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We report phased-resolved ferromagnetic resonance (FMR) measurements in an epitaxial Fe5)Cosq thin film using a heterodyne,
optical detection method. We track the evolution of the precessional phase across the saturated and unsaturated regimes along
the FeCo hard axis. For the two regimes, opposite phase evolutions with frequency are observed, which coincide with the negative
effective field dependence on the biasing field for the unsaturated modes. In addition, a nonzero phase advance between 0.2 and
0.4 rad is found for the saturated with respect to the unsaturated modes, which indicates an incomplete spatial overlap of the two
modes in the film caused by surface pinning effect. The optical method has the advantage of resolving both the spatial and phase
information in FMR measurements, which will be closely relevant and adaptable to epitaxial samples with multiple anisotropy axes,
and for both flip-chip-based continuous films and spin-torque-based nano-devices.

Index Terms— Epitaxial films, ferromagnetic resonance (FMR), optical detection.

I. INTRODUCTION

RACTICAL applications of magnetic materials such as

magnetic recording, sensors, and magnetic textures call
for understanding and engineering of the magnetization states
at zero or low biasing fields [1]. Currently, most functional
designs of magnetic devices are still based on the macrospin
model. This is a reasonable approximation in most polycrys-
talline magnetic films due to the negligible “internal field”
averaged out by the random magnetocrystalline anisotropy and
the ease to saturate the magnetization with small biasing fields.
For an epitaxial system with a strong internal magnetocrys-
talline anisotropy, however, it is much more difficult to saturate
the film and the macrospin model may fail to correctly predict
either the static [2] or dynamic magnetic characteristics [3].
For example, the static magnetization reversal is usually
achieved by domain wall processes among energy equivalent,
degenerated spin axes [4]-[8], and the dynamical response is
often governed by complex spin-wave modes [9]. Therefore,
it is necessary to examine the validity of the macrospin
assumption, especially in epitaxial films and at fields that are
far lower than the anisotropy fields of the devices.

Here, we conduct phase-resolved ferromagnetic reso-
nance (FMR) measurements of an epitaxial FesyCosg thin film.
In particular, we are interested in the low-field, unsaturated
FMR modes in comparison to their saturated counterparts
at the same frequency along the hard axis, which could
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Fig. 1. Schematics of the heterodyne magneto-optic Kerr effect (MOKE)
measurements. After the RF splitter, the optical path (top) contains amplifier,
1550 nm infrared laser module, electro-optic modulator (EOM), polarizer,
beam splitter (BS), and focusing lens; the electrical path (bottom) contains
amplifier, mixer, RF diode, and voltmeter. (PBS = polarizing beam splitter,
Cam = camera, bal.det = balancing detector, arb. func = arbitrary waveform
generator.)

provide additional information besides the resonance field
and magnetocrystalline anisotropy [10], [11]. We use a locally
probed optical method (in Section II) for detecting FMR
with the ability to also resolve the spin precessional phase
(in Section III). For the two modes, we observe linear but
opposite frequency dependence of the precessional phases
relative to the microwave frequency, which is attributed to
the reversed effective field dependence on the biasing field for
the unsaturated modes. In addition, we identify a small but
non-zero phase offset between the two modes, around 0.2 and
0.4 rad, indicating a spatial separation of the saturated and
unsaturated modes in the film caused by the surface pinning
effect to the FMR excitation.

II. OPTICAL METHOD

The FMR signals are detected optically by polar mag-
netooptic Kerr effect which stroboscopically measures the
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out-of-plane component of precessing magnetization. A het-
erodyne method is adopted to enable precessional phase
extraction [12] using a setup illustrated in Fig. 1. A single
microwave source (BNC-845, Berkeley-Nucleonics) was used
to simultaneously modulate the detecting laser light (optical
path) and drive the FMR of the sample (electrical path).
On the optical path, we used a 1550 nm pigtail fiber laser
(Thorlabs LPSC-1550-FC) outputting continuous-wave light
with adjustable power up to 5 mW. The laser light was modu-
lated at the microwave source frequency using an electro-optic
modulator (EOM, Optilab IM-1550-12-PM). For optimal laser
power, we also used a laser amplifier (Thorlabs EDFA100S)
and a fiber-based polarization controller (Thorlabs FPC032)
in front of the EOM. The modulated laser light was then
converted to free space and polarized before focused onto the
sample surface. The focused light spot is set to ~40 um in
this paper. The electric path of the measurement is similar
to the conventional flip-chip FMR using an RF diode (Mini-
Circuits, ZX47-40LN-S+) and a voltmeter (Keithley 2000).
For the given spot size and laser power, the laser heating effect
is negligible as monitored by the device resistance.

