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We have studied static and dynamic magnetic properties of a general asymmetric trilayer system using numer-
ical simulations. For ferromagnetic, 90°, and antiferromagnetic coupling, the magnetizations of the two magnetic
layers exhibit one, two, and three phases with increasing external field, respectively. The total magnetization and
ferromagnetic resonance accordingly follow these phases of the magnetization vectors. The resonance condition
is related to the interlayer coupling strength in such a way that a larger coupling constant yields a higher
value of fi.s/H, where f is the resonance frequency at the external magnetic field H. Based on the simulation
results, it is proposed that measurements of the acoustic mode resonance alone at unsaturated conditions provide a
sensitive and accurate technique to extract the antiferromagnetic coupling strength. The technique is demonstrated
experimentally with the broadband ferromagnetic resonance measurements of two trilayer films with weak and
strong coupling strengths. The technique offers an efficient and sensitive method for antiferromagnetic coupling
strength extraction, yielding coupling constant values with a precision of better than 0.03 erg/cm?. Also, separation
of the bilinear and biquadratic coupling contributions is possible with the technique.
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I. INTRODUCTION

A nanometer thick trilayer system with two ferromagnetic
(FM) layers separated by a nonmagnetic (NM) spacer layer is
an elementary building block of magnetic devices with various
technological applications such as magnetic recording devices,
magnetic sensors, nonvolatile magnetic random memories, and
spin-torque oscillators [1-4]. Understanding the influence of
material parameters such as magnetic anisotropy, saturation
magnetization, and interlayer coupling on the magnetic re-
sponse of the trilayer system to an external field is of critical
importance for the engineering of FM/NM/FM trilayer based
magnetic devices [5,6]. Therefore, following the discovery of
the interlayer coupling [7] and its oscillatory dependence with
respect to the thickness of the nonmagnetic spacer [8] trilayer
systems have attracted immense research interest [9,10].

Most of the investigations have been carried out on
symmetrical trilayers with the two FM layers made from the
same material [11-14]. But recently, experimental studies of
trilayers with the two FM layers made from different mate-
rials have appeared [15-17]. To date, systematic numerical
analysis of the static and dynamic magnetic responses of
an asymmetrical trilayer with the two FM layers composed
of different materials are rare. In this paper we present
results on the influence of interlayer coupling on the static
and dynamic magnetic properties of a general asymmetric
trilayer system obtained by numerical simulations. Static
magnetization curves and ferromagnetic resonance (FMR)
dispersion relations are calculated for different coupling
types and strengths. Many interesting features are found
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from the simulated results, which are valuable references for
experimental work.

Specifically, it is known that the optic mode resonance
is very difficult to observe in FMR studies of antiferro-
magnetically coupled trilayers [18,19]. The results of this
study indicate that the acoustic branch of the ferromagnetic
resonance dispersion curve is sensitive to the coupling strength
before reaching magnetic saturation, corresponding to the
magnetization of both FM layers being aligned with external
magnetic field, in antiferromagnetically coupled trilayers.
Therefore, measuring only the acoustic mode resonance at
unsaturated conditions for different microwave frequencies
is proposed and experimentally demonstrated as a sensitive
and accurate technique to extract the coupling strength for
antiferromagnetically coupled trilayers.

II. MACROSPIN MODEL

In a trilayer system, besides the Zeeman energy, anisotropic
energy, and demagnetizing energy, there is an additional
energy term, an exchange energy stemming from the interlayer
exchange coupling, which is given by

My - Mg J(MA.A}B>2
—— — 2\ YV )

Eex = —J
ex ! Ma Mg MMz

ey

where M A and 1\713 are the magnetization vectors of the two
FM layers. J; is the bilinear coupling constant, and J is the
biquadratic coupling constant, both given in units erg/cm?.
We consider a trilayer system with two FM layers of the
same thickness 7 separated by a NM spacer with thickness fny.
The geometry and coordinate system employed in the study
are shown in Fig. 1. Taking into account the Zeeman energy
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FM layer A

FIG. 1. (Color online) The geometry and coordinate system of
the film.

