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Aspects of static and dynamic magnetic anisotropy in Nig;Fe;o-NiO films
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The strength of the unidirectional, uniaxial, cubic, and dynamic rotatable anisotropy field together with the
effective damping parameter in polycrystalline Nig;Fe;q/NiO ferromagnet and/or antiferromagnet systems is
studied as a function of NiO thickness and thermal history. A partial transformation of antiferromagnetically
induced combined uniaxial and cubic anisotropy to undirectional anisotropy with increasing NiO thickness is
confirmed by hysteresis loop modeling. Independent of the occurrence of exchange bias, the overall exchange
anisotropy is constant over a wide range of NiO thickness. A reduction of exchange bias with initial annealing
is due to a transformation from a fixed to a rotatable antiferromagnetic spin structure, manifesting itself in the
appearance of rotatable anisotropy. With annealing at the interface a Ni,Fe, O, layer is formed that changes the
interfacial coupling, leading to an additionally enhanced rotatable anisotropy and spin-wave damping. The data
imply that the spin structure inside the antiferromagnetic layer is responsible for exchange bias and the
dominating contribution to coercivity, the interfacial structure for the overall coupling. The chemical interface
structure and the thermomagnetic history are relevant, and have to be taken into account, comparing experi-
mental data with theoretical models of exchange coupling.
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I. INTRODUCTION

Exchange-coupled magnetic thin films consisting of an
antiferromagnetic (AF) and an adjacent ferromagnetic (F)
layer are an essential part of today’s spin electronic applica-
tions, as they are used as a part of magnetoresistive devices
in current magnetic recording technology or proposed mag-
netic random access memory cells. Mostly, the technological
purpose of using F/AF systems is the magnetic stabilization
of the F layer relative to applied external magnetic fields.
The stabilization of magnetization is based on the phenom-
enon of exchange bias, which manifests itself in a magnetic
loop shift or exchange bias field' Hgp ar along a preferred
direction (see Refs. 2—4 for reviews of exchange bias). The
unidirectional anisotropy can be set either during film depo-
sition or by field cooling, both in an applied magnetic field.
Various models have been developed to describe the ex-
change bias field in reasonable agreement with experimen-
tally obtained data.’>~!! Recent experiments'>!3 provide direct
experimental evidence for the existence of uncompensated
interfacial spins being responsible for the unidirectional an-
isotropy.

In addition to the unidirectional anisotropy, higher-order
anisotropy terms are detected in polycrystalline and epitaxial
F/AF systems.'*1% Moreover, in polycrystalline thin film
systems an increase of coercivity H.gs with the occurrence
of exchange bias is observed. Several mechanisms have been
proposed to account for the change in coercivity. First, irre-
versible and time-dependent magnetization processes due to
thermally activated switching events in a viscous AF
layer'7-!” presumably lead to the increase in hysteresis loss.
Other experiments suggest the formation of interfacial mag-
netic spins?>?! coupled to a static AF spin structure as being
responsible for the increase in coercivity. Despite all the ex-
perimental and theoretical investigations focusing on the ac-
tual spin arrangement at the AF interface, the mechanism
controlling the final spin structure at the interface is still not
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known. In principle, several phenomena might be contribut-
ing collectively.

Further insight into the nature of the F/AF interaction can
be gained from the magnetization dynamics of exchange-
biased thin films. In comparison to single-layer F thin films,
F/AF structures display an increase in ferromagnetic reso-
nance linewidth or effective spin-wave damping d,>>>
which also depends on temperature and AF layer thickness.
The results of the experiments are interpreted in terms of an
inhomogeneous spin structure due to an inhomogeneous
magnetization distribution within the F layer or a magneti-
cally rough F/AF interface.”® The latter assumption is in
agreement with an inhomogeneous AF grain or domain
structure, hence resulting in a variation of the local magnetic
coupling field. Additional dynamic effects from thermal in-
stabilities of the AF below the blocking temperature of the
AF structure are reported.>>?’ Furthermore, isotropic ferro-
magnetic resonance frequency shifts are observed in ferro-
magnetic resonance experiments”? and related to a rotatable
anisotropy field®® H,, that arises from thermally activated
switching of AF grains® or from changes in the antiferromag-
netic domain structure. As stated before, these irreversible
changes in the AF domain structure should also be visible in
an increase of coercivity. A detailed introduction to the as-
pects of rotatable anisotropy and the related anisotropy en-
hancement can be found in Ref. 8.

