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Optically induced magnetization dynamics and variation of damping parameter
in epitaxial Co,MnSi Heusler alloy films
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All-optical pump-probe measurements of magnetization dynamics have been performed upon epitaxial
Co,MnSi(001) Heusler alloy thin films annealed at temperatures of 300, 400, and 450 °C. An ultrafast laser-
induced modification of the magnetocrystalline anisotropy triggers precession which is detected by time-
resolved magneto-optical Kerr effect measurements. From the damped oscillatory Kerr rotation, the frequency
and relaxation rate of the precession is determined. Using a macrospin solution of the Landau-Lifshitz-Gilbert
equation the effective fields acting upon the sample magnetization are deduced. This reveals that the magne-
tization is virtually independent of the annealing temperature while the fourfold magnetocrystalline anisotropy
decreases dramatically with increasing annealing temperature as the film structure changes between the B2 and
L2, phases. From the measured relaxation rates, the value of the apparent Gilbert damping parameter is found
to depend strongly upon the static field strength and in-plane static field orientation. The variation of the
apparent damping parameter is generally well reproduced by an inhomogeneous broadening model in which
the presence of B2 and L2, phases leads to a large dispersion of the magnetocrystalline anisotropy. However,
for the sample annealed at a temperature of 300 °C, the lack of a detailed fit to the data suggests that the
apparent anisotropy of the apparent damping parameter might alternatively arise due to a network of disloca-

tions with fourfold symmetry.

DOI: 10.1103/PhysRevB.81.094402

I. INTRODUCTION

Heusler alloys have recently attracted great interest for
use in spintronic devices since high spin polarization and
even half-metallic behavior can be realized in some phases.!
Recently, it has been shown that epitaxial films may be ob-
tained by sputter deposition and postdeposition annealing,’
and large room temperature tunnel magneto-resistance
(TMR) values have been observed in magnetic tunnel junc-
tions (MTJs) in which Co,MnSi Heusler alloys were used as
electrodes.? Furthermore, it is expected that the half-metallic
band structure may suppress spin-flip processes, leading to
reduced magnetic damping and hence lower critical currents
in spin transfer torque devices. Recently, a damping param-
eter of 0.0023 was reported for a NiMnSb film measured by
resonant cavity ferromagnetic resonance.* The full exploita-
tion of Heusler alloys requires an improved understanding of
the intricate relationship between structural and magnetic
properties, and particularly dynamic magnetic properties
such as damping.

While it is possible to manipulate the magnetic properties
of Heusler alloys by substitution of different chemical spe-
cies at different atomic sites, this paper is concerned solely
with the Co,MnSi model system. Epitaxial Co,MnSi(001)
films have been obtained by sputter deposition onto single
crystals of MgO(100) with a Cr buffer layer,” with x-ray
diffraction being used to identify the crystallographic phase.
Films deposited at ambient temperature adopt the A2 phase
in which the Co, Mn, and Si ions are randomly located upon
a body centered cubic lattice. Post-deposition annealing
leads first to the formation of the B2 phase in which the Co
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ions order into a simple cubic lattice, with the Mn and Si
ions randomly occupying the body center sites. As the an-
nealing temperature is increased the more highly ordered L2,
phase is obtained in which the Mn and Si ions occupy alter-
nate body center sites. The fraction of the L2, phase within
the film can be deduced from a careful analysis of different
peak intensities in x-ray diffraction experiments, and was
confirmed to increase continuously with annealing tempera-
ture, T,,.° Magnetometry measurements of bulk L2,
Co,MnSi yield a low temperature magnetization of 138
emu/g (Ref. 7) corresponding to a value of 1030 emu/cm?
for a lattice parameter of 0.565 nm. Since Co,MnSi has a
Curie temperature of 985 K, the room temperature magne-
tization is expected to be close to 1000 emu/cm?. However,
recent SQUID magnetometry measurements made upon epi-
taxial films yielded a reduced magnetization,’ its value fall-
ing from 850 to 800 emu/cm’® as T,, was increased from
350 to 500 °C.° In this case, the magnetization was found to
be only weakly dependent on temperature in the range of
2-300 K (Ref. 8) suggesting that the Curie temperature re-
mained high. A fourfold anisotropy with the easy axes cor-
responding to the (110) axes of the Co,MnSi was observed.®
The cubic anisotropy constant K; had a value of -0.9
X 10° erg/cm? for T,,=375 °C, decreasing in magnitude to
K,;=—0.1X10° erg/cm?’ for T,,=450 °C. While the depen-
dence of the magnetic properties upon T, might be related to
the changing fraction of the L2, phase present in the films,
the authors could not exclude the possibility that annealing
promoted diffusion of Cr from the buffer layer into the
Co,MnSi film.

