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Antiparallel interface coupling evidenced by negative rotatable anisotropy
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Negative rotatable anisotropy is estimated via ferromagnetic resonance measurements in as-made,
annealed, and ion-irradiated IrMn;/Nig,Fe o bilayers. Opposite to previous observations, inverse
correlation between rotatable anisotropy and coercivity is observed. The exchange-bias field,
determined from hysteresis loop measurements, is higher than that obtained from ferromagnetic
resonance for all samples. The results are discussed in terms of majority antiparallel coupling and
magnetic-field-induced transitions from antiparallel to parallel states of uncompensated spins at fer-
romagnet/antiferromagnet interface. We affirm that an observation of negative rotatable anisotropy
evidences antiparallel coupling even in systems presenting conventional exchange bias. © 2075
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921863]

I. INTRODUCTION

The exchange bias (EB) phenomenon,' which occurs
when a magnetically hard material — usually an antiferro-
magnet (AF) — is coupled to an adjacent soft ferromagnet
(FM), has been extensively studied, and is widely used in
spin-valve and magnetic-tunnel-junction devices. Typically,
the EB is negative, i.e., the hysteresis loop shift (H,,) is oppo-
site to the direction of the magnetic field (H) applied during
either sample growth or post-deposition annealing or low-
energy light-ion bombardment (IB). The positive exchange
bias (PEB), i.e., a shift in the applied field direction, has
become largely known after its observation in Fe/FeF,.2
Though required condition for PEB is usually thought to be an
antiparallel coupling at the FM/AF interface,” observation
of PEB near the blocking temperature has been attributed to
reversible changes in the interfacial pinning,®® long-range os-
cillatory Ruderman-Kittel-Kasuya-Yosida interaction that
leads to a spin-glass state,' crystallography-driven rotation of
the effective anisotropy and EB axes,'' or frustration effects
due to competition between the FM and AF exchange
interactions.'?

EB frequently implies an enhancement of the coercive
field (Hc) compared to that of the FM alone.""? Polycrystalline
AF models'*'" usually assume that magnetic moments
with high anisotropy pin the FM magnetization (M) while
low-anisotropy ones rotate with M during its reversal thus
increasing Hc. However, it has been predicted'® and recently
confirmed'” that a highly anisotropic uncompensated spin
(UCS) would contribute to Hc and not to the bias if the cou-
pling with M is strong enough, while a low-anisotropy spin
enhances Hgp if the respective exchange coupling is sufficiently
weak. The rotatable UCSs are also assumed to be responsible
for the isotropic shift of the angular variation of the resonance
field (H,.;) in ferromagnetic resonance (FMR) measurements
through a rotatable anisotropy (RA) field (Hgra) that rotates
with M. Unil recently, it has been considered that at
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magnetic saturation Hyes = H + Hga, being Hga parallel to H
resulting in a positive RA, i.e., the inclusion of RA shifts
H,o5(¢y) downward." Here, ¢, is the in-plane field angle and
¢y = 0 denotes the EB direction, i.e., that of H used to initial-
ize the bias. It is worth noting that RA and anisotropy of rotata-
ble UCSs are distinct properties: RA is an additional anisotropy
of the FM that accounts for the interaction with rotatable UCSs,
each of the latter characterized by anisotropy constant k..

In this work, we address the origin of another fascinat-
ing EB feature, namely, the recently discovered negative
RA. Opposite to the previous observations, in IrMn/Cr/Co
films Hgrpa is antiparallel to H and the isotropic shift of
H,.s(¢y) is upward,'® i.e., Hgy <0, which has been attrib-
uted to antiferromagnetic Co/Cr exchange coupling. The
increase of |Hg4| has also led to a significant increase of He.
Negative RA has also been obtained in FeMn/Co'® and
NiFe/lrMn?° films. Here, we report IB-induced variation of
negative RA in IrMn/NiFe bilayers where, however, the cor-
relation between RA and H is inverse. These results are dis-
cussed in terms of magnetic-field-induced transitions from
antiparallel to parallel states.