In this paper the static and dynamic magnetic properties
in polycrystalline Nig,Fe;o-NiO films with varying AF layer
thickness (thus with altered anisotropy energy of the AF
layer) were investigated. Furthermore, as-deposited struc-
tures were compared to subsequently field-annealed samples
to separate effects from the F/AF interface and the internal
AF domain structure.

II. EXPERIMENT

Si/Si0,/Ta(4 nm)/Nig;Fe9(30 nm)/NiO(0—50 nm)
structures were prepared by magnetron sputtering in a mul-
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tisource high-vacuum sputter system with a base pressure
below 2 X 10”7 mbar at an Ar pressure of 8 X 10~ mbar. rf
mode was used for the NiO and the Ta layer deposition, and
dc mode for the other metallic layers. The Ta seed layer
ensured a (111) texture for the growth of the polycrystalline
films. The deposition rate for the NiO layer was 1.7 nm/min.
The F uniaxial anisotropy axis and the initial exchange bias
direction were set in an applied magnetic in-plane field of
Hgep =250 Oe during deposition of the films. In addition, the
films were vacuum annealed at 250 °C in an applied field of
H.=10 kOe with varying time up to 1 h.

The texture of the films was characterized by x-ray pole
figure measurements using a standard four-axis goniometer
and Cu K« radiation. Further microstructural analysis of se-
lected as-deposited and annealed samples was performed by
high-resolution analytical scanning transmission electron mi-
croscopy (STEM) experiments with electron energy-loss
spectroscopy (EELS). Grain size and structure, as well as the
element composition across the F/AF interface, were ex-
tracted from the TEM data.

Regular inductive magnetometry with an inductive loop
tracer at an operating frequency of 10 Hz in combination
with dynamic magnetization response measurements by
pulsed inductive micrometer magnetometry?® was used to in-
vestigate the exchange anisotropies relevant for the under-
standing of the exchange coupling.?> From the hysteresis
loop measurements along the easy axis of magnetization the
exchange bias field Hgpg ar Was derived using the simple re-
lation

- 1 - -
Hgp ap=— E(Hcl +He), (1)
where H., and H,, are the coercivity field values for the
downward and upward loop branches, respectively. This is
only valid under the assumption of a symmetric hysteresis
behavior.

A more correct method to probe the static exchange bias
field is by the measurement of the magnetic response along
the magnetic hard axis (HA). The effective anisotropy field

H, gy ar acting on the F layer can be derived by extrapolating
the HA loop from zero field to saturation. In the simplest
model Hk F+AF 1s composed by the ferromagnetlc uniaxial
anisotropy field Hkp and the unidirectional field HEB ap- For
our analysis we introduced an additional term, an AF-
induced anisotropy field H «.aF- The total anisotropy field act-
ing on the F layer is then

-

kF + Hep ar+ Hy ap= Hy g+ Hyy aF,
ey T AR AT
F AF

H k,F+AF =

2)
where the total size of the AF-induced static anisotropy field

is summarized in Ijlsm’ AF-

In addition, the anisotropy can be derived from the dy-
namic magnetic response at the nanosecond time scale, thus
avoiding thermally activated switching events in the AF
layer.”> Measuring the dependence of f,., on a varying, ad-
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FIG. 1. (a) Nig;Feo (111) and (b) NiO (111) pole figures from a
Nig,Fe 9 (30 nm)/NiO (50 nm) bilayer structure.

ditionally applied external bias field I}bias, a linear depen-
dency in accordance with the simplified Kittel formula®