For a heterodyne detection, the microwave signal along
the electrical path was mixed (Pasternack PE86X9000) with
a low-frequency (100 kHz) signal provided by a waveform
generator (Keysight 33621A) and a synchronized, lock-in
amplifier (Stanford Research SR830). The voltage amplitude,
offset, and phase for the respective “I” and “Q” channels
were optimized to ensure the power of the upper sideband of
the microwave signal (which was subsequently used for FMR
excitation) exceeds those of the central and lower sideband.
In this experiment, we used 430 mVpp outputs from the wave-
form generator and the lock-in, and a 98° phase difference
between the “I” and “Q” for optimal sideband performance,
monitored simultaneously by a real-time spectrum analyzer
(RTSA-7550, Berkeley-Nucleonics) and a 6 GHz digital oscil-
loscope (Keysight DSOX6002A).

The resultant, out-of-plane, dynamical Kerr response of the
sample was then probed by the modulated light, sent into
a balancing detector (Thorlabs PDB210C) after polarization
splitting (Thorlabs PBS254), and analyzed by another lock-in
amplifier (Stanford Research SR830). A series of RF ampli-
fiers (Mini-circuits, ZX60-8008E-S+, ZX60-14012L-S+) and
programmable attenuators (RUDAT-13G-60) were also used
for signal strength adjustments as needed. The device syn-
chronization and software control were conveniently achieved
by customized modules and central programming interfaces
developed by THATec Innovation GmbH [13].

III. RESULTS AND DISCUSSION

Single-crystalline body center-cubic FeCo(10 nm) film was
prepared on a two-side-polished MgO(001) single-crystal sub-
strate by molecular beam epitaxy in an ultrahigh vacuum
chamber [14]. The high-quality surface of the FeCo film was
confirmed by in situ reflection high-energy electron diffraction
patterns. Angular-dependent inductive FMR measurements
in the saturated regime, reported elsewhere [15], show that
the FeCo films have in-plane, fourfold magnetocrystalline
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Fig. 2. Optically measured FMR traces of CosgFesy (10 nm) continuous

films measured at 5.1-8.0 GHz frequency range. The biasing field is applied
along FeCo-[110] hard axis and crosses the saturated and unsaturated regimes.

anisotropy with the easy axis along FeCo-(110) direction.
We obtained a magnetization of 24.7 kG, an in-plane cubic
anisotropy field of 480 G, and a uniaxial anisotropy field
of 120 G [15]. Because the inductive FMR does not resolve the
precessional phase of the magnetization dynamics, we hereby
use the optical FMR detection and focus on the unsaturated
modes in comparison to the saturated modes. The sample is
flipped on a coplanar waveguide and the laser is introduced
from the back side of the substrate. The dc bias magnetic
field Hp is applied along the FeCo-[110] hard axis where the
uniaxial anisotropy also stays.

Fig. 2 shows the optically measured resonance lineshapes
as a function of Hp, with the microwave frequency set
between 5.1 and 8.0 GHz. For both positive and negative
Hp, we can observe the saturated and unsaturated modes
denoted by the black-dotted curves. They have the opposite
frequency dependence on the resonance field. Extrapolating
the spectra pair versus the frequency yields a crossing point at
Hp = £660 Oe, which is similar to the sum of the cubic and
uniaxial anisotropy field as 600 Oe. A finite remnant resonance
frequency w,/2r = 5 GHz at the crossing point is due to the
imperfection from the macrospin such as grain inhomogeneity,
surface pinning, and field misalignment.