£2¢¢, €Xchange energy e.x, and demagnetizing energy €gem, the
total energy per unit area of the system is

Etot = Ezee T Eex T Edem
= —tHMA[sin Oy sinOxcos(¢py — Ppa) + cos Oy cos Oa]
— t HMg[sin Oy sinfgcos(¢py — ¢g) + cos Oy cos Og]
— Ji[sin 04 sin Bgcos(pa — ¢p) + cos Op cos O]
— Jo[sin 64 sin Ogcos(da — ¢p) + cos O cos O ]?
+ 2nt(M§cosZQA + MécoszeB). 2)

O, 0B, ®a, and ¢p correspond to the polar and azimuth angles
of the magnetization vectors, as indicated in Fig. 1. H, 0y, and
¢y refer to the magnitude, polar angle, and azimuth angle of
the external magnetic field, respectively.

If J; dominates over J,, a positive value of J; will lead
to the system favoring a parallel configuration of the two
magnetization vectors in order to minimize the exchange
coupling energy. Therefore, a positive J; corresponds to
ferromagnetic coupling. On the contrary, a negative J; will
make the two magnetization vectors to align antiparallel with
respect to each other to minimize their exchange energy,
corresponding to antiferromagnetic coupling [20]. However, if
J» dominates over J; and is positive, minimum energy occurs
when the two magnetizations are oriented perpendicularly to
each other (90° coupling).

For a given set of parameters characterizing the trilayer
system (J;, Jo, M, and Mp), the equilibrium orientations
of the magnetizations at any external field can be calculated
numerically by finding the values of 6, 0, ¢a, and ¢p
that minimize &,. Using these values, the in-plane static
magnetization of the system can be obtained as

M, (H)
M,
M sin 6 cos pa(H) + Mg sin 0 cos ¢pg(H)

= 3
Ma + My ©)

and the out-of-plane static magnetization of the film is given
by
M, (H)
M;
M cosOa(H) + Mg cos6g(H)
Mp + Mp .

m, =

“
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Ferromagnetic resonance (FMR) experiments use a mi-
crowave signal generating an rf magnetic field Az that is
perpendicular to the dc field. Resonance absorption occurs
when the microwave frequency matches the natural frequency
of the system, which is determined by the magnetic properties
of the sample and the dc magnetic field. By substituting the
total energy density [Eq. (2)] and the equilibrium angles
into the Suhl-Smit equation [21] the resonance condition
is obtained as a fourth order polynomial equation of the
microwave angular frequency w, which reads

aw* + co® + e = 0. (®)]

The coefficients of this fourth order polynomial equation are

(tzMAMB>2
a=|—1,
YAYB
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with y5 and yg being the gyromagnetic ratio of the FM layer
A and B, respectively. The parameters in Eq. (6) are defined
as

Co = Ji +2J>cos(pa — ¢B),
Ci = Jicos($a — ¢B) +2J2c08°(pa — ¢B),  (7)
Cy = Jicos(¢pa — ¢B) + 2J2 cos 2(Ppa — ¢p),
and

h’? = Hcospa +4n My,

h? = H cos ¢p + 4w Mg,

h‘; = H cosa,

h8 = H cos ¢.

®

Among the four solutions to Eq. (5), only two are physically
meaningful. These two solutions are referred to as the acoustic
resonant mode, which corresponds to the magnetization
vectors of the FM layers precessing in-phase and the optic
resonant mode, which corresponds to the two magnetization
vectors precessing 180° out-of-phase. Therefore, one would
expect two distinct resonance peaks to appear in the FMR
spectrum. In the case when the two FM layers are identical,
the resonance field difference of the two modes corresponds
to the value of the exchange field.

