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We report on our recent study of confined spin wave excitations in a 200 A CoFe/PtMn/CoFe
trilayer film by ultrafast Kerr-rotation experiments. Coherent magnetization precessions were
generated and detected by subpicosecond laser pulses. Three precession modes are observed when
a magnetic field is oriented in the film plane. The frequencies of two modes increase with the field,
while one mode shows no field dependence. The modes are assigned to the exchange-dominated
spin wave excitations and the nonhomogeneous dipole mode. We used a comprehensive model of
the magnetic eigenmodes and their coupling to light to gain values of the exchange, bulk, and
surface anisotropy constants. Further, we investigated spin wave relaxation as a function of the
applied field. We calculated an effective damping constant for the uniform precession to be «
~0.012. © 2009 American Institute of Physics. [DOI: 10.1063/1.3063675]

Soft magnetic multilayer films have recently attracted a
great deal of attention because of their potential applications
in magnetic sensors and rf/microwave devices.'™ As a result
of the interfacial interaction and/or the exchange coupling,
the sandwiched films show excellent magnetic softness with
a uniaxial anisotropy field and a low coercivity.4 One such
example is the Ru-seeded CoFe/PtMn/CoFe structure.>® The
high moment ferromagnetic (FM) CoFe thin films couple
strongly with antiferromagnetic (AFM) PtMn layer, render-
ing a low hard axis coercivity of 2—4 Oe and a significant
enhancement of in-plane anisotropy of ~57-123 Oe.

In order to get a better understanding of dynamical mag-
netic parameters of the exchange-coupled structures and
therefore assess their technological potential, it is essential to
investigate their low energy spin wave spectrum. The mag-
non spectrum at low frequencies can be determined and used
to obtain the exchange and magnetic anisotropy parameters
and the damping parameters if spin wave excitations are in-
troduced via pulsed photoexcitation and the magnetization
precessions and relaxation processes are studied on a pico-
second time scale.” '

In this paper, we report on time-resolved pump-probe
differential magnetic Kerr (DMK) measurements of magne-
tization dynamics in a 200 A CoFe/PtMn/CoFe film grown
on the seed layer Ru with CoFe compositions being Co
16 at. % Fe. Coherent magnetization precessions were gen-
erated and detected by subpicosecond laser pulses. We ob-
served three precession modes with a magnetic field applied
parallel to the easy axis direction. The frequencies of two
modes increase with the field, while one mode shows no field
dependence. The modes are assigned to the exchange-
dominated spin wave excitations and the nonhomogeneous
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dipole mode. We used a comprehensive model of the mag-
netic eigenmodes and their coupling to light, to gain values
of the exchange, bulk, and surface anisotropy constants. In
addition, we analyzed the magnetization relaxation dynamics
of the CoFe/PtMn/CoFe sample. We obtained an effective
damping constant of ~0.012. The surface anisotropy contri-
bution is found to be critical for understanding the magneti-
zation dynamics.

The multilayer CoFe/PtMn/CoFe film was grown on a
seed layer of Ru with CoFe film compositions being Co
16 at. % Fe, the details of which are reported elsewhere.’
The thickness of the FM CoFe layers is ~200 A and that of
the AFM layer is ~120 A. The pump-probe DMK experi-
ments in the CoFe/PtMn/CoFe film were performed at
~77 K in the Voigt geometry using a Ti-sapphire laser that
provided ~70 fs pulses of central wavelength 780 nm at a
repetition rate of 82 MHz. The energy of the pump pulse is
~10 nJ, while less than 1 nJ is used for the probe. The pump
pulses induce coherent magnetic precessions modifying the
reflection of the probe pulses that follow behind. The pump-
induced shift in the polarization angle of the reflected probe
field 66 was measured as a function of the time delay be-
tween the two pulses. Because scattering by spin-flip excita-
tions is described by an antisymmetric tensor, the signature
of a pure-spin magnetic precession is AE; L Ep (or AR=0),
where AEj is the pump-induced change in the field of the
reflected probe beam and Ey, is the reflected probe field when
the pump is turned off. This selection rule was strictly
obeyed in all our measurements.

The experimental results are summarized in Figs. 1 and
2. Figure 1 shows DMK data for the 200 A thick CoFe
trilayer sample after subtracting an exponentially decaying
background. The oscillations are assigned to the precession
of the magnetization around M,. We used linear prediction
methods to fit the time-domain data and, as shown in the
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FIG. 1. (Color online) Voigt-geometry DMK data for the 200 A CoFe/PtMn/
CoFe film (solid square) at 320 Oe. The red curve is the linear prediction fit.
The inset shows the Fourier transform of the fit.

inset in Fig. 1, the Fourier transform of the fit reveals three
modes, which are assigned as SWg, SW,, and SWj.While
SWg and SW,, refer to the surface and bulk exchange-
dominated spin wave modes, the observation of SWp, the
nonhomogeneous dipole mode, is due to the finite penetra-
tion depth of the pump pulses. The three modes were ob-
served in the DMK spectra of all the magnetic fields and
show little dependence of thickness of the samples. The fre-
quencies of the modes are plotted as a function of the applied
magnetic field in Fig. 2, together with ferromagnetic reso-
nance (FMR) results.