Il. EXPERIMENTAL

A Si(100)/Nis3Crys7(6 nm)/AF/FM/Cr(4 nm) polycrystal-
line film was grown from Ni, Cr, Nig Fe 9, and Ir,oMngy, tar-
gets via magnetron sputtering using an AJA Orion-§ UHV
system at room temperature (RT) in the presence of a 130 Oe
in-plane magnetic field. Here, FM denotes a 5 nm thick NiFe
layer and AF refers to an IrMn layer with thickness of 7 nm.
The nonmagnetic NiCr buffer layer’'** was deposited in
order to induce the required for bias IrMn(111) texture>
whereas the Cr cap layer was deposited in order to avoid oxi-
dation. The pressure prior deposition was 1 x 10~ Torr; dur-
ing deposition it was kept at 7.5 mTorr for the IrMn layer
and at 2mTorr for the other ones using a 20 sccm Ar flow.
After being structurally characterized, pieces of the film

© 2015 AIP Publishing LLC
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were submitted to either magnetic annealing (MA) or IB.
The MA sample was kept at 483 K during 15 min under a
base pressure of 3 x 10> Torr in the presence of a 2.5 kOe
magnetic field applied in the plane of the film. The IB
was done at RT with 40keV He ions at fluences ranging
from 5x 10" to 1x 10'"®ions/cm? for constant flux of
100nA/cm?, also in the presence of an in-plane magnetic
field of 5.5 kOe.

The stoichiometry of the layers was determined via
Rutherford Backscattering Spectrometry (RBS) measure-
ments from thick films of each material using 2 MeV He ions
with perpendicular incidence of the ions relative to the film
plane and backscattering angle of 165 degrees. The structural
characterization of the as-made sample was done with the
help of transmission electron microscopy (TEM), used to
obtain bright-field images in cross-section geometry using a
200kV JEOL JEM 2010 microscope. Medium energy ion
scattering (MEIS) measurements were performed with
150keV He ions with ion-beam incidence perpendicular to
the sample plane.

Figure 1 gives a TEM bright-field image from the
as-made sample, showing that the interfaces of the IrMn
layer are even and sharp, denoting an insignificant roughness
and interdiffusion. The identification of the other layers can-
not be done due to the proximity in atomic mass of the con-
stituting elements. Structural comparison between as-made,
MA, and IB samples was not done using TEM, because the
sample preparation process is destructive and it can induce
structural changes and differences in the results.

MEIS measurements, see Fig. 2, show the Ir signal well-
separated from those of the other elements because of its
larger mass. The contributions of the other constituent ele-
ments are not resolved due to their mass proximity. The three
spectra are practically indistinguishable, indicating that no
sizeable (at least 5A interdiffusion of Ir atoms) modifica-
tions are induced by any of the post-deposition treatments.
This is in agreement with literature data for EB systems that

FIG. 1. TEM image from the as-made film.
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FIG. 2. Top: RBS data of the Nis3Cry7(6nm) and IrMnz(25mn) films.
Bottom: MEIS spectra of the as-made and MA films together with the ion-
bombarded (at a fluence of 5 x 10'° jons/cm?) sample.

show no structural modifications after either He or heavier
jons (like Ga) bombardments,?* although for other systems
like Co/Pt, an intermixing has been seen even when He ions
at low fluence are used.”® RBS data obtained on NiCr(6 nm)
and I'Mn(25nm) films, grown at the same conditions as
those showing EB, are shown in Fig. 2. Their stoichiometry
can be determined from the ratio of the peak areas weighted
with the corresponding backscattering cross sections of
each element;*® our alloys were determined to be IrMns and
Ni53CI'47.

X-ray fine structure spectroscopy measurements were
performed at the Brazilian Synchrotron Light Source (LNLS),
where Mn K-edge spectra were collected in fluorescence
detection mode. However, since full-multiple-scattering calcu-
lations did not reproduce the X-Ray-absorption near-edge
structure (XANES) experiments, no decisive conclusions
from these experiments were drown.