III. SIMULATED RESULTS

Figures 2 and 3 present some simulated curves for fer-
romagnetically and antiferromagnetically coupled trilayers,
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FIG. 2. (Color online) Simulated results of magnetization ori-
entations ¢, and ¢p (a), magnetization (b), and FMR resonance
frequency (c) versus in-plane magnetic field for different coupling
strengths. The magnetization values of the two FM layers are
4w Mn = 22 kG and 47 Mg = 9.5 kG. Different coupling constants
are represented by different colors of the curves, with the legend
shown in (a). Solid and dashed lines in (c) correspond to acoustic and
optic mode resonance curves, respectively. The red curve is covered
by the magenta one in (c) as they overlap with each other. In (a) and
(b), curves for all four sets of coupling constants overlap.

respectively. From the figures, many features expected to
be observed in FMR studies on trilayer systems can be
seen.
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FIG. 3. (Color online) Simulated results of magnetization ori-
entations ¢, and ¢p (a), magnetization (b), and FMR resonance
frequency (c) versus in-plane magnetic field for different strengths of
antiferromagnetic coupling. The magnetization values of the two FM
layers are 4w M = 22 kG and 47 M = 9.5 kG. Different coupling
constants are represented by different colors of the curves, with the
legend shown in (a). In (c), the solid and dashed curves correspond
to the acoustic and optic branches, respectively, of the dispersion
relation.

A. Ferromagnetic coupling

For ferromagnetic coupling, as can be seen from Fig. 2(a),
the two magnetizations are always aligned in parallel
with the dc magnetic field. The in-plane magnetization is
saturated, regardless of magnetic field and exchange coupling
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magnitudes (neglecting magnetocrystalline anisotropy), as
demonstrated by Fig. 2(b). In a decoupled system (i.e., very
thick spacer layer), the FMR dispersion relation is described
by a distinct Kittel formula for each layer, as shown by the
blue curve in Fig. 2(c).

In a FM coupled trilayer, the optic branch of the dispersion
curve is significantly pushed to higher frequencies. The two
resonance conditions for a FM coupled trilayer system are both
dependent on the strength of the coupling in such a way that
a stronger coupling leads to a higher value of f..s/y H, where
fres 1s the resonance frequency at the magnetic field H. In other
words, the resonance frequencies of both the acoustic and optic
modes increase with increasing coupling in a frequency-swept
FMR measurement at fixed dc magnetic field. While in a field-
swept FMR measurement at fixed microwave frequency, the
resonance fields of both modes decrease with increasing cou-
pling strength. This is in agreement with experimental findings
for trilayer films [20,22-24]. It is evident from Fig. 2(c) that
the resonance condition of the optic branch is more sensitive to
coupling strength than that of the acoustic branch. It is found
that as the spacer thickness decreases, the optic mode reso-
nance peak becomes broader and its intensity decreases [25].

As one can see from Eqgs. (7) and (8), for ferromagnetically
coupled films where ¢ = ¢pp = 0, the contributions from J,
and J, can no longer be separated. Therefore, the coupling
strength is described by the effective coupling constant
Jett = J1 + 2J; [20]. This is demonstrated by the complete
overlap of the red and magenta curves in Fig. 2(c).

Ultimately, in the case that the two FM layers are strongly
coupled, the optic mode will disappear (or move to frequencies
much higher than can be experimentally measured), leaving
only the acoustic mode being observable [9]. In this case,
only the equivalent effective magnetization and the equivalent
gyromagnetic ratio of the whole system can be extracted by
FMR, while the magnetic parameters of the individual layers
cannot be separated. The in-plane resonance condition for an
isotropic system in this case reads

2
w
( ) = H[H — (47 Metp)egy . )
Veqv
where
4o M 47 M
Veqv = M & 2 My (10)
Aw Mp/ya + 4w Mg/ ys
and

(47TMeff)eqv = (47TMs)eqv - Hp,eqv, (11)

with the equivalent saturation magnetization (47 Mj).q, and
equivalent perpendicular anisotropy field Hj, oqy being

4 Mp)* + (4t Mg)?
(471Ms>eqv=“fl A)” + (4n M) (12)
TMp + 47w Mp

and
Hy A(4m M) + Hp g(4m Mp)
4 MA + 47TMB

Hp eqv = ) (13)

where H, . and H,p are the individual perpendicular
anisotropy fields of layer A and B, respectively.
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B. Antiferromagnetic coupling

In the case of antiferromagnetic coupling, the orientation
of the magnetizations at equilibrium is more complicated than
that of ferromagnetically coupled trilayers. The magnetization
of each layer depends on the relative magnitude of the bilinear
and biquadratic coupling constants. We discuss only two
special cases for the sake of simplicity: J; > J, and J, > J;.