Unlike the sharp selection rules of Raman type observed
in probe scattering,“’12 we find that the strength of the oscil-
lations is nearly the same for pump pulses of arbitrary circu-
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FIG. 2. (Color online) Measured magnetic-field dependence of the preces-
sion mode frequencies. The inset is the FMR spectrum and the solid lines
show the fits.
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FIG. 3. (Color online) Schematics of the spin wave excitations in the pump-
probe DMK experiments and the corresponding coordinate axis.

lar or linear polarization. The results point toward a rela-
tively simple thermal origin relying on the temperature
dependence of the anisotropy.lo A sudden deviation of the
orientation of M, is due to the temperature rise that follows
the absorption of the light pulse. As shown in Fig. 3, the
easy-axis orientation moves to a new orientation after the
pulse hits. The orientation of the effective magnetic field
shifts and the magnetization aligns with the new easy axis
for a couple of picoseconds. The magnetization, already out
of equilibrium, is not aligned with the effective magnetic
field and starts to precess around the new easy axis with a
tendency to align with the new effective field. The thermally
induced anisotropy field pulse lasts no longer than a couple
of picoseconds until electrons, phonons, and spins achieve
thermal equilibrium. Once thermal equilibrium is estab-
lished, the easy axis of the ferromagnet returns to the posi-
tion from before excitation and the magnetization starts to
precess around a constant effective field.

We use the Landau—Lifshitz—Gilbert equation to describe
the motion of the magnetization M." The eigenfrequencies
of the magnetization procession are

0> = Y(Hy+ 32 )[Hy + 4mMo + 2M5 (K, Ky)]

= DICY{(Hy + 352) + [Hy + 47M,

+ 205 (K, - Ky) 1} + DR, (1)

where the plus (minus) sign corresponds to the bulk-
(surface-)like modes; K;; and K, are the out-of-plane and

in-plane anisotropy constants. The eigenmodes are selected
iy . aln m,
by the conditions at the boundaries'* dmy/ dz=0, sz”

=t at z=L/2 and dlnm,)x=2K;/DM, at z=-L/2,
where Kg and K are the surface and interface anisotropy
constants, respectively. Here we have neglected the exchange
bias field between the CoFe layer and the PtMn layer accord-
ing to our FMR and vibrating-sample magnetometer (VSM)

hysteresis results on the CoFe/PtMn/CoFe sample: H;
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=15 Oe. The interlayer exchange interaction between the
CoFe layers is small due to their large separation.

The observation of the SW; and SW, can be described
by the coupling between magnetic precessions and probe
pulses by the antisymmetric spin-flip Raman susceptibility,
which is closely related to that for Faraday rotation."” In the
Voigt geometry, the scattered probe field associated with the
m, component of the precession is polarized along the z-axis
and, therefore, gives no DMK signal. Using results for scat-
tering by coherent vibrations,'*!” we get the following for m,
scattering:

s darxy P
(vz - ’Z—R—2><ex *ie) = =5 (z)le, * e,

2)

where e=(e,,e,,0) is the probe electric field, ng is the re-
fractive index, and y,,=dx?/ M with x'©) representing the
linear susceptibility. In our case, since the FM thickness is
comparable to the penetration depth (~300 A), we are able
to observe both the homogeneous and inhomogeneous
modes. For the homogeneous modes it can be shown that
coherent scattering is equivalent to a slowly varying modu-
lation of the refractive index,

L/2
Sng() = + (M>J my(z,1)dz (3)

ngL -L2

with different signs for the two senses of circular polariza-
tion. Except for the constant factors, this expression is iden-
tical to that describing FMR. We obtained that the amplitude
of the DMK signal for a given precession 66 is proportional
to (my><mz)/<m€). The amplitude shows a strong dependence
of the magnetiiation profiles; therefore, of K¢ and K » We can
determine the surface and interface anisotropy parameters
from the relative ratio between the amplitudes of SWy and
SW,,. The solid lines in Fig. 2 show the fitting of the present
DMK data using Eq. (1). We obtained g=2.1, the out-of-
plane uniaxial anisotropy, 2K,/ M ~—-0.2 T, the effective in-
plane anisotropy, 2K,/M ~0.01 T, the effective demagneti-
zation field, 4wM~2.1 T, and the spin stiffness, D
~451 meV.A% Our values for the magnetic anisotropies
and spin stiffness are in fairly good agreement with those
from the FMR and VSM measurements.”"°

In addition to SW; and SW,, SW, with significantly
smaller intensity also contributes to our time resolved spec-
tra. This mode is independent of external field and has a
constant frequency of 3.1 GHz. The small frequency implies
the dipole origin of this mode. We attribute it to the so-called
volume backscattered dipole mode. The excitation of the
mode is due to the finite penetration depth of the pump
beam, which launches thermal gradient inside the magnetic
layers. The dispersion relation of the mode has been studied
in detail in the Permalloy dots using Brillouin light
scattering.lg’19

Further, we analyzed the magnetization relaxation dy-
namics of the CoFe/PtMn/CoFe sample. In time-resolved
measurements, magnetic damping is determined by the char-
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acteristic relaxation time 7 of the amplitude of the magneti-
zation precession. For the film samples with the magnetiza-
tion mostly aligned in the in-plane direction, in the limit of
small damping (a<<1), the effective damping constant « for
the uniform precession can be described by20

a = [poyrdH+*5=)] @)

where the small effective in-plane anisotropy H, has been
neglected and H is the applied external magnetic field. By
substituting the above parameters and the characteristic re-
laxation time, we obtained the effective damping constant as
of ~0.012.”

In summary, we performed pump-probe DMK experi-
ments in the 200 A trilayer CoFe/Pt/CoFe films. Three pre-
cession modes were observed in the Voigt geometry. The
modes are assigned to the exchange-dominated spin wave
excitations and the nonhomogeneous dipole mode. We devel-
oped a comprehensive model of the magnetic eigenmodes
and their coupling to light to gain values of the effective
magnetization and the exchange and bulk constants. The re-
sults are consistent with those from the FMR measurements.
Moreover, we calculated the effective damping constant as
~0.012.
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