Yo
e = ( ﬂ_) M (den F+AF+Hb1as) (3)

is expected. The important magnetic parameter that was ex-
tracted from these measurements was the value for the effec-
tive dynamic anisotropy field Ideyn,FJrAF, which summarizes
the anisotropy field f]k,F of the FM layer, and additional AF-
induced contributions including a direction-independent or

rotatable anisotropy field Hrm AR 22

Hggn pinr= Hiv + HEB AF T Hk AF T Hrot AF— HkF + den AF-

w{

AF

(4)

Equation (4) differs from Eq. (2) only by the term Ijlmt, A
The AF contribution to the dynamic anisotropy field is sum-

marized in Hgy, ap- All three methods are applied in this
work and the results are compared.

Supplementary to f,., the effective magnetic damping pa-
rameter a.g was extracted from the dynamic measurements.
It was derived from the exponential decay time®' 7 of the
resonant magnetic response using

__ (5)
et = T‘YILLOM K .

III. MICROSTRUCTURAL ANALYSIS

The Nig,Fe o and NiO pole figures for the (111) axis, ob-
tained on a Nig;Fe;9(30 nm)/NiO(50 nm) bilayer, are dis-
played in Fig. 1. A distinct (111) fiber texture was found for
both magnetic layers, the Nig;Fe ¢ and the NiO. No sign of
in-plane texture was detected.

STEM dark-field images from a F/AF bilayer with ;o
=50 nm are displayed in Fig. 2. The grain structure is colum-
nar across the F/AF interface, both for the as-deposited state
[Fig. 2(a)] and after an 1 h annealing at 250 °C [Fig. 2(b)].
No significant change in the columnar grain structure occurs
with annealing. An average grain diameter of approximately
15 nm is derived from the TEM images. EELS line scans
showing the spatial distribution of O, Ni, and Fe across the
AF interface for an as-deposited and a 1 h annealed sample
are shown in Fig. 3. For the as-deposited state [Fig. 3(a)] a
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FIG. 2. Dark-field STEM images of an as-deposited (a) and
annealed (b) NiO (50 nm)/Nig;Fe;q (30 nm) structure (annealing
time f,,,=1 h).

slight enrichment of Ni concentration in the Nig,Feq layer
and depletion in the NiO layer is observed at the F/AF inter-
face. Whereas in the as-deposited state only these minor ef-
fects are found, with annealing [Fig. 3(b)] a more pro-
nounced increase of Fe and concurrent depletion in Ni
concentration at the F/AF interface is detected. The element
distribution together with the corresponding EEL spectra re-
veal the generation of a Ni,Fe,O, layer at the interface after
thermal treatment. The interfacial layer has a thickness of
approximately 1-2 nm. An effective transformation from a
magnetic bilayer to a magnetic trilayer structure takes place.

IV. MAGNETIC ANALYSIS AND DISCUSSION
A. As-deposited films

Example hysteresis loops along the magnetic easy axis
(EA) and HA for different NiO thicknesses are displayed in
Fig. 4. For the thinnest NiO layer [7y;0=5.0 nm, Fig. 4(a)] an
increase in coercivity along the EA (single-layer coercivity
H, r=1.5 Oe) and a two-step magnetization loop along the
HA [Fig. 4(c)] are seen. With increasing AF layer thickness
[Fig. 4(b)] magnetic loop shift is observed along the EA,
indicating exchange bias. The EA coercivity has decreased
relative to the sample with fy;o=5 nm, but is still higher than
for the pure F layer. Only a slight hint of a two-step magne-
tization process is visible in the corresponding nearly linear
HA loop. As indicated, the total AF-induced anisotropy field,
H g ap» as derived from the HA curves, is much higher than
expected from Hgg af, alone.