The values of the EB shift (HY49) and H are extracted
from RT magnetization hysteresis loops measured via alter-
nating gradient force magnetometry. Special care was taken
to assure that the data are collected after time interval suffi-
cient to avoid temporal changes of H,, (thermal drift
effect27). Also, the maximum measurement field was suffi-
ciently high to avoid EB overestimation due to minor-loops
effects.”® FMR experiments were performed using the
X-band excitation frequency of 9.79 GHz, also at RT.

lll. RESULTS AND DISCUSSION

Easy-axis hysteresis loops for the as-made and MA sam-
ples together with those of the sample submitted to IB at
a fluence of 5x 10" ions/cm?® are plotted in Fig. 3. The
as-made sample already presents bias induced during the
deposition since the first-grown AF layers are still weakly
interacting so the coupling to the subjacent FM layer creates
a significant number of uncompensated spins at the AF part
of the interface.*
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FIG. 3. Easy-axis hysteresis loops for the as-made, annealed, and ion-
bombarded (at a fluence of 5 x 10" ions/cm?) samples. The lines are only guides
to the eyes.

Figure 4 shows H,.;(¢;;) experimental data for two rep-
resentative IB samples together with the best fitting curves
calculated as described below. Model simulations are fre-
quently used in order to extract the anisotropy and coupling
parameters from experimental data of complex magnetic sys-
tems, e.g., films consisting of at least two possibly interact-
ing magnetic phases. In the case of FMR data interpretation,
such a procedure seems indispensable. The magnetic param-
eters of our bilayers were estimated by employing a slightly
modified version of a previously described model®° consider-
ing a polycrystalline FM film divided into a number of
grains, each of them with saturation magnetization M, vol-
ume V, thickness ¢, anisotropy constant K;, and easy-axis
direction given by the unit vector . These FM grains inter-
act with UCSs located at the AF/FM interface. Each UCS
could be classified as unstable, either superparamagnetic or
rotatable (with magnetization myq; and volume v,,,) or stable.
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FIG. 4. Angular variations of H,,, extracted from X-band FMR measure-
ments for samples bombarded using two different ion fluences, i.e.,
1 x 10'®ions/cm® (top panel) and 5 x 10" ions/cm?® (bottom panel). The
solid lines are simulated with the model presented in the text; the dashed
lines represent the same simulations assuming Hgz, = 0.
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The latter could be either set (biasing, with magnetization
Mg, volume v, anisotropy constant k., and easy-axis
direction given by the unit vector §), aligned with H during
the preparation or post-treatment procedure of the sample, or
unset, i.e., an UCS that cannot be reversed during the treat-
ment. Superparamagnetic and unset UCSs do not contribute
to either H,;, or Hc. The free energy of a FM grain, coupled
to biasing and/or rotatable UCSs, is

E = Epy + Eycs +Eim‘7 (1)

where Er,,; includes the FM’s demagnetization, uniaxial, and
RA anisotropy terms together with the Zeeman one

M i)
M, 8) M —H M,

M?
2

N
Here, the unit vector n gives the direction of the normal to
the film’s plane. E, ., includes the anisotropy and Zeeman
terms of a Mg

Epm/V =2n(Ms - i)’ — Ky

o (mset i §)2
Eucs/vxet - *kset T

set

— H - mge . 3)

The last term in Eq. (1) corresponds to the interface
exchange coupling between the FM and the biasing UCS,
Ein = —J Mg - Mgt/ (M, my,), being J the respective cou-
pling constant. In the present study, H has been applied in
the film plane. The equilibrium angles of Mg and mg were
determined by minimizing the energy expression given by
Eq. (1); more details can be found elsewhere. 183031
Differently from the previously employed domain-wall for-
mation model,>* we use uniaxial UCSs as FM’s pinning sites
instead of interfacial AF domain wall. Note that mg || § for
very high k., and the model is reduced™ to the rigid AF
moment (RAF) model. The good agreement between model
and experiment confirms that the biasing UCSs of our films
present very strong anisotropy fields as compared to the cou-
pling field Hg [= J/(M1)].

The FMR-estimated EB field has been defined'>*° as
HEYR(dyy) = 3| Hyres(bpy) — Hres(¢py + m)]. In the framework
of the RAF model, Hg ~ Hf,f/’R taken at>®3* ¢y =0, so the

values of HEMR from Fig. 5 were used as Hy ones in the sim-

ulations together with K, = 1.95 x 10%erg/cm’ and the liter-
ature values of 780emu/cm® for M, and 2.09 for the
effective gyromagnetic factor. Thus, the only parameter var-
ied in order to fit H ., data was Hp,.

