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Unraveling intricate properties of exchange-coupled bilayers by means of broadband ferromagnetic
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Ferromagnetic resonance (FMR) measurements using a broadband microstrip excitation technique
were performed at room temperature for an antiferromagnetic/ferromagnetic (AF/FM) bilayer of
Ir;0Mngo(35.0nm)/Nig; Fej9(7.5 nm). The angular dependence of the resonance field was measured for several
excitation frequencies ranging from 1.5 to 10.0 GHz. From the numerical fitting of the experimental data, it
was observed that the exchange bias field (Hg) and the rotatable anisotropy field (Hra ) originating from the
exchange interaction at the AF/FM interface are frequency dependent. The results were explained considering
the coexistence of ferromagnetic and antiferromagnetic coupling at the AF/FM interface. We also investigated the
spin pumping voltage generated in the structure of Ir,gMngy(35.0 nm)/Nig; Fe 9(7.5 nm)/Pt(4 nm) and showed
that from the voltage peaks occurring at the ferromagnetic resonance condition it is possible to reproduce the

FMR dispersion relation.

DOI: 10.1103/PhysRevB.102.104405

I. INTRODUCTION

Antiferromagnetic (AF) coupling with ferromagnets (FMs)
is a source of intense research due mainly to several advances
in applications [1-8]. In the last few years, discoveries of the
spin Hall effect in metallic AFs [9-12] and spin transport in
several AFs [13-17], have renewed the attention to AF/FM
bilayers. One important phenomenon related to this coupling
is the exchange bias (EB) effect. This effect in AF/FM mate-
rials has been a subject of study for no less than six decades
[1-3,18,19].

The best-known manifestation of the EB effect in AF/FM
bilayers is the unidirectional shift of the magnetic hysteresis
curve along the field axis set by the magnetic field applied dur-
ing the growth process (EB direction). Another two manifes-
tations emerge in ferromagnetic resonance (FMR) measure-
ments, namely (a) symmetry breaking of the usual FMR an-
gular dependence, and (b) the isotropic shift of the resonance
field in polycrystalline AF/FM bilayers, due to the rotatable
anisotropy [20-23]. In order to explain these simultaneous ob-
servations, the models [20-25] consider the existence of two
types of grains in polycrystalline AF layers, stable ones (or
nonrotatable) and other unstable (or rotatable), both coupled
to the adjacent FM magnetization. The former are responsible
for the exchange anisotropy characterized by the exchange
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bias field (Hg) and the latter by the isotropic shift of the reso-
nance field characterized by a rotatable anisotropy field (Hra).

In a previous work [23], we studied the rotatable and
exchange anisotropies in AF/FM bilayers of IryoMngo(t)/
Nig Fej9(7.5nm) for three samples with AF thickness of,
t =5, 10, and 35 nm. A Brillouin light-scattering technique
was used to measure the azimuthal angle dependence of
the magnon frequency at fixed magnetic field values of 50,
200, and 1000 Oe from which the anisotropy fields Hgra
and Hy were extracted. The results showed a nonmonotonic
dependence of both fields with the external field value. In
particular, the sample Ir,o)Mngy(35.0 nm)/Nig;Fei9(7.5 nm),
presented a negative value for Hga at low-field strengths.
These results were explained considering the coexistence
of parallel and antiparallel coupling at the AF/FM
interface.

In this paper, we report the investigation of the ex-
change and rotatable anisotropies in the Irp0Mngp(35.0nm)/
Nig;Fe 9(7.5nm) bilayer through FMR experiments using a
microstrip transmission line setup by varying the azimuthal
angle between the external magnetic field and the EB direc-
tion. In particular, we explore the low-frequency regime in
which the resonance fields are on the order of the anisotropy
fields. Using the rotatable and exchange anisotropies fields
HRA and HE, strengths have a nonmonotonic dependence
with the excitation frequency providing an additional tunable
source of anisotropy. Additionally, through the spin pumping
voltage generated in a structure of AF/FM/Pt, we explore the
spin to charge current conversion by injecting a spin current
from the biased FM film, via the spin pumping effect, into

©2020 American Physical Society
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FIG. 1. (a) Sketch of the broadband FMR setup used for FMR absorption measurements in the AF/FM bilayer of IrMn(35 nm)/Py. (b)
Derivative of the FMR absorption spectrum of IrMn(35 nm)/Py for the DC field, parallel (¢ = 0°) and antiparallel (¢y = 180°) to the FM
uniaxial axis, with excitation frequencies of (b) 10 GHz, (c¢) 4 GHz, (d) 3.0 GHz, and (e) 2.0 GHz.

the Pt thin film, which made it possible to reproduce the
experimental FMR measurements.