The discrepancy between the statically obtained param-
eters Hgp ar and H, or can in principle be described by the
introduction of higher-order anisotropy terms'> or a cubic
anisotropy term.'® As shown in Ref. 16 the occurrence and

{(b) "Ni,Fe,
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FIG. 3. (Color online) EELS line scans perpendicular to the
F/AF interface for the as-deposited (a) and annealed (b) NiO
(50 nm)/Nig Fe9 (30 nm) sample. The annealing time #,,cq Was
1 h. The presumed position of the NiO/Nig;Fe o interface is indi-
cated by a dotted line.
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FIG. 4. (Color online) Hysteresis loops along the easy axis of
(a) a single Nig;Fe 9 (30 nm) layer and Nig,Fe 9 (30 nm)/NiO bi-
layers with a NiO thickness of 5 nm and (b) of 50 nm are shown.
The exchange bias field Hgp op and the coercivity values H, g, are
indicated. The hard axis loops for the same samples are displayed in
(c) and (d), respectively. The values of Hg, ap for the bilayer
samples, obtained by extrapolation as indicated by the dotted lines,
are shown. Note the close compliance of the linear line with the HA
loop in (d).

direction of additional anisotropies is not affected by NiO
crystallinity, but only by the interfacial spin structure. Fur-
thermore, in our analysis, no sign of in-plane texture was
found (Fig. 1). Therefore, direct effects from the crystallinity
of the NiO layer on the in-plane distribution of AF-induced
anisotropy can be excluded. A two-step magnetization rever-
sal was also reported in Ref. 14. There, the S-shaped HA
loop was interpreted as an AF-induced uniaxial-like aniso-
tropy, existing only at low fields and “unsnapping” at higher
magnetic fields.

To exemplarily simulate the shape of the hysteresis loops,
the simultaneous occurrence of AF-induced interfacial unidi-
rectional and combined uniaxial and cubic anisotropy terms
is assumed. (Similar loop shapes were obtained under the
assumption of a critical angle of twist between F and AF
magnetization, as proposed by Stiles and McMichael,*? simi-
lar to the simulations used in Ref. 14.) For the shown data,
the ratio between unidirectional, uniaxial, and cubic aniso-
tropy contribution is varied. A constant interfacial exchange
anisotropy J,r is assumed. The amount of coupling leading
to exchange bias fgp A, uniaxial f, g, and cubic anisotropy
fear is kept fixed with fgg ap+f, apt+fearp=1. The AF-
induced energy contribution acting on the F layer is then
defined as

1 .
€ani.AF = — fEB, AR AF cos(B-a)+ Efu,AF]AF s1n2(,3 -a)

el S8 @)co(B — ), (6)

where J,r is the interfacial exchange coupling, « the direc-
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FIG. 5. (Color online) Calculated HA hysteresis loops for a
constant J,r with (a) no unidirectional, but equally contributing
unidirectional and uniaxial anisotropy terms and (b) a combination
of all three acting anisotropy terms. The fractions of unidirectional
fEB.AR uniaxial f, g, and cubic f, op anisotropy contributions are
indicated (see text for details). The calculated loops for f, sp=1 and
feB.ap=1 are added in (a) and (b), respectively.

tion of exchange anisotropy, and B the direction of F mag-
netization.

The proposed phenomenological model then leads to a
total energy density e

1 .
Ciotal = — HelestF COS(‘P - :8) + EKu,FtF Slnz(IB - 0) + eani,AF’

)