Since the TMR observed in MTJ structures is largely de-
termined by the properties of the electrode-tunnel barrier in-
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terface, measurements sensitive to the near interfacial region
have recently been performed upon Co,MnSi films capped
with thin layers of plasma oxidized aluminum oxide. X-ray
magnetic circular dichroism (XMCD) measurements, per-
formed in total electron yield mode, probe a near interface
region of 1 to 2 nm thickness that is determined by the es-
cape length of the secondary electrons. Such measurements
were performed upon the series of samples for which dy-
namic measurements will be presented in the present paper
and which have been labeled A, where x is the annealing
temperature in the range of 300—500 °C.° The Co and Mn
x-ray absorption spectra revealed both x-ray absorption near
edge structure (XANES) and extended x-ray absorption fine
structure (EXAFS) oscillations that confirmed that L2, or-
dering improved with increasing annealing temperature.
Magnetic moments were observed on both the Co and Mn
sites, but for these samples the moment per 3d hole was
found to be independent of annealing temperature in the
range of 300-500 °C at 0.35 wp and 0.4 wup for Co and
Mn, respectively,” the number of 3d holes not being precisely
known. The emergence of a multiplet structure in the XMCD
spectra was attributed to the localization of minority spins in
the half-metallic state. A further study confirmed that the
magnetization of the near interface region remained constant
within experimental error between liquid Helium and room
temperatures.' Magnetic second harmonic generation
(MSHG) measurements were performed upon this same set
of samples in order to probe the magnetic response of the
Co,MnSi/AlO, interface.!! The MSHG was found to depend
upon whether the magnetic field was applied parallel to an
easy or hard axis, and this anisotropy in the MSHG was
shown to be well correlated with the TMR achieved in MTJs
fabricated with similar electrodes.

Yilgin er al. have used X-band ferromagnetic resonance
(FMR) to study the dynamic properties of epitaxial Co,MnSi
thin films.'? The samples were rotated so that the orientation
of the magnetic field varied either within the plane of the
film, or from an in-plane to an out of plane configuration.
The magnetization and the magnitude of K; were observed to
decrease dramatically as T, increased from 300-500 °C.
The variation of the FMR linewidth was fitted by a model'?
that allowed the inhomogeneous broadening contribution to
the total linewidth to be removed.'* However, for the film
annealed at 300 °C the damping parameter extracted after
removal of the inhomogeneous broadening contribution was
found to be anisotropic, with a value of 0.003 when the field
was parallel to the easy axis, and 0.006 when the field was
parallel to the hard axis. This damping parameter was found
to increase with increasing annealing temperature, while the
anisotropy of the damping parameter was reduced at higher
annealing temperatures.