II. EXPERIMENT

The AF/FM bilayer of Si(001)/Nig;Fe9(3)/Iry0Mngo(35)/
Nig|Fe9(7.5) herein studied was prepared by the DC
magnetron sputtering technique. In order to produce

a Ir,oMngy (henceforth denoted by IrMn) film with
antiferromagnetic order, and to fix the EB direction [figp
in Fig. 1(a)], prior to its deposition, a 3-nm-thick layer
of NigFe9 (permalloy, henceforth named Py) was grown
on Si(001) substrate of 5.0 x 2.5mm? under an external
applied static magnetic field of about 200 Oe [23]. To prevent
spurious effects due to metal interdiffusion, no capping layer
was deposited on top of the multilayer.
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For the ferromagnetic resonance (FMR) and spin pump-
ing (SP) voltage measurements we used a microwave sig-
nal provided by a generator with a tunable frequency in
the range of 1.5 — 10.0 GHz with power up to 100 mW.
The broadband FMR spectrometer consists of a rf frequency
sweeper that feeds a microstrip line of copper, 0.5 mm wide
with characteristic impedance around 50 €2, fabricated on a
Duroid substrate with a ground plane. The IrMn/Py sample
is placed face down on the microstrip line, separated by a
60-um-thick Mylar sheet and the transmitted rf radiation is
detected by a Schottky diode. By sweeping the external DC
field, applied perpendicular to the A, r, at the ferromagnetic
resonance an enhancement of rf-power absorption takes place,
which is detected by Schottky diode. As the DC field varies
the absorption power can be measured using two different
methods: (i) by measuring the Lorentzian absorption curve di-
rectly by a nanovoltimeter, or (ii) by measuring the derivative
of the Lorentzian absorption curve by means of the lock-in
detection. In the latter method, the DC field is modulated by an
external AC magnetic field of amplitude 0.2 Oe and frequency
of 8.7 kHz generated by a pair of Helmholtz coils, thus
generating the absorption derivative spectrum as the field is
scanned, as shown in Figs. 1(b)-1(e). The FMR measurements
were performed, for several values of the azimuthal angle ¢,
between the field and the EB direction of the sample (see
Fig. 1) from 0 to 360° and for frequency values from 1.5
to 10.0 GHz, increasing the frequency in steps of 0.5 GHz.
Starting from a saturated condition, the external magnetic field
was varied in the range +1550.0 Oe, with a field step of
5.0 Oe, and dwelling time of 100 ms per step.

For the spin pumping (SP) experiments, a 4-nm-thick film
of Pt with lateral dimensions of 1 x 3 mm? was deposited by
DC sputtering on the top of the IrMn/Py bilayer such that the
final sample was Si/Py(3 nm)/IrMn(35 nm)/Py(7.5 nm)/Pt(4
nm). As illustrated in Fig. 4, two thin copper wires were
attached to the extremes of the Pt line, 3.0 mm apart, with
silver paint. The copper electrodes were directly connected
to a nanovoltmeter for measuring the DC voltage generated
by the inverse spin Hall effect (ISHE) in the Pt layer as the
spin current is injected across the Py/Pt interface by the SP
process.

III. MODEL

In order to improve the interpretation of the experimen-
tal data, we carried out calculations of the FMR dispersion
relation, from dependence of the frequency on the applied
magnetic field in the AF/FM bilayer. The calculation is based
on the magnetic free-energy procedure, established by Smith
and Beljers [26] and Suhl [27], that was later adapted for

J
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exchange-bias bilayers [22,23,28,29]:
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where, y is the gyromagnetic ratio and fgy and Mgy are the
FM layer thickness and saturation magnetization, respectively.
The terms &;; denote the second derivative of the free energy
per unit area with respect to the equilibrium angles of the FM
magnetization and the corresponding AF sublattice magneti-
zation in contact with the AF layer.