To extract the frequency-dependent phase of spin pre-
cession, each resonance line shape is fitted to a complex
Lorentzian function with a mixing phase ¢ to the microwave
field

i$
Ae :| )

(HB - Hres) +iAH1/2/2

where Hies is the resonance field, A Hj; is the full-width-half-
maximum linewidth, A is the amplitude, and ¢ represents the
precessional phase of the magnetization plus a constant delay
of microwave between the electrical path and the optical path.
In addition, it is noted that the denominator of (1) introduces
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Fig. 3. Extracted (a) Hres and (b) AH); from Fig. 2 between 5.4 and
8.0 GHz, where the data with lower frequencies cannot get good fits.

an additional phase of —z when Hp goes from below to
above Hes. This will become different for the unsaturated
mode, which will be discussed later. The extracted H.s and
AHy for different frequencies are summarized in Fig. 3(a)
and (b). The AHy;; has a non-monotonic behavior because
the magnetization is not fully saturated. Also, the much larger
AHy, of the unsaturated mode than the saturated modes is
due to the significant deviation of the magnetization from the
biasing field at low fields.

We emphasize the ability to reveal the phase information ¢
from the optical FMR measurements. Fig. 4(a) and (b) shows
the extracted ¢ as a function of frequency for the saturated
and unsaturated modes, respectively. Three observations are
made from the phase measurements:

A. For Both Modes, ¢ Evolves Linearly as a Function of o
With the Same Slope

This is due to the phase accumulation from the finite path
difference AL between the optical and electrical paths [12],
with a dependence of d¢p = wAL/c where c is the speed of
light. From the slope, we calculate AL = 0.3 m, which is
approximately the length of a 12-in coaxial cable.

B. For Both Modes, There Is a Constant, it -Phase Difference
Between the Resonances Measured at Positive and Negative
Biasing Magnetic Field

This is caused by the reversal of the Larmor precession
chirality as the biasing magnetic field reverses. For the geom-
etry indicated in Fig. 4(c), the phase lag @) between the
precessing magnetization M and the microwave field Arp
maintains the same value at the same resonance condition
(amplitude of Hp and w). However, because of the reversed
Hp, the precession axis is also reversed, resulting in the
opposite polar component M. This causes the sign-flip of the
instantaneous Kerr signal, and therefore, an additional phase
of 7 introduced in the rectified optical signal. Fig. 5(a) and (b)
shows the phase difference between positive and negative
resonance fields A¢p = ¢(+Hp) — ¢(—Hp) for the saturated
and unsaturated modes, respectively. The deviations from 7z,
—0.08 + 0.15 rads for Fig. 5(a) and 0.07 £ 0.29 rads for
Fig. 5(b), are negligible and within the experimental errorbars.
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Fig. 4. (a) and (b) Evolution of the extracted ¢ as a function of frequency
(5.4-8.0 GHz) for (a) saturated and (b) unsaturated modes, respectively. The
notations of ¢ (sat), ¢ (unsat), ¢ (+Hp), and ¢ (—Hp) are labeled accordingly.
(¢) Schematics of the macrospin precession and reversed My for positive and
negative Hp. y-axis: out-of-plane direction. x-axis: directions of Hp. z-axis:
direction of ARp.

C. Saturated and Unsaturated Modes Have the Opposite ¢

This observation reflects the most important distinction
of the unsaturated mode from the saturated mode. In the
unsaturated regime, the total “effective field” applying to the
magnetization vector increases as the Hp decreases, and the
Kittel equation along the hard axis can be written as [16], [17]

602
5= H, x H, 2)

where the two effective fields are

K4

Hy = HpcosOy + M; + (3 — cos40y) 3)
2M,
2K
H, = HpcosOy — 4 cos40yy. 4)

N

Here, K4 is the fourfold magnetocrystalline anisotropy coef-
ficient and M is the saturation magnetization. 8y is the angle
between M, and the hard axis (Hp in our case). The uniaxial
anisotropy is omitted for simplicity. For our experiments with
low Hp values, H,(Hp) ~ M,. With the approximation,
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Fig. 5. (a) and (b) Phase shift A¢ = ¢(+) — @ (—) between the positive and
negative resonances for (a) saturated modes and (b) unsaturated modes at 5.4—
8.0 GHz. (c) and (d) Mode phase accumulation A¢pyode = ¢ (sat) + ¢ (unsat)
between the saturated and unsaturated modes for (c) positive and (d) negative
Hp.