The bias, coercivity, and RA dependencies on the IB flu-
ence are given in Fig. 5. The H,,, variation is typical for most
AF/FM systems, attributed to defects created by IB. Nuclear
energy losses of the impinging ions***° in the bulk of the AF
lead to a reduction of the AF anisotropy constant (Kur)
resulting in an increase of the number of interfacial UCSs
due to the exchange coupling to the saturated FM; on the
other hand, defects created at the AF/FM interface lead to a
decrease of the coupling and, consequently, to a reduction of
HE,,.37 For high fluences, the decrease of K, would be more
drastic and the interfacial defects become important. It has
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FIG. 5. H%AG, Hf,f’m, H¢, and Hg, as a function of the ion fluence. The
empty symbols correspond to the annealed sample and the lines are only
guides to the eyes. Schematic distributions of the rotatable grains’ magnet-
izations at H = H,, assuming that these are antiparallel coupled to the FM,
are illustrated for two representative fluences.

been reported that irradiation with Ar™ ions in a presence of
magnetic field may change the direction and dispersion of
the anisotropy of NiFe films.*® In FMR experiments, such
effects could be detected as a modification of the FM’s ani-
sotropy and/or a misalignment between the FM and AF easy
axes. Our FMR fitting results, however, strongly indicate
that K;; does not change significantly after IB; for some sam-
ples, a misalignment of only a few degrees between the FM
and AF easy axes was observed. The latter, however, should
not be attributed to IB since the magnetic field used to initial-
ize the bias was the same for both FM and AF already depos-
ited layers. Thus, we will not consider changes on the FM as
an important mechanism responsible for the reported results.

For all fluences, our films present (i) negative or zero
Hpga values, (ii) inverse correlation between |Hgs| and He,
and (iii) HMAG > HEMR,

We assert that majority antiparallel coupling and field-
induced spin-flip transitions of the interfacial spins is the key
for the occurrence of negative RA and for the elucidation of
the other two peculiar features cited above. The conjecture
of antiparallel coupling at the IrMn/NiFe interface agrees
with works on the same system.®*° Experiments*® and
calculations*' have established the antiparallel Fe-Mn con-
figuration for small surface coverage of Mn atoms. It has
also been claimed that at IrMn/CoFeB interfaces uncompen-
sated Mn spins can couple antiferromagnetically to the FM
spins resulting in PEB.”*** Our data are consistent with a sce-
nario where parallel and antiparallel couplings between the
FM and UCSs coexist® due to, e.g., the multiple chemical
elements present in this region. Two possible interface bond-
ing types are Fe-Mn and Ni-Mn.

J. Appl. Phys. 117, 215301 (2015)

Figure 6 gives a schematic of the orientations of M and
the two types of interface UCSs in the low (a hysteresis-loop
trace) and high (H,.,) field regions. For better visualization,
the simple case of H applied along the common easy axis of
the FM and both types of grains with UCSs is exemplified.
Recall that the EB remains negative even when M and mge
are antiparallel coupled (J/ < 0) provided that mg maintains
its direction opposite to that of the EB setting field. If a very
strong magnetic field is able to induce the reorientation of
mg from antiparallel to parallel state and by some reason
this orientation is frozen, this UCS will contribute to PEB in
a subsequent measurement.” If, however, when lowering
back the field the antiparallel alignment is restored, this mge
will add to negative EB in the consequent measurement as
long as the maximum field used saturates the FM.

It is recognized that different measurement techniques
could yield distinct EB values. For example, the discrepancy
between HYAC and H'YR has been attributed to the physi-
cal mechanisms involved in each technique. Usually
HYMAG < HEMR given that UCSs, which are stable in pertur-
bative experiments like FMR, could be unstable in a magnet-
ization curve trace seeing as the measurement time of the
latter is longer than the relaxation time,'®?!-**43

Our samples, however, show HYA% > HIMR The mech-
anism of field-induced flips naturally elucidates this finding
on condition that H,, is high enough to initially induce
the antiparallel-parallel reorientation, which is afterward
restored when lowering the field. That is, while in the FMR
experiments an antiparallel-coupled though flipped myge less-
ens the ordinary EB and contributes to the negative RA, see
below, it adds to the negative H¥A¢ resulting in the observed
here HMAG > HEMR,