The phenomenological model for the free energy per unit
area, necessary to obtain the w vs H dependence through
Eq. (1), considers the relevant interactions of the FM/AF
system,

£ = (—H . MFM)IFM + EEZI + ((/-II;F/FM + gﬁ: (2)

In Eq. (2), the first term is the Zeeman energy, the second

term, 5; l:,’l, groups the uniaxial and demagnetizing contribu-

tions to the free energy of the FM layer, and the third, £ EM/ AF,

and fourth, 2%, terms consider the exchange coupling at the
AF/FM interface and the contribution of the unstable anti-
ferromagnetic grains through the rotatable anisotropy, respec-
tively. As the last two terms in Eq. (2) are the most relevant
for the subsequent discussion, we write them explicitly as

N\ 2
MFM M h
gAF = _Kra s (3)
RA ( M
and

Mpy - M Mgy - U
5§F/FM = —Jp FM AF ow FM uEB’ (4)

MemM Ar Mar

where K,, is the rotatable anisotropy constant, Jg is the
interfacial exchange coupling constant (taken as positive for
ferromagnetic coupling), and ow (~ +/KaF) is the energy per
unit surface of a 90° domain wall at the AF side of the
interface, Kap being its anisotropy constant. The unit vectors
g and h = H /H represent the EB direction and the applied
magnetic field direction, respectively. Here we consider that
the FM uniaxial anisotropy axis is parallel to the EB direction.
Details of the anisotropies involved in the second term £
can be found elsewhere [22-25]. ’

Considering that the FM magnetization is saturated for the
values of the magnetic fields at which the FMR occurs, the
relation between the resonance field Hg as function of the
azimuthal angles of H (¢y) and Mpv(¢rpm) obtained from
Egs. (1)—(4) can be written as

2
A R . 2 w
—2Hga — H{#Po8) — g omeonn) \/[HUSIIlz(PH + 47 Megs + Hy (Pemt, dar) — Ho (e, dar)]|” + 4<;> )]
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where

Hl(¢FM’¢AF) _ Hy cos ¢ar cos (Ppm — Par — B) — Hsin> (Ppm — dpar — B)

Z—Z cos Par + €08 (Prm — Par — B)

and

Hy cos par cos(¢ppm — Par — B)
T cos Ak + coS(Prm — Par — B)

H2(¢FM7¢AF) — @)

Here, Hy (= 2K,,/Mpy\) is the FM uniaxial anisotropy field,
Hg[= Jg /(temMpm)] is the effective exchange-coupling field
at the FM/AF interface, Hra(= 2K,./Mry) is the effective
rotatable anisotropy field, Hy [=ow /(temMrMm)] is the effec-
tive domain-wall field, and M. is the effective magnetization.
The angle § is introduced in the model to account for the
misalignment between the AF and FM easy axes [20].

IV. RESULTS AND DISCUSSION

The full FMR absorption spectrum of the IrMn/Py bi-
layer was measured varying the applied field strength in
the setup sketched in Fig. 1(a); each value of the in-plane
resonance field Hg was determined by fitting the derivative
of the Lorentzian line shape of the measured spectra shown
in Figs. 1(b)-1(e). The experiment was repeated for different
frequencies ranging from 1.5 to 10.0 GHz, allowing the
determination of the experimental dispersion relation shown
in Fig. 2 for the external magnetic field H applied at ¢y = 0°
(positive values) and ¢y = 180° (negative values).

To understand the conditions at which FMR occurs we con-
sider M o parallel to the &igg direction, which is supported by
the condition Hy > Hp, as observed in our sample [22,23].
In this case, par = 0 and when the field is applied along the
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FIG. 2. Experimental dispersion relation of the

IrMn(35 nm)/Py(7.5 nm) bilayers (red symbols). The external
magnetic field is applied along the easy axis. The solid line
is a numerical fit using for Hg = 150 Oe, Hra = 80 Oe, and
Hy = 15 Oe. The values of Hr and Hra correspond to the mean
values for 3 GHz < f < 4 GHz in Fig. 3.