Recent studies have shown that the damping of preces-
sional dynamics in ferromagnetic metals can be complicated
by the action of many extrinsic damping processes such as
inhomogeneous broadening,'> two-magnon scattering,'6-!8
interface effects,'® and spin diffusion into adjacent metallic
layers,'#1>20 with Cr in particular shown to be a strong spin
scatterer.”! Miiller et al. observed a sharp increase in the
damping in CrO, films above a threshold pump fluence, pos-
sibly due to spin-wave instabilities.?? Differences in damping
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have been found when direct comparison has been made be-
tween different frequency, field and time domain
techniques.”® Time-resolved optical measurements have the
advantage that they can probe a much smaller volume than
microwave resonance experiments, but may be susceptible to
additional contributions to the damping. For example, the
spatial profile of a pulsed magnetic field or a focused pump
laser spot may lead to the generation of magnons that propa-
gate away from the region that is being probed. Eilers et al.>*
performed simulations of nonlocal damping by spin-wave
emission and found that spin-wave emission becomes a sig-
nificant damping mechanism when the excitation area is less
than 1 um, while Wu et al.> showed that propagation of
magnetostatic spin waves could be significant even for
probed regions of tens of microns in size.

In this paper an all-optical time-resolved magneto-optical
Kerr effect (TRMOKE) study of the magnetization dynamics
of epitaxial Heusler alloy Co,MnSi thin films will be pre-
sented. Ultrafast heating by laser pulses is used to induce
magnetization dynamics through the temperature dependence
of the magnetic anisotropy.2=3° The technique has the ad-
vantage of allowing the magnetization dynamics to be stud-
ied over a continuous range of frequencies. By fitting the
time dependent Kerr signals to a macrospin solution of the
Landau-Lifshitz-Gilbert (LLG) equation, values are obtained
for the effective fields acting upon the magnetization and
values for the cubic anisotropy constant and total apparent
damping parameter are deduced. The presence of different
putative extrinsic damping mechanisms will be considered,
and the data will be fitted to a generalized model of inhomo-
geneous broadening.

II. EXPERIMENTAL PROCEDURE

Co,MnSi thin films of 30 nm thickness were deposited by
magnetron sputtering upon MgO(001) substrates coated with
a 40 nm buffer layer of Cr.>! The films were annealed at
temperatures up to 450 °C to improve the lattice structure
and the atomic ordering among Co, Mn, and Si sites. The
films were finally capped with 1.3 nm of Al In this paper, we
focus our investigation on three samples: sample Asy,, an-
nealed at 300 °C has the B2 structure; Ay, and Ays, an-
nealed at 400 °C and 450 °C, respectively, have predomi-
nantly the L2, structure. X-ray diffraction analysis confirmed
that the films possessed the (001) orientation with the [100]
and [110] axes of the film being aligned with the [110] and
[010] axes of the MgO substrate.

The static magnetic properties of the Co,MnSi films were
investigated by vibrating sample magnetometry (VSM), and
longitudinal magneto-optical Kerr effect (MOKE) magne-
tometry measurements performed with a 633 nm He-Ne laser
with intensity stability of better than 0.1%.%? In MOKE mea-
surements, the sample and electromagnet were mounted on
separate rotating mounts so that the magnetic field could be
applied at any orientation within the plane of the film, and
the longitudinal MOKE could be used to sense the in-plane
component of magnetization either parallel or perpendicular
to the field.>® In this way, the hard and easy axes of the
samples could be quickly identified at room temperature and
the saturation fields determined.
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FIG. 1. (Color online) (a) Orientation of sample, applied field,
and probe beam. Two orientations of the static field were used. H;
and Hy are parallel and perpendicular to the plane of incidence,
respectively. (b) Definition of the angles ¢ and ¢;.

Time-resolved optical pump-probe measurements were
made using pulses of 100 fs duration from a Ti:sapphire
regenerative amplifier. The sample was pumped with the
p-polarized 800 nm wavelength output of the amplifier at
near normal incidence with pulse energy up to 0.9 wJ. The
dynamic magnetization was determined from the Kerr rota-
tion of a time-delayed frequency-doubled 400 nm wave-
length s-polarized probe beam. The probe, incident at 40° to
the sample normal, had a much weaker pulse energy of 4 nJ,
and was focused to overlap with the pump spot on the
sample surface. The sizes of the pump and probe spots were
typically 140 and 80 um, respectively. The focusing lenses
were mounted on three-axis translation stages so that the
overlap of the spots could be adjusted as they were viewed
with a high-magnification CCD camera. The pump beam was
modulated by a mechanical chopper and phase-sensitive de-
tection was used to detect the dynamic Kerr rotation. Static
hysteresis loops were acquired with the probe beam in the
absence of the pump in order to calibrate the size of the
magneto-optical response.