where the external field H.,, aligned under an angle ¢, the
saturation polarization J,, and the ferromagnetic layer thick-
ness fp combine to give the Zeeman energy. K, is the
uniaxial anisotropy constant of the F layer aligned along 6.
Results for Jop=107>J/m with fi sp=0.5 and f. Ag=0.5,
which means without any unidirectional anisotropy, and
SeB.AF=0.5, f,ar=0.25, and f.Ar=0.25 are displayed in
Figs. 5(a) and 5(b), respectively. A uniaxial anisotropy of
K, x=2001J/ m? derived from the F single layer is used for
the calculations. The calculated reversal for f, sp=1 and
fep.ar=1 is added in Figs. 5(a) and 5(b) for comparison. The
features of the measured hysteresis loops, the two-step rever-
sal [Fig. 5(a)] and the extended linear regime [Fig. 5(b)] are
qualitatively reproduced. As shown, the reversal process can
be modeled by the introduction of exchange anisotropy terms
of different order assuming just one AF-induced coupling
constant J . The overall exchange anisotropy H, ar can be
derived from the slope of the HA loop at H.,=0 Oe.
Exemplary dynamic measurement data of the NiO thick-
ness dependence of the effective dynamic anisotropy contri-
butions for the as-deposited films are displayed in Fig. 6.
With the addition of the AF layer a frequency shift to higher
values relative to the single-layer Nig;Fe ¢ occurs. Despite
the differences in magnetic loop shift and coercivity, f%, or
the effective exchange coupling field Hgy, s for the thin and
the thick NiO layers is equal [Figs. 6(a) and 6(b)], i.e., it is
independent of the occurrence of exchange bias. The values
of ffes at Hy;,s=0 Oe are the same for both NiO thicknesses.
Deviations in the dynamic response, which become visible
from the change of f,., with H;,, are shown in Figs. 6(c) and
6(d). With increasing NiO thickness, a horizontal shift in the
resonance frequency dependence takes place. This is in
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FIG. 6. (Color online) Dynamic response curves at Hy;,s=0 Oe
for a bilayer with a NiO thickness of (a) 5 and (b) 30 nm. Values of
the precessional resonance frequency f,., are indicated. (c) frzeS de-
pendences for ;=0 and 5 nm. (d) fes for tNjo=30 nm with the
corresponding EA magnetization curve of Fig. 4. The effective an-
isotropy field contribution to the precessional frequency ffCS.F +AF VS
Hy;,s extracted from (c) and (d) is plotted in (e) and (f), respectively

(see text for details).

agreement with the static measurements. The H,;,, depen-
dence of Hgy, pyap, Or more precisely the correlated depen-
dence Of fr pyar=Fres— (Yio/27)*M Hyio [see Eq. (3)], is
plotted in Figs. 6(e) and 6(f). Whereas for fyjo=5 nm only a
resonance shift to higher frequencies is observed, for fy;g
=50 nm a hysteresislike behavior of the effective coupling
field is found. The ostensible decrease of the coercivity in the
dynamic measurements reflects the influence of the addi-
tional pulse field excitation, resulting in an earlier switching
of magnetization.

We interpret the H,;,, dependence of frzes, Ap as follows. In
the case of thin NiO layers, the uncompensated moments of
the AF are rotating with the F magnetization,*?3 because the
AF domain or grain anisotropy energy is smaller than the
coupling energy between the F and AF layers. With thick
NiO layers exchange bias develops, and the drop of Hgy, ar
at Hy;,s<—Hgg p is consequently interpreted as the reduc-
tion of coupling field due to the twisting of uncompensated
AF spins relative to the F magnetization, which “loosens™33
the pinning of the NigFeq layer magnetization to the NiO
layer for fields below Hgg ap. The data indicate that with
increasing fy;o or AF grain volume a direct transformation of
a rotatable to a static spin structure in the AF layer occurs.

A complete overview of the change of the magnetic prop-
erties with NiO thickness #y;q is displayed in Fig. 7. The data
derived from the EA loops are shown in Fig. 7(a). The coer-
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FIG. 7. (Color online) (a) Change of coercivity H.ga and ex-
change bias field Hgp ap. In (b) Hgp ar as derived from Eq. (1), the
measured anisotropy field Hg, ar according to Eq. (2), and the
dynamically obtained Hyyp ar as derived from Eq. (4) are compared.
The Nig;Fe 9 anisotropy field H p was assumed to be constant for
all samples. All data as a function of NiO thickness.