When J, > J;, the mutual angle between two magneti-
zations attains the value 90° at zero external field in order
to minimize the energy of the system. With increasing dc
magnetic field, the two magnetization vectors rotate towards
the direction of the magnetic field, as shown in Fig. 3(a).
There are two equilibrium phases of the magnetization vectors
depending on the magnitude of the dc magnetic field with
respect to the exchange field.

(1) When the magnetic field is smaller than the saturation
field Hy,, the magnetization vectors of both FMR layers will
be at nonzero angles to the magnetic field direction.

(2) When the external field is larger than Hg,, the magne-
tizations of both layers are aligned with the magnetic field.

The magnetization curve and dispersion relation also
exhibit two phases, as indicated in Figs. 3(b) and 3(c) by the
red and magenta curves. After magnetic saturation the acoustic
mode resonance position becomes independent of coupling
strength, while at an unsaturated condition both the acoustic
and optic modes are quite sensitive to coupling strength. When
the external field is larger than Hg,, a stronger coupling
yields a lower value of f.s/y H for the optic mode. In other
words, the resonance frequency of the optic mode decreases
with increasing coupling strength in a frequency-swept FMR
measurement, while in a field-swept FMR measurement,
the resonance fields of both modes increase with increasing
coupling strength.

When J; > J,, the magnetizations of the two FM layers
are aligned in antiparallel at zero magnetic field. In a magnetic
field, there are three equilibrium phases of the magnetization
vectors depending on the magnitude of the magnetic field with
respect to the exchange field.

(1) When the magnetic field is smaller than a certain critical
value H.j, the magnetizations in the two FM layers are aligned
in antiparallel, due to the effect of the negative exchange
coupling J;. The total magnetization remains the same as at
remanence.

(2) When the magnetic field is larger than H,,;; but smaller
than Hg,, the magnetization vectors of both FMR layers will
be at nonzero angles to the magnetic field direction.

(3) When the external field is larger than Hg,, the magne-
tizations are aligned with the magnetic field.

The magnetization curve and dispersion relation also
exhibit three distinct phases, as indicated in Figs. 3(b)
and 3(c) by the blue and green curves. This result is in
agreement with experimental and calculated results obtained
by other researchers [19,26]. It is interesting to note that
after magnetic saturation the acoustic mode resonance is
only weakly dependent on the coupling strength, while at an
unsaturated condition both the acoustic and optic modes are
quite sensitive to coupling strength. When the external field
is larger than Hg,, the optic mode resonance condition for
an AFM coupled trilayer is dependent on the strength of the
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coupling in such a way that a stronger coupling leads to a lower
value of fi.s/y H. In other words, the resonance frequency of
the optic mode decreases with increasing coupling strength
in a frequency-swept FMR measurement, while in a field-
swept FMR measurement, the resonance fields of both modes
increase with increasing coupling strength.

For the case when the two FM layers are strongly antiferro-
magnetically coupled, the optic mode resonance peak will also
disappear (resonance shifts to very high frequency). Therefore,
the trilayer system can also be treated as an equivalent single
layer with its resonance condition identical to Eq. (9). But the
definitions of equivalent effective magnetization (47 Mer)eqy
equivalent gyromagnetic ratio yeqy, €quivalent saturation mag-
netization (47 M)y, and equivalent perpendicular anisotropy
field Hp cqv are different and given by [9]

_ 47TMA—47TMB (14)
Ve = 4 MaJya + 4 My Jvs
(47TMeff)eqv = (47TMs)eqv - Hp,eqv, (15)
(47 Mp)® + (4 M)’
4 My)eqv = , 16
( & s)eq 47TMA—47TMB ( )
and
H, A(Ar My) + H, g(47 Mp)
Hpﬁeqv =L A P . (17)

dan My — 4t My

C. Discussion

It is important to make notice of the assumptions made
in the macrospin model. Therefore, the results are valid only
for isotropic trilayer films that are uniformly magnetized. In
the experimental studies of realistic films, slight deviations
from the simulated results are expected due to domain walls,
interface contributions, and anisotropy energies. Nevertheless,
the simple model reveals many interesting features of the
magnetic response of trilayers.