Assuming that the magnetization lies close to the direc-
tion of the applied field prior to the arrival of the pump pulse,
the total MOKE signal will generally contain an oscillatory
component due to magnetization precession and a compo-
nent due to ultrafast demagnetization. The demagnetization
signal appears as a sharp peak with a rise time of a few
hundred fs followed by a decay with ns relaxation time.
When the oscillatory signal is small it can be overwhelmed
by the demagnetization signal, and in such cases sensitivity
to the demagnetization signal can be removed by changing
the orientation of the applied static field. Figure 1(a) shows
the relative orientation of the sample (xy plane), applied
static field and plane of incidence of the probe (xz plane). An
s-polarized probe is sensitive to changes of the x and z com-
ponents of the magnetization due to the longitudinal and po-
lar magneto-optical Kerr effects, respectively. When the
static field is applied perpendicular to the plane of incidence
(Hy), the equilibrium magnetization vector is aligned with
the y axis, and changes in its magnitude are no longer de-
tected by either the longitudinal or polar Kerr effects, allow-
ing the precessional signal to be more clearly seen.

III. THEORY

The intense optical pump pulse is expected to induce a
partial demagnetization of a metallic ferromagnetic sample
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on subpicosecond time scales.’* The temperature dependence
of the cubic magnetocrystalline anisotropy constant K; can
be deduced from its dependence upon the magnetization
M .3 Assuming that increased temperature only introduces
local fluctuations of M and does not affect its local magni-
tude, and that the total deviation of M is the result of a large
number of small deviations, the temperature variation of the
first order anisotropy constant is predicted to have the form
K,(T)~Mgy(T)" where n is equal to 10.3° It is therefore rea-
sonable to assume that the demagnetizing and magnetocrys-
talline anisotropy fields of the sample will be modified on
time scales short compared to the period of precession. After
pumping, the effective magnetic field will no longer be par-
allel to the magnetization (unless H is parallel to the easy or
hard axis), and precession will be induced by a torque acting
on the magnetization. The oscillatory part of the measured
Kerr rotation may be written in the general form,

Ok o A cos[2m(fy + br)t + @lexp(—t/7), (1)

where A¢, f,, 1/, and ¢ are, respectively, the initial ampli-
tude of precession, which is the initial angle of misalignment
of the magnetization from equilibrium, the frequency, the
relaxation rate, and the initial phase of the precessional sig-
nal. The parameter b is included to allow for a chirp that
occurs as the values of magnetic parameters such as Mg and
K, change gradually as the probed volume cools. However, if
the chirp is neglected and the values of the magnetic param-
eters are assumed to be constant after initial modification by
the pump, then algebraic expressions may be obtained that
relate the frequency, amplitude and relaxation time to the
magnetic parameters. The precessing magnetization may be
described by the Landau-Lifshitz-Gilbert equation,
M @ M

— == |YM X Hg + E(M X _),

ot ot @

where « is the phenomenological damping parameter,
y=2.8 X wX g MHz/Oe is the gyromagnetic ratio of the elec-
tron, and |g| is the spectroscopic splitting factor. Hg is the
total effective magnetic field acting upon the magnetization,
with contributions from the external magnetic field, the de-
magnetizing field and the magnetocrystalline anisotropy.

In the limit that << 1 the amplitude, frequency and relax-
ation time can be expressed in terms of the magnetic param-
eters of the film,?