(6)

(

easy axis, the resonance field from Eq. (5), can be written as

1

Hy ~ m[%(w) — 2Hg cosppml,  (8)

where B(w)=—2Hy —4nMeff—2HRA+\/ (47 Meir)? + 4(2)2.
When the excitation frequency is greater than 4 GHz (see
Fig. 2), B(w) > 2Hg and the resonant fields occurs for ¢py =
ou at, ¢y = 0° for |Hg | = [B(w) — 2Hg]/2(left branch in
Fig. 2) and ¢y = 180° for |Hga| = [B(w) + 2HEg]/2(right
branch in Fig. 2). The difference between |Hg;| and |Hg;|
values, with |Hg| < |Hgz|, is due to the fact that in the
former case, when the magnetization is oriented along the
energy minimum (parallel to #igg), FMR occurs at a lower
field compared with the last case in which it is oriented
along the hard axis direction (antiparallel to #@gg). This is
also what is observed in Fig. 1(b), with two resonant fields
at Hg; = 912.0 Oe (¢ppm = ¢ = 0°) and Hg, = —1209.0 Oe
(ppm = ¢ = 180°).

For excitation frequencies, 3 GHz < f < 4 GHz, as shown
in Figs. 1(d) and 1(e), B(w) < 2Hg, and we still have two
resonant fields, one at a lower value for ¢rpv = 0 and ¢y =
180° (Hpg;) and the other for ¢pv = ¢y = 180° (Hg,). Note
that at Hp;, although ¢y = 180°, due to the EB field the FM
magnetization is parallel to EB direction [see inset in Fig. 1(d)
(green circle)]. Measurements at frequencies lower than 3
GHz as shown in Fig. 2, and Fig. 1(e) for 2 GHz, reveal that
there is only one resonant field value. In this case, B(w) +
2Hp < 0 and the FMR can only occur at one field value for
¢y = 180° and ¢py = 0° maintained at this direction by the
EB field. No resonant fields will be observed for frequency
values lower than 1.5 GHz. The solid line in Fig. 2 represents
the dispersion relation calculated from Eq. (5) for the mean
values of the anisotropy fields (Hg = 155 Oe, Hra = 103 Oe)
between 3 and 10.0 GHz.

The FMR absorption measurements were repeated varying
the azimuthal angle from 0 to 360° for every fixed excitation
frequency. Figure 3(a) shows the in-plane angular dependence
of the resonance field for the sample IrMn(35.0 nm)/Py mea-
sured at different frequencies. Experimental values denoted by
the symbols correspond to the Hg; values shown by the green
circles in Figs. 1(b)-1(e). For Hg,, we obtained similar values
but shifted by 180°. The solid lines are fits using Eq. (5).
For the numerical calculations, the effective magnetization
value 47 M = 9.38 kG and uniaxial anisotropy field Hy =
15 Oe were extracted from the fit of the FMR experimen-
tal data corresponding to the unbiased Py(7.5 nm)/Si thin
film (see Refs. [20,21]) with a gyromagnetic ratio of y =
17.6 GHz/kOe. Figure 3(b) shows the rotatable Hgra and
exchange Hg anisotropy fields as a function of the excitation
frequency. The error bars were obtained from two measure-
ments at each azimuthal angle and dashed lines are guides to
the eyes. As we can observe, both fields are almost constant
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FIG. 3. (a) In-plane angular dependence of the resonance fields of the IrMn(35 nm)/ Py bilayer for selected frequencies of 10, 8, 6, 4,
and 2 GHz. The continuous lines are the fittings of the experimental data using Eq. (5). (b) Exchange bias field (Hg) and rotatable anisotropy
field (Hgra) strengths obtained from the best fittings of the FMR data. The dashed lines are guides to the eyes.

with f for frequencies higher than 3 GHz and drastically
diminish in the low-frequency regime.

These experimental observations are in agreement with
the Brillouin light-scattering measurements reported in our
previous work on the same sample [23] where we considered
the coexistence of parallel and antiparallel coupling at the
AF/FM interface, which also agrees with other investigations
on the same system [25,30-32]. Essentially, we considered
the presence of AF grains at the AF/FM interface that could
be ferromagnetically (FMC) or antiferromagnetically (AFC)
coupled to the FM magnetization. Each type of grain classified
as unstable (either superparamagnetic or rotatable) or stable
(pinned) differs in number and in anisotropy energy, being
able to rotate their magnetization at different field strengths.
Thereby, the lower the grain anisotropy energy, the smaller the
field required to rotate its magnetization.