IV. COUPLING STRENGTH EXTRACTION WITH ONLY
ACOUSTIC MODE MEASUREMENTS

A. Background

Results from field dependent magnetization measurements
can be used to determine the coupling constants of antiferro-
magnetically coupled trilayers. Theoretically, FMR is a more
powerful technique because it can determine the coupling
constants of either antiferromagnetically or ferromagnetically
coupled trilayers. However, in an antiferromagnetically cou-
pled trilayer, if the two ferromagnetic layers are identical, the
optic mode will not be observed in the FMR spectrum due to
the out-of-phase precession of the magnetizations that results
in a destructive interference [18,19]. In a real trilayer film,
there will be some differences between the two ferromagnetic
layers implying that a low intensity optic resonance peak will
in some cases be observed. Still, many researchers have found
it difficult to observe the optic mode resonance [18,27-29].

In order to overcome this difficulty, a commonly used
method is to make an asymmetrical structure (e.g., different
layer thickness or different choice of material for the two
FM layers) so that the effective magnetization of each
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ferromagnetic layer is different from one to the other [18,28].
However, the optic mode is still difficult to observe even
in those cases, partly due to a broader linewidth and lower
intensity for this mode [18,30]. This can be explained by the
fact that the two FM layers might have different precession
cone angles [31] making the time varying magnetization
components along the transverse direction similar in size and
opposite in direction in the optic mode resonance. Zhang et al.
developed a technique called longitudinal pumping, which
applies the rf field along the same direction as the dc magnetic
field [32] to sense the optic mode. To detect both acoustic and
optic modes, one needs to measure the FMR spectra twice,
one with transverse pumping and the other with longitudinal
pumping. In practice, this is not always easy to implement,
especially for stripline FMR systems using a picoprobe station
where the magnets are not easily made rotatable.

B. The technique with only acoustic mode measurements

An important implication from the results discussed in
Sec. III B is that the observation of the optic mode resonance is
not necessary in antiferromagnetically coupled samples if the
purpose of the measurement is to determine the strength of the
coupling. We noted that the acoustic mode resonance prior to
magnetic saturation is quite sensitive to the coupling strength
(see Fig. 3), which offers a possibility to extract the coupling
constant by measuring only the acoustic mode dispersion
relation. To do this, one needs to carry out measurements
at many different magnetic fields at unsaturated conditions,
which is not very practical with conventional FMR systems.
Also, one may argue that field-swept measurements will
not able to resolve a resonance spectrum as the equilibrium
orientations of the magnetizations are gradually changing
during the field sweep [33].

However, broadband vector network analyzer (VNA)
based FMR measurements make this technique easily imple-
mentable. By employing a frequency-swept measurement at
fixed field, one is able to lock the equilibrium orientations
of the magnetizations to acquire microwave transmission or
reflection spectra at different magnetic fields.