= (172)sin[4(¢p — bs) JA(K /M)

" H cos ¢+ 2K Mg)cos[4(p— b)) G)
fo= %T [H(HHp", @)

2
(5)

T=T 1, .
|7|(Ha+H‘B)a

where A ¢ is the amplitude of precession and K(IO) is the room
temperature value of the cubic magnetocrystalline anisotropy
constant. A(K,/My) is the pump-induced reduction in the
anisotropy field at the increased temperature. The effective
fields H, and Hg include contributions from the external
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magnetic field, the magnetocrystalline anisotropy and the de-
magnetizing field (see Ref. 29). At equilibrium the magneti-
zation will align with the effective field. The equilibrium
condition is defined as,

MH sin ¢ + %Sin[4(¢ - ¢y)]=0, (6)

where ¢, is the angle between the applied magnetic field
and the Co,MnSi [100] axis, and ¢ is the equilibrium
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canting angle between the applied magnetic field and the
magnetization. If H is sufficiently large that ¢ is small then
Eq. (6) may be expanded to give an explicit algebraic expres-
sion for ¢. At low field, the small angle approximation for
the canting angle ¢ becomes invalid, but by retaining qua-
dratic terms in ¢, the expansions of sin ¢» and cos ¢ are
accurate to 2.5% and 1%, respectively. In this case, the value
of ¢ is obtained to a reasonable approximation from the
expression,

¢

From the TRMOKE measurements, the value of an apparent
damping parameter can be deduced that contains contribu-
tions from all the damping processes that are present. Inho-
mogeneous broadening may occur due to the dephasing of an
ensemble of magnetic moments precessing independently
with slightly different frequency. Assuming a Lorentzian fre-
quency distribution of form,

Ao

Alw) = (w— w0)2 + (AC')FWHM/z)2 '

(8)

it may be shown using elementary Fourier analysis that the
time dependent Kerr rotation has the form of Eq. (1) but with
a modified relaxation rate 1/7" where 1/7 =1/7+1/ Tippom-
The relaxation rate due to inhomogeneous broadening is
given by 1/ 7ipom=A®rwam/ 2, While contributions of other
mechanisms to the observed relaxation rate can be included
by adding further relevant relaxation rates. In the present
case, 1/7 accounts for all other damping mechanisms, in-
cluding intrinsic damping. The measured apparent damping
parameter is derived from Eq. (5) using the modified relax-
ation rate 1/7" as follows:

2 2 1 AwFWHM
= - - . 9)
|7|(Ha+HB)T |y|(Ha+Hﬁ) T 2

The contribution to the damping from inhomogeneous broad-
ening is given by,

1 ( Jw AM Jdw AK 10 Ad
Ginhom = 1V H + H \ | oM oK, T L agy !
Jw
+ AKul ), (10)

with AM, AK,, A¢,, and AK,, | describing the inhomogene-
ity of the magnetic parameters. The partial derivatives are
calculated from Egs. (4) and (7). A combined contribution of
AMg and AK, is assumed since K;(7) is known to depend
strongly on M(T). The significance of damping mechanisms
other than intrinsic damping in the value of 1/7 will be tested
for by experiment.

_ —[MsH + 2K, cos(4¢py)] + \/[MSH + 2K, cos(4¢y) > + 8K sin*(4¢by)
B 8K, sin(4¢,) '

)

IV. EXPERIMENTAL RESULTS
A. Characterization of static magnetic properties

The sample magnetization was measured by VSM and
found to have values of 980, 1000, and 1000 emu/cm? at
room temperature for Asy), Asgg, and Aysg, respectively. The
magnetic anisotropy was investigated by means of MOKE
magnetometry. Figure 2 shows static hysteresis loops with
the field applied parallel to the easy, hard and intermediate
axes. The raw data also contained a component quadratic in
the sample magnetization,® which was subtracted by symme-
try analysis, as demonstrated by Hamrle et al.>” No quadratic
magneto-optical effect was observed when loops were ac-
quired with a 400 nm wavelength beam, and so Eq. (1) re-
mains applicable in describing the results of TRMOKE mea-
surements.