the susceptibility of the out-of-plane magnetization M, around
FMR condition is proportional to

1

Hy(Hp)H (Hp)—(/y ) +ia(w/y )(Hy+H;)

1 1
- M ) H (Hp) — (0?/y?)/M; +iaw/y ©
Applying Eq. (2) to Fig. 3 with constant Hy, we find that
for the unsaturated modes, H, has a negative dependence on
Hp. This can be also deduced in (4) that as Hp < 2K4/Mj,
Oy evolves from zero to 7 /4 and the cos46), term quickly
decreases from +1 to —1. In this case, Eq. (5) yields a phase
change of +x instead of —z as Hp evolves from below to
above the resonance field. In Eq. (1), the extracted ¢ will
reverse its sign

]; RF

¢ (unsat) = —¢(sat). (6)

To compare with the macrospin model, the mode phase
accumulation A¢mede = @(sat) + ¢(unsat) is plotted
in Fig. 5(d)—(e) using the data from Fig. 4(a) and (b). Sur-
prisingly, we obtain nonzero A@moede as 0.39 4 0.20 rads for
positive Hp and 0.23+0.20 rads for negative Hp. We highlight
that the deviation of A¢mede from zero are distinct from the
strict agreement of A¢ to z= shown in Fig. 5(a) and (b).
In particular, the saturated mode slightly advances with respect
to the unsaturated mode, which is similar to the phase offset
reported in X-ray magnetic circular dichroism experiments by
Bailey, et al. [18]. In their paper, which measured magnetic
trilayers with the same flip-chip FMR geometry, a phase
advance of 0.6-0.7 rad is identified for the bottom layer with
respect to the top layer which is separated by 25 nm. In our
case with a single 10 nm FeCo layer, the phase delay of the
unsaturated mode may indicate that its magnetization excita-
tion primarily occurs near the top of the film (away from the
substrate) due to surface pinning at the FeCo/MgO interface,
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because the MgO/bcc-FeCo interface usually exhibits large
perpendicular anisotropy energy [19]. This finite phase delay
should be absent if the top and bottom interfaces of the FeCo
film are symmetric. We also note the experimental simplicity
of our optical magneto-optic Kerr effect (MOKE) detection
compared with the synchrotron-based X-ray measurement in
obtaining such phase information.

We also comment that the optical method might make it
the only viable method to investigate the microscopic spin
precession at the low-field, unsaturated regime, particularly
for samples with non-trivial magnetocrystalline anisotropy.
First, conventional inductive FMR measurements do not have
such phase-resolving capability. Second, spin-torque FMR,
which intermixes spin dynamics with the RF electric cur-
rent, requires the spin rectification effect, i.e., typically the
anisotropic-magnetoresistance (AMR) in ferromagnetic met-
als, to function [20]. However, it has been shown lately that
the AMR effect in FeCo is negligible along the hard axis
[15], which makes the spin-rectification signal too weak to
be convincingly detected for this purpose. Finally, the optical
method also allows spatially resolved FMR to be detected in
both flip-chip-based continuous films and spin-torque-based
nano-devices, which are closely relevant to epitaxial samples
with higher order symmetry spin axes, and can be easily
integrated in many practical engineering FMR devices [21].

IV. CONCLUSION

By using a phased-resolved, optically detected FMR tech-
nique, we study the evolution of the FMR precessional phase
with the excitation frequency across the transition regime
between the saturated and unsaturated resonance modes in epi-
taxial FeCo films. The frequency-dependent precessing phase
evolution can be described by a macrospin model in general.
However, for the unsaturated modes, we observe a small but
non-zero phase offset from the saturated modes. This observa-
tion can be interpreted as different spatial mode profiles along
the thickness direction due to surface pinning effect. Finally,
the optical method has the advantage of resolving both the
spatial and phase information in FMR, which makes it suitable
for studying FMR of epitaxial magnetic thin film samples with
multiple, degenerated spin axes [22]. It can be readily adopted
to the investigations of sophisticated magnetic multilayers
and nanostructures such as antiferromagnets [23], magnetic
phase transitions [24], interface spin-transfer torques [25],
spin-torque oscillators [26], artificial spin-ice [27], and topo-
logical materials [28].
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