C. Experiment

To demonstrate the technique, we performed broadband
frequency-swept FMR measurements on two trilayer samples
with significantly different coupling constants. The trilayer
samples have the structure of Si/SiO,/FeNi(100 A)/Ru(10 A)/
FeCo(100 A)/Ta(30 A) (referred to as sample S henceforth) and
Si/FeCo(100 A)/Ru(10 A)/FeNi(100 A)/Ru(10 A) (referred to
as sample L henceforth). The films were deposited at room
temperature using dc magnetron sputtering with a base pres-
sure of 5 x 10~ Torr. The chemical composition of the FeNi
and FeCo alloys are Fe 9Nig; and Feq9Co49V>, respectively.
A Helmholz coil was employed to enable measurements of
FMR spectra at low fields. A VNA was used to measure
frequency dependent S,; parameter of a coplanar waveguide
(CPW) loaded with the sample within the frequency range
of 1-20 GHz. A reference measurement with the unloaded
CPW was subtracted as background. All measurements were
performed at room temperature.
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FIG. 4. (Color online) (a) FMR resonance frequency versus mag-
netic field for a Si/SiO,/FeNi/Ru/FeCo/Ta trilayer with a Ru
thickness of 10 A. Circles correspond to experimental data and curves
to simulated results with solid curves representing the acoustic branch
dispersion relation and dashed curves the optic branch dispersion
relation. The simulation parameters for FeNi layer are 47w Mgen; =
9.2 kG and gpen; = 2.10 and for FeCo layer are 47w Mgeco = 21 kG
and greco = 2.18, measured using single layer thin films of each
material in previous studies [17,34]. The inset shows three example
FMR spectra measured with the magnetic fields 0.43 kOe (brown),
0.53 kOe (cyan), and 0.78 kOe (green). (b) A magnified view of
(a) at unsaturated conditions. AJ; and AJ, refer to the deviation of
coupling constants with respect to the best fitted J; and J, values
(shown by the thick red curve).

D. Results and discussions

Figures 4 and 5 present the FMR results of sample S and
sample L, respectively. Three typical FMR spectra of sample S
are presented in the inset of Fig. 4(a) as examples. Apparently
only the acoustic mode resonances are clearly observed.
The solid and dashed lines in different colors correspond
to calculated acoustic and optic branches of the dispersion
relations using different coupling constants. From Fig. 4(b),
which shows a magnified view of the acoustic branch fitting,
one can see that the set of coupling constants J; = —0.194
and J, = —0.025 erg/cm? reproduces the experimentally
measured data quite well and that a small variation of either J;

PHYSICAL REVIEW B 92, 064418 (2015)
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FIG. 5. (Color online) (a) FMR resonance frequency versus mag-
netic field for a Si/FeCo/Ru/FeNi/Ru trilayer with a Ru thickness of
10 A. Circles correspond to experimental data and curves to simulated
results with solid curves representing the acoustic branch dispersion
relation and dashed curves the optic branch dispersion relation.
The simulation parameters for FeNi layer are 4w Mp.ni = 9.2 kG
and greni = 2.10 and for FeCo layer are 47w Mpeco, = 22 kG and
greco = 2.10, measured using single layer thin films of each material
in previous studies [17,35]. The inset shows a magnified view of the
acoustic branch, with only the vertical axis zoomed. AJ; and AJ,
refer to the deviation of coupling constants with respect to the best
fitted J; and J, values (shown by the thick red curve).

or J, leads the simulated curves significantly deviating from
the experimental data. One can safely say that the relative
uncertainty of the measurement is less than 10%. Sample L
exhibits stronger coupling, as the acoustic mode resonance
frequencies are higher, shown in Fig. 5. The extracted coupling
constants are J; = —0.615 and J, = —0.035 erg/cm?. Again,
an approximate 0.03 erg/cm? variation (5%) of the coupling
constant results in an apparent deviation of the simulated
curves, indicating a good sensitivity. Therefore, one can
conclude that the precision of the technique is better than
0.03 erg/cm? (uncertainty <0.03 erg/cm?). The coupling
constant values are similar to those reported for FeNi/Ru/FeNi
trilayers [20,36].

It is also worth noting from Fig. 4 that not only the acoustic
branches but also the optic branches of the violet (J; =
—0.24 erg/cm? and J, = —0.025 erg/cm?) and green (J; =
—0.194 erg/cm? and J, = —0.05 erg/cm?) curves overlap
because their effective coupling constants (Jegr = J; + 2J2)
are almost equal. This indicates that for antiferromagnetically
coupled trilayers, one must measure at unsaturated conditions
to separate the contributions from bilinear J; and biquadratic
J» coupling.