civity field H.ga peaks around fy;o=10 nm and stays almost
constant above fy;0o=20 nm. The maximum of H_g, is at the
onset of exchange bias at fy;o=15 nm. As the only parameter
varied is the NiO thickness and no difference at the F/AF
interface is expected for the investigated bilayers, the in-
crease in coercivity is mainly related to the change in thick-
ness of the AF layer. The difference between Hgp ar and the
AF-induced anisotropy fields derived from the HA measure-
ment and from f,. is shown in Fig. 7(b). The dynamic data
are obtained from analyzing f,., at Hy;,s=0 Oe, i.e., in a sta-
tus where the magnetization of the Nig;Feo-layer is parallel
to Hgp ap, Which is the direction of the magnetic field applied
during film deposition. With the addition of NiO, even for
small thicknesses, where Hgg af is still zero, a strong ex-
change field Hy o is derived from the measurements. With
increasing fy;o the AF-induced static anisotropy field Hy op
remains constant. The dynamically obtained total AF interfa-
cial field Hgy, ap is not changing with fyio and is equal to
H i, ar above fy;0=10 nm. This means that no rotational an-
isotropy field H,y af is detected with thick NiO layers. The
precessional frequency shift, observed in the dynamic mea-
surements along the HA, is mostly due to the additional
static anisotropy field H, ar detected for all AF thicknesses.
With large AF layer thickness H,y af transforms into a more
stable AF spin structure, where no difference between H, Ar
and Hgyn A is visible. The data confirm the proposed gradual
transformation of a completely unstable uncompensated spin
configuration to a more stable configuration with thicker NiO
layers.

The NiO thickness dependence of the damping parameter
a 1s plotted in Fig. 8. After a steep increase with fy;o
=5 nm, it decreases again, but is still higher than in the case
of the single NigFe;q layer. It follows almost exactly the
dependence of the nonunidirectional anisotropy field H; g
+H o ar With fy;0. This observation is expected from models
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FIG. 8. (Color online) (a) Measured change of the effective
damping parameter a.g (A) together with the change of Hj ap
+H,y (O) as a function of NiO thickness. The correlation between
Qegr and Hy ap+H o is plotted in (b).

explaining the damping by a two-magnon scattering contri-
bution to the extrinsic damping due to an unstable AF mag-
netization not contributing to exchange bias. The increased
damping of spin waves at the F/AF interface for thin NiO
layers is assumed to be due to the dragging of a fraction of
AF spins, which correlates with the unstable anisotropy
fields Hy ap+H,o ap, by the excited F spins as proposed in
Ref. 34.

B. 1-h-annealed films

EA and HA hysteresis loops after field annealing samples
with fyio=5 and 50 nm for 1 h are displayed in Fig. 9. Both
EA loops show a similar behavior as for the nonannealed
samples. For #y;o=5 nm a slight decrease, for fy;o=50 nm a
slight increase, in coercivity is observed. Hgp ar has de-
creased for fy;0=50 relative to the as-deposited state. The
shape of the HA loops, however, has substantially changed.
For the thinner NiO the HA-like loop shape has disappeared
[Fig. 9(c)]. Only a weak indication of anisotropy is visible
comparing the EA and HA loops. No anisotropy field Hgg ar
can be extracted for the thin NiO thickness. At f;0=50 nm a
clear HA loop shape is visible.

An overview of the dependence of static and dynamically
obtained magnetic properties is given in Fig. 10. Similar de-
pendencies of Hgp ap and Hgy, ap as for the as-deposited
films (Fig. 7) are obtained. The value of exchange bias field
Hgp ap is somewhat reduced relative to the as-deposited
state. Also, the onset of exchange bias Hgg af is shifted to
higher NiO thicknesses relative to the as-deposited state.

As for the as-deposited samples, distinct anisotropy con-
tributions are obtained from the different measurement tech-
niques [Fig. 10(b)]. The values of Hg, ar are much closer to
those of Hgpar and have decreased relative to the as-
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FIG. 9. (Color online) EA hysteresis loops of

Nig;Fe 9 (30 nm)/NiO bilayers with a NiO thickness of (a) 5 and
(b) 30 nm. The exchange bias field Hgp Ar and the coercivity values
H_ g are indicated. The corresponding HA loops are shown in (c)
and (d). The values of Hg, ar for the bilayer samples are shown.

deposited state. The dynamically obtained anisotropy field
Hgyn ar Peaks at fyjo=5 nm and is then almost constant over
a wide NiO thickness range. It has strongly increased from
the as-deposited state. No match between Hg, ar and Hgyn ar
is found for any NiO thickness. Whereas for the as-deposited
state the main contribution to the upward precessional fre-
quency shift was due to a combined uniaxial and cubic an-
isotropy, after annealing it results from the now predominat-
ing rotatable anisotropy field Hyar [Fig. 10(b)]. This
indicates that the amount of loose AF spins has increased,
whereas the contribution of fixed AF spins to the exchange
bias stays nearly constant.