The loops show a clear fourfold symmetry as the mag-
netic field is applied in different directions within the plane
of the film, with the easy and hard axes lying parallel to the
[110] and [100] axes of the Co,MnSi film, respectively. The
magnetocrystalline anisotropy is reduced at higher annealing
temperatures, with the hard axis saturation field falling from
260 to 140 Oe then 80 Oe for samples Asgy, Ao and Aysg,
respectively. The easy axis coercive field is about 15 Oe for
all three samples. The saturation Kerr rotation at 633 nm
wavelength also decreases with increasing annealing tem-
perature, though the VSM measurement showed the magne-
tization to be virtually unchanged. There is no evidence of
any significant in-plane uniaxial anisotropy field.

B. Dependence of transient Kerr rotation signals
upon field orientation

Figure 3 shows the ultrafast demagnetization TRMOKE
signal obtained within the first few picoseconds after excita-
tion with a 0.6 wJ pump pulse. The transient Kerr rotation
signal (left hand column) reaches a maximum within about
650 fs, before decaying to about half the maximum value
after the first few ps. Plots of the TRMOKE signal on a
logarithmic time scale (not shown) reveal that the decay can
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FIG. 2. (Color online) Longitudinal MOKE loops obtained at
633 nm wavelength. All loops are shown after removal of a com-
ponent quadratic in the magnetization. For each sample, loops are
presented for the [110] easy axis, [100] hard axis, and the interme-
diate axis, at ¢,=22.5°.

be well described by the sum of two exponential terms. The
demagnetization was calculated for the time delay at which
the exponential with the longer relaxation time became
dominant. At this point, the electrons and lattice are assumed
to have the same temperature and the Kerr signal is assumed
to be representative of the spontaneous magnetization. When
compared with a hysteresis loop measured with the same 400
nm wavelength probe beam (right hand column) the demag-
netization is found to be about 1.4% for Asyy, 1.0% for A4,
and 0.9% for A,sy. The vertical lines indicate the time delay
at which the demagnetization was calculated.

Figure 4(a) shows the results of measurements performed
on sample Az, with a magnetic field of 885 Oe applied at
different orientations with respect to the crystallographic
axes in the field geometry H; (refer to Fig. 1). The
TRMOKE scans were fitted to Eq. (1) to extract the ampli-
tude, frequency and relaxation rate, with a chirp parameter
being used to allow for a change in frequency during the
length of the scan. Figures 4(b)-4(e) show the precession
amplitude, frequency, relaxation rate and apparent damping
parameter, respectively, with error bars obtained from a
least-squares minimization fitting procedure.

Measurements made at different field values will be de-
scribed in the next section. By simultaneously fitting the
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FIG. 3. The transient Kerr rotation signal obtained from samples
Asgo, Agpo, and Aysg close to zero time delay with ¢,=22.5° from
the [100] axis in the H; configuration. The vertical lines indicate
the time delay at which the demagnetization was calculated. The
right hand column shows longitudinal MOKE loops measured at
¢,=22.5° with an s-polarized 400 nm probe beam.

variation of frequency with field strength and orientation us-
ing Eq. (4), values of K, and g were determined and are
presented in Table I. The uncertainty in the value of the
magnetization determined in the VSM measurement was ap-
proximately 10%. This is the largest contribution to the un-
certainties in K; and g, which were determined by setting the
magnetization to the measured value plus 10% and the mea-
sured value minus 10% in the fitting of the precession fre-
quency. The uncertainties in all three parameters are shown
in Table I. The perpendicular anisotropy constant K, ; was
set equal to zero during the fitting. The amplitude was fitted
by Eq. (3) using the room temperature value of K"’ obtained
from static MOKE measurements by K(lo)z(H sM)/2, which
is equal to —1.3X 10° erg/cm? for sample As,. The angular
dependence of the relaxation rate was found to be well de-
scribed by 1/7=1/[A sin(4¢,)+B], with A=0.403 ns and
B=0.815 ns. The apparent damping parameter in Fig. 5(e)
was obtained from the relaxation rate using Eq. (5).