To further demonstrate the validity and accuracy of the
technique, we compare the FMR results with their counterparts
obtained by fitting the micromagnetic model to the experimen-
tal magnetization versus field data. Figure 6 exemplifies such a
fitting for sample S, with the room temperature magnetization
versus field data measured using a SQUID magnetometer
shown as red circles and fitting curves shown as solid lines. The
best fits yield the coupling constants J; = —0.18 erg/cm? and
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FIG. 6. (Color online) Magnetization versus magnetic field. Cir-
cles correspond to experimental data and the solid curve is a fit
of the macrospin model to the experimental results yielding the
coupling constants J; = —0.18 and J, = —0.025 erg/cm?. The right
bottom inset shows the angles between the magnetic field and the
magnetizations in the FeCo (¢4) and FeNi (¢p) layers. The left top
inset is a magnified view of the main graph at unsaturated conditions.
A few attempts with different coupling constants are also shown
in this inset, with the violet curve corresponding to J; = —0.21
erg/cm? and J, = —0.025 erg/cm?, the blue one to J; = —0.15
erg/cm? and J, = —0.025 erg/cm?, the green one to J; = —0.18
erg/cm? and J, = —0.05 erg/cm?, and the olive one corresponding
to J; = —0.18 erg/cm? and J, = 0 erg/cm?.

J, = —0.025 erg/cm? for sample S and J; = —0.57 erg/cm?
and J, = —0.05 erg/cm? for sample L. These values agree
very well with the ones extracted from the acoustic mode FMR
results. The fact that domain walls and multidomain states
are not accounted for in the model most likely explains the
discrepancies observed for the smallest fields. Also, comparing
the inset of Fig. 6 with Fig. 4(b), one can see that the two
techniques have similar precision (sensitivity) in determining
the coupling constants.

V. SUMMARY

In summary, we systematically studied the static and
dynamic magnetic responses of a general asymmetric trilayer
system to dc magnetic field and microwave excitations using
micromagnetic simulations. Many important features that are
of large reference value to experimental work have been
revealed. For the ferromagnetic coupling case, the equilibrium
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orientations of the magnetizations are always aligned with
the magnetic field. For 90° coupling (J, dominated anti-
ferromagnetic coupling), the equilibrium orientations of the
magnetizations exhibit two phases with increasing external
field, from the magnetization vectors of both FMR layers
being at nonzero angles to the magnetic field direction
to being aligned with the magnetic field. In the case of
antiferromagnetic coupling (J; dominated antiferromagnetic
coupling), the equilibrium orientations of the magnetizations
exhibit three distinct phases with increasing external field,
from antiparallel alignment to the magnetization vectors of
both FMR layers being at nonzero angles to the magnetic
field direction and finally to being aligned with the magnetic
field. The total magnetization and ferromagnetic resonance
accordingly follow these phases of the equilibrium orientations
of the magnetization vectors. The resonance condition is
related to the interlayer coupling strength in such a way
that a stronger coupling yields a larger value of fi.s/vH.
For antiferromagnetic coupling and at saturated conditions,
the optic mode resonance where the two magnetizations
precess out-of-phase is sensitive to the coupling strength,
while the acoustic mode where the two magnetizations precess
in-phase is insensitive to the coupling strength. However, at
unsaturated conditions, it is demonstrated, both numerically
and experimentally, that measurements of the acoustic mode
resonance alone provide a sensitive and accurate technique
to extract the antiferromagnetic coupling strength. Unlike
the traditional FMR technique that detects both the acoustic
and optic mode resonances at magnetic saturation, this novel
technique takes advantage of broadband FMR measurements
and the feature that the acoustic mode resonance is sensitive
to the coupling strength to enable extraction of their values
without the need of including the optic mode resonances.
Since the optic mode resonance is difficult to observe, this new
technique offers an efficient and accurate alternative to probe
the interlayer coupling of trilayer films. Also, it is possible
to separate the bilinear and biquadratic contributions by using
the technique.
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