Again, the NiO thickness dependence of the nonbiased
part of the anisotropy field Hy sp+H  ar correlates with the
effective damping parameter g (Fig. 11). The value of ayy
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FIG. 10. (Color online) (a) Coercivity H.g and exchange bias
field Hgp ar as a function of NiO thickness. In (b) Hgp ap, Hyar AR
and Hgyp o are compared.
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FIG. 11. (Color online) (a) Damping parameter c.g (A) and
Hyap+H,o (O) as a function of NiO thickness. The correlation
between a.g and Hy ap+H,y, is plotted in (b).

has increased by a factor of 2 relative to the as-deposited
state. This is again in agreement with the assumption of spin-
wave damping due to relaxation processes into the AF layer.
However, the increase in ayg is higher than for the nonan-
nealed samples. To better understand the change with anneal-
ing and the influence of the concurrent formation of a
Ni,Fe O, layer at the F/AF interface (see Sec. III), experi-
ments with subsequent short annealing steps were per-
formed.

C. Subsequent annealing

To separate the influence of temperature history and
change in interlayer structure, the change of magnetic prop-
erties for fyjo=50 nm with subsequent magnetic annealing
with a dwell time of 1 min at 250 °C was studied. Magne-
tization loops recorded after one and after 13 anneals are
shown in Fig. 12. After the first annealing cycle, a strong
decrease in Hgp s relative to the as-deposited state occurs. It
drops from Hgg ap=23 to 12 Oe. A slight increase in coer-
civity from H.=8 to 11 Oe takes place. After 13 annealing
cycles, H.ga and Hgp ap have increased. The value of
H_.ga=20 Oe is higher than after the 1 h anneal, indicating
differences in the kinetics of the processes. After several an-
nealing cycles, the exchange bias field Hgp or becomes com-
parable to the continuous anneal case, but is still slightly
smaller than in the as-deposited state. Noticeably, the in-
creased loop shift is accompanied by an increase in H,ga.
Also along the HA the measured anisotropy changes with
annealing cycles [Figs. 12(c) and 12(d)]. As in Fig. 9, no
obvious signature of a two-step reversal is visible after the
first annealing step. Here, the shape of the HA loops can also
be modeled by the introduction of additional anisotropy
terms similar to Fig. 5(b) (not shown). With further tempera-
ture treatments, the amount of static HA anisotropy Hy ar
grows again, which is mainly due to the increase in Hgp sp.
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FIG. 12. (Color online) Hysteresis loops along the EA of a
Nig;Fe 9 (30 nm)/NiO (50 nm) bilayer after one (a) and 13 anneal-
ing cycles (b) of 1 min dwell time. The corresponding HA loops are
shown in (c) and (d). The values of Hg,, op for the bilayer samples
are indicated.

An overview of the change of the same magnetic proper-
ties as is plotted in Figs. 7 and 10 is given in Fig. 13. As
already indicated by the data in Fig. 12, H, ga constantly
increases with annealing cycles. On the other hand, Hgg p
drops initially and then increases with subsequent annealing
cycles. In addition, the amount of static HA anisotropy
Hg ar drops significantly after the first anneal. The same
increase as for Hgg op is observed for the static HA aniso-
tropy field Hg,ap. The difference between Hgpap and
H g, ar becomes smaller after the first anneal and stays al-
most constant from there on. The dynamically obtained
Hgyn ar is almost unchanged from the beginning and then
increases considerably with annealing cycles. Very similar
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FIG. 13. (Color online) (a) Coercivity H,ga and exchange bias
field Hgp ar as a function of annealing cycles. In (b) the depen-
dences of Hggap, Hgaarp and Hgy, ap with annealing are
compared.
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FIG. 14. (Color online) (a) Damping parameter e and Hy ap
+H, as a function of annealing steps. The correlation between
and Hj ap+H,,, is displayed in (b).

