left) and Henkel (right) plots for the Co/IrMn film obtained af-
ter dc demagnetization performed before obtaining m;(H). The solid ones
are guides to the eyes and the dashed lines correspond to the unbiased non-
interacting uniaxial anisotropy case.

the Henkel plots in Fig. 3. In other words, their rather
extreme shapes come from the high asymmetry between the
magnetization reversals that take place for descending and
ascending field sweeps, which is one of the intrinsic EB
characteristics.

Figure 4 shows hp .~ of the Co single layer and repre-
sentative plots obtained for the Co/Cu(tc,)/IrMn films. The
plots of the FM film and of the FM/AF sample with rather
thick Cu spacer of 1 nm (which practically decouples the FM
and AF layers) are very similar, both lying very close to the
non-interacting line. The FM/AF plot presents the more pro-
nounced positive deviation, which turns to be less prominent
with the increase in fcy.

Henkel plots for different FM/AF ferromagnetic cou-
pling strengths, simulated through a model based on the
Landau-Lifshitz-Gilbert equation of magnetization motion,
are plotted in the right panel of Fig. 4. Let briefly sketch the
model that considers a polycrystalline FM/AF thin film con-
sisting of an ensemble of grains. Each of these grains is
treated as a magnetic monodomain with distinct anisotropy
and coupling parameters. The monodomains are organized in
layers that form a 3D grid with uniform 32 x 32 x 4 mesh
spacing; the nodes interact ferromagnetically with their near-
est neighbors. It is assumed that the spins at the AF part of

100% FM/AF
contact area

I Variyng the
AF easy-axis
distribution

FIG. 4. Left: representative experimental Henkel plots for the Co single
layer and for the Co/Cu(tcy)/IrMn films obtained after dc demagnetization.
Right: Plots simulated for different percentages of the FM/AF contact
area (using as parameters ¢°™ = 1.3rad, ¢2F = 0.5rad, HEM/H\/I/IVLY =15,
HEM/AF/MS =45, and HIM/M; = 130 as a mean value with respective
ot™M /M, = 0.28. The inset shows plots simulated as the one with 100% FM/
AF contact area for three different ¢*F (in radians). The dashed lines corre-

spond to the non-interacting case and the solid lines are guides to the eyes.
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the interface have anisotropy sufficiently strong so their ini-
tial orientations remain practically unchanged, providing an
uncompensated FM/AF interface. The values of the uniaxial
FM magnetic anisotropy follow a log-normal distribution
characterized by oiM; the directions of in-plane easy axes
obey a Gaussian distribution with standard deviation O'EDM (or

O"gF ). The effective field acting on each element is a sum of
the external, uniaxial anisotropy (H{M or HF), and

exchange-coupling (HEM/ ™ HQF/ AF_ and/or HEM/ A%, fields.

Henkel plots, simulated for different percentages of the
FM/AF contact interfacial area (which is proportional to the
effective FM/AF exchange coupling and, consequently, to
the EB), are shown in Fig. 4. A clear trend of decreasing the
positive deviations with the decrease in the FM/AF coupling
area is seen. This clearly indicates that the interface coupling
in biased systems can, at least qualitatively, be estimated
with the help of the amended remanence plots technique.
Moreover, the simulation results given in the inset of this fig-
ure demonstrate that this method could also give information
of how the easy-axis distribution of the uncompensated inter-
face spins changes with, e.g., the growth or post-deposition-
treatment parameters of the sample.

The “ 4+ plots in Fig. 3 show positive and weak nega-
tive (better visualized in the region where my < 0) deviations
from the lines corresponding to the non-interacting case, also
seen in Ap !t (not shown here). This might indicate coexis-
tence of magnetizing (exchange) and demagnetizing (e.g.,
dipolar) interactions if the traditional remanence plots inter-
pretation is used. Calculations via slightly-modified version
of the model sketched above assuming antiferromagnetic
exchange interactions within the AF layer show that positive
and negative deviations could be obtained simultaneously in
a Henkel plot considering exchange coupling only, indicat-
ing that the interpretation of remanence plots of biased sys-
tems is not necessarily the conventional one. Certainly, more
systematic research needs to be conducted to further clarify
these issues, which is the aim of forthcoming studies.

The here-defined Am, and Amy plots for the FM/AF film
with ¢, = 0 are shown in Fig. 5(a). These, together with the
rest of the oM plots, could be used to estimate interaction
effects and asymmetry of the magnetization reversal (for
samples with biased though symmetric loops, each of these
plots will be essentially zero) as exemplified below. Amg

r?

Am_, Am

H (Oe)

FIG. 5. (a) The here-defined Am, and Amg plots for the FM/AF film
(tcy = 0) and (b) Amf’C as a function of tc, for the Co/Cu/IrMn series. The
solid lines are guides to the eyes.
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plots, in particular, are much easier (and faster) to acquire
than any other plot given that there is no need to demagnet-
ize the sample.

Figure 5(b) gives Am® for the films with 7c, < 1.0nm
(the plots for higher ¢, are practically identical to that of
tcy = 1.0nm). The maximum value of Amﬁ|C decreases and
its position shifts towards low-field values when ¢, is
increased confirming that the effective FM/AF exchange
coupling decreases as the thickness of the spacer is
increased.”>** The same holds for the asymmetries in the
hysteresis loop’s shape and in the magnetization reversal,
i.e.,, Am% versus tc, indicates that the FM is practically
uncoupled for #¢y, > 1.0 nm.

The experimental and model results presented in Figs. 4
and 5 demonstrate that the modified remanence curves method
can be applied to exchange-biased systems allowing not only
for qualitative interface coupling assessment but also for esti-
mation of the particular (AF and/or FM) easy-axis distribu-
tions. Quantitative evaluation of the interactions could further
be attained with the help of appropriate model calculations.

In summary, the remanence plots technique was
extended to systems with shifted hysteresis loops where the
number of distinct remanence curves is significantly
increased; another two types of remanence plots related to
the asymmetry of the magnetization reversal were also intro-
duced. The amended method was applied to a polycrystalline
Co/IrMn exchange-bias films. Plots of different types were
probed and deviations from the theory were pointed out and
discussed. After the adaptation, the method has the potential
to become an accessible technique for rapid and accurate
evaluation of magnetic interactions in biased systems.
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