In the FMR experiment, the excitation frequency is fixed
and the resonance field varies as a function of the az-
imuthal angle ¢y resulting in bell-shaped curves, as shown
in Fig. 3(a). As the magnetic field regime, at which resonance
occurs, is proportional to the excitation frequency, the behav-
ior of the FMC and AFC grains will depend on it. While
pinned, the magnetization of both grains contributes only to
EB, which can be positive (for FMC) or negative (for AFC).
On the other hand, for unpinned grains their magnetization
loses the pinning condition, thus not contributing to Hg, and
start to be responsible for Hra. The trend shown in Fig. 3(b)
can be explained considering that in our sample of IrMn(35.0
nm)/Py, FMC grains exceed AFC ones in number and in
anisotropy energy what is supported by the concave bell
shape of the FMR field [23]. For f = 1.5 GHz the rotatable
anisotropy field Hra obtained from the numerical fitting is
negative. This is explained considering that at low-field values
(low frequency) those AFC grains having lower anisotropy
rotate contributing to a negative value of Hgra [23]. At the
same time, those with higher anisotropy energies are pinned
in the —#gp direction and in competition with the pinned

FMC ones (pinned || to +iigg), thus diminishing Hg. When
the field further increases, an increasing number of FMC
grains (much higher than AFC ones) begin to rotate their
magnetization, thus contributing to a positive value of Hg. In
the same sense, the magnetization of AFC grains that are now
rotating does not compete with the pinned FMC ones and Hg
saturates.

Once the dynamical response of the magnetization has
been studied, we measured the spin pumping voltage in the
IrMn(35 nm)/Py(7.5 nm)/Pt structure. Spin pumping voltages
(Vspe) generated in hybrid structures result from a combina-
tion of two effects, the SP effect, in which the precessing
magnetization in FMR condition injects a spin current into
an adjacent layer, and the inverse spin Hall effect (ISHE),
that converts the injected spin current into a transverse charge
current of density J¢o = 0sy(2e/h)Js x a, Js being the spin
current density (in units of angular momentum/area - time),
Osy is the spin Hall angle, and o is the spin polarization. In
the experimental setup, the spin current flows perpendicularly
to the plane producing a voltage Vspg that we measured at
the ends of a 3 x 1-mm? Pt line, 4 nm thick, deposited on
the top of the IrMn(35 nm)/Py(7.5 nm) in the setup shown in
Fig. 4(a).

Driving the FMR strip line with a microwave of fixed
frequency and varying the external magnetic field H we can
measure the peaks of Vjsyg occurring at the FMR condition,
as expected from the dispersion relation. Note that, as the
propagation direction of the spin current is fixed, the sign of
the Vspg peaks is given by the polarization direction o. This
means that, according to Fig. 4(a), as the spin Hall angle 6sy
is positive for Pt [22], the measured Vspg peak will be positive
when the magnetization is in the EB direction and negative
in the other case. This observation permits us to know the
magnetization direction in the FM layer.

These experiments were repeated for several frequencies
and the results were consistent with the dispersion relation
obtained by FMR, as shown in Fig. 5. Similar results were
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charge current resulting from the spin current produced by microwave FMR spin pumping at (b) 7 GHz and (c) 3 GHz.
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FIG. 5. Full dispersion relation of the Py(7.5 nm)/IrMn(35 nm)
bilayer determined by FMR (red dots) and spin pumping experiments
(blue dots) in the antiparallel configuration. The dashed lines are
guides for the eyes.

observed when the sample is rotated by 180° but with a shift
to the right because of the exchange field.

V. CONCLUSIONS

In this work we used broadband ferromagnetic resonance
to measure the resonance field as a function of the in-plane
angle for different excitation frequencies, in a bilayer of
IrMn(35 nm)/Py(7.5 nm). The experimental results were inter-
preted using a model that considers the principal contributions
to the magnetic energy of the system and the coexistence
of stable and unstable AF grains with ferromagnetic and
antiferromagnetic coupling at the interface. We show that in
concordance with the model both the exchange bias and rotat-
able anisotropy fields are strongly dependent on the frequency
values in the low regime of excitation frequencies. This could
provide an additional source to tune the magnetic anisotropies
in hybrids exchange biased bilayers. We also reproduced the
dispersion relation through the spin pumping voltages show-
ing that this kind of experiment could be effective to study the
spin to charge conversion in AF/FM bilayers. This could also
be useful to explore the spin transport through AF materials.
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