dependencies are found at the onset of exchange bias at
fnio=50 nm (not shown). The initially unchanged overall an-
isotropy Hgy, ap together with the drop in Hgg ar indicates a
transformation of fixed to movable AF spins, most likely due
to a change of the internal AF domain structure resulting
from the different magnetic history of the as-deposited film
structure. This assumption is in agreement with the observed
difference between the statically and dynamically obtained
anisotropy field values, which increase from zero to0 H,y Ar
=22 Qe after the initial anneal. Noticeably, with subsequent
annealing steps, the amount of Hgy, o increases even further.
As already seen for the 1 h annealed samples (Fig. 10), with
long annealing times H,, or becomes the main contribution
to the dynamic anisotropy Hgy, ap- While the thermal history
of the sample for each anneal is similar, the additional and
subsequently occurring changes must occur from the forma-
tion of the chemically changed interfacial structure. The ratio
between the static and dynamic anisotropy contributions is
almost constant after the first annealing steps indicating an
increase in overall coupling with annealing.?!

As for the measurements before, the unfixed anisotropy
field H o ap+Hy ap scales with the effective damping param-
eter a. (Fig. 14). A pronounced step from a.;=0.013 to
a.;;=0.019 occurs with the first anneal, which agrees with
the assumption of an increase of movable AF spins after the
initial heat treatment. The further alteration of damping up to
a;7=0.025 is related to the changes at the interface. From
our data, we cannot distinguish if this change is due to the
increase in interfacial coupling, due to a decrease in mag-
netic homogeneity across the interface, due to enhanced
spin-wave damping into the additional Ni Fe O, layer, or a
result of a combination of the above. '

V. SUMMARY

In summary, the alterations of static and dynamic aniso-
tropy fields of Nig;Fe 9/NiO with thermal history and over a
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wide range of #y;o thickness were studied. With annealing, a
Ni,Fe,O, layer forms at the F/AF interface.

Without the existence of in-plane texture, four different
anisotropy contributions are identified from the static and
dynamic measurements. Remarkably, the overall coupling or
exchange anisotropy is constant over a wide range of NiO
thickness, independent of the occurrence of exchange bias.
This indicates the same origin for all the observed higher-
order anisotropy terms. Only for very thin NiO layer thick-
ness in combination with annealing, a reduction in overall
anisotropy was found (Fig. 10). This is attributed to a reduc-
tion of the effective thickness of the AF layer due to the
interlayer mixing derived from analytical TEM. The reduc-
tion of effective AF thickness also manifests itself in a shift
of the onset of Hy, s (comparing Figs. 7 and 10) for the
as-deposited and 1 h annealed case, respectively. For all
thicknesses above fy;o=5 nm, the total dynamic anisotropy
Hgyn ar 18 nearly constant and only changes with thermal
history.

The amount of rotatable anisotropy and the effective mag-
netic damping parameter correlate directly with the nonuni-
directional parts of AF anisotropy and the stability of the AF
spin structure, respectively. The interpretation of the data in-

PHYSICAL REVIEW B 75, 134418 (2007)

dicates that the spin structure inside the antiferromagnetic
layer determines the amount of exchange bias and is the
dominating contribution to coercivity, as seen from the AF
thickness dependence. The interfacial structure itself is
mostly important for the overall exchange anisotropy.

Some of the results presented here can be described in the
framework of the model of Stiles and McMichael.>> How-
ever, as for most publications on exchange bias, other models
may also apply to explain the experimental data. Neverthe-
less, neither of the so far published theories includes changes
with thermal history, which alters the AF domain structure,
nor the formation of a third magnetic layer at the interface.
As shown, to achieve an understanding of the exchange bias
phenomenon in polycrystalline samples, the real microstruc-
ture and the thermomagnetic history have to be considered.
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