Regardless of the type, parallel or antiparallel, of the
M/m,,; coupling and its strength (J'), Hc of an FM/AF
bilayer should be enhanced if compared to that of the re-
spective control FM film due to the additional energy nec-
essary to reverse an anisotropic UCS. The same holds for
the RA, always positive for J' > 0. Moreover, it remains
positive even for J' < 0 as long as the measurement field
(here, H,.) is not strong enough to induce the antiparallel-
parallel transition of rotatable UCSs. Negative RA can only
be obtained if such transitions occur arising from the com-
petition between the Zeeman term, the UCSs’ anisotropy
field Hy o (=2k,0dm, ), and J'. Note that accounting for
the frequently neglected Zeeman term is essential for
understanding the negative RA. The free energy (E) of a
(coupled to the FM) grain with rotatable UCS in a magnetic
field consists of its anisotropy, coupling and Zeeman terms.
For saturated FM, i.e., M || H, it is straightforward to show
that

E 1
=3 HAA,mt Sin2 ¢

— H' cos(¢py —
UI’O’ ml‘oi 2 ( "

¢I'0[) i

rot —
where H' = H +J' /m,,. For negative J' and H parallel to
the easy axis of myy, the latter will flip to be parallel to H
and, consequently, to M, if H > Hy o — J' /1, it will flip

back at a field equal to Hy o, +J ' /my ;. These transitions are
sketched in Fig. 6. When flipped, UCSs with negative J’
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FIG. 6. Schematic of the orientations of M, mg¢, and my in the field region of a hysteresis-loop trace and in that of strong magnetic fields (i.e., that of H,.y).
H is applied along the easy direction of mgt (and of my4t). Both parallel and antiparallel FM/UCS alignments are considered. The hysteresis loop of M (solid
curve) and that of myo AF-coupled to M (dashed curve) are plotted, where the solid curved arrows indicate the magnetization paths. The dashed curved arrows
represent magnetic-field-induced spin-flip-like transitions responsible for either negative FMR-estimated RA or positive EB.

contribute to the negative RA. As normally UCSs present
distributions in k,,, and J', the lower H, ,,, and/or the greater
|77|, the smaller the field required for a flip, the greater the
number of flipped UCSs (see the schematics in Fig. 5) and,
consequently, the greater |Hg,|. Since there might exist rotat-
able UCSs with J' > 0 contributing “positively” to the RA,
the point of Hpy =0 in Fig. 5 does not necessarily corre-
spond to equal numbers of flipped and unflipped UCSs.

Due to the direct correlation between H- and k,,,, see
above, the latter should vary with the ion fluence in a way
qualitatively similar to that of H., see Fig. 5; the mecha-
nisms involved are, most probably, those responsible for the
already discussed EB variations. However, as demonstrated
above, the variations of |Hg4| and k,,, of the susceptible to
field-induced antiparallel-parallel transitions UCSs are oppo-
site, thus explaining the observed here anticorrelation
between H- and RA. Nevertheless, this does not contradict
the concept that the rotatable UCSs are responsible for the
coercivity enhancement.

An increase in number of prone to flip UCSs would also
add to the negative RA: the greater the number of rotatable
UCSs in a hysteresis loop trace the higher H. This seems to
be the case of IrMn/Cr/Co,18 resulting in the direct correla-
tion between Hc and |Hga|-

It is worth noting that a model which takes into account
such field-induced spin-flip transitions of the interfacial
spins'® has been able to reproduce the PEB induced by athe-
rmal training® as well as the recovery of training after appli-
cation of strong magnetic fields.**

IV. CONCLUSIONS

We have shown that the recently discovered negative ro-
tatable anisotropy is a signature of antiparallel interface cou-
pling and magnetic-field-induced spin-flip-like transitions of
uncompensated spins. This mechanism explains the observed
here inverse correlation between rotatable anisotropy and
coercivity as well as the lower bias values yield from
FMR experiments as compared to those estimated from hys-
teresis loop measurements in IrMn/NiFe bilayers. It is also

able to account for previously observed training-induced
positive exchange bias and partial recovery of training after
application of strong magnetic fields. We thus conclude that
experimental observations of negative rotatable anisotropy
provide evidences for antiparallel interface coupling even in
systems presenting conventional exchange bias only.
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