All parameter values in Fig. 4 show a fourfold depen-
dence upon the orientation of the in-plane field. The fourfold
variation of the amplitude confirms that precession is in-
duced by an ultrafast modification of the magnetocrystalline
anisotropy. When the field is applied parallel to the easy axis
(¢4=45,135°) or hard axis (¢,=0,90°) the amplitude is
zero, since no reorientation of the effective field occurs upon
a reduction of Mg or K;. The precession undergoes a 180°
phase change as the static field crosses either of these axes.
The data is of sufficient quality that the amplitude in Fig.
4(b) is seen to be a maximum when the static field is applied
at 18.5° to the [100] axis rather than at 22.5° as one might
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FIG. 4. (Color online) (a)

Transient Kerr rotation signals
obtained from Ajzy with H
=885 Oe and at different ¢, val-
ues. The experimental data are fit-
ted to Eq. (1). The variation of (b)
the fitted amplitude and (c) the
frequency of precession are fitted

to Egs. (3) and (4), respectively,
with fitted parameter values given
in Table I. The solid line in (d) is a
guide to the eye as described in
the main text. The red line in (e) is
a fit to an inhomogeneous broad-
ening model (10) with fitted pa-
rameter values given in Table II,

Inhomogeneous broadening (e) 1
== Phenomenological curve 1

while the dashed black line in (e)
is a phenomenological curve cal-
culated from Eq. (11).
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initially expect. The canting angle between the magnetization
and the external static field is strongly dependent on the
magnetocrystalline anisotropy. When the canting angle is
calculated as a function of the azimuthal rotation angle ¢y,
the maximum value occurs when the static field is oriented at
18.5° from the easy axes.

We observe in Fig. 4(e) that the apparent damping param-
eter is anisotropic, having a maximum value when the
field is parallel to the [100] hard axis (~0.018) that is
roughly 2.5 times larger than the minimum value that occurs
when the field is parallel to the [110] easy axis (~0.007).
The uncertainty in the calculated damping parameter was
obtained by combining the uncertainties in Mg, K, g, and the
measured relaxation rate 1/7. The variation of the apparent
damping parameter is fitted by the inhomogeneous broaden-
ing model [Egs. (9) and (10)] (red curve), and by a phenom-
enological curve (dashed black curve) that has the algebraic
form,

9 180

270 360
Angle ¢4 (deg)

a=CH1-D cos[4(p+ ¢y)1}, (11)

where ¢ is calculated from Eq. (7). The final two terms of
Eq. (10) were set equal to zero during the fitting, since their
contribution to the total damping was found to be very small.
All fitted parameter values are shown in Table II. The uncer-
tainties in the fitted values were obtained by repeating the
fitting with the extremal values of Mg, K, and g.

C. Dependence of transient Kerr rotation signals upon the
field strength

The dependence of the transient Kerr rotation signal upon
magnetic field strength for Az, is shown in Fig. 5(a). Again,
each TRMOKE scan has been fitted to Eq. (1), with the
dependence of the fitted amplitude, frequency, relaxation
rate, and apparent damping parameter on the field strength
shown in Figs. 5(b)-5(e), respectively. The fitting parameters

TABLE I. The measured and fitted magnetic parameters from static and time-resolved MOKE.

Hy  My(=10%) g 2K, /Mg af110] [100]
(Oe)  (emu/cm?) (erg/cm?) (Oe)
Azpp 260 980 1.99+0.09 -0.84+0.05%10° -171 0.007+=0.002 0.018 £0.003
Ao 140 1000 1.97+0.09 -0.46=+0.05%10° -92 0.007+=0.003 0.019£0.005
Ayso 80 1000 1.94+0.09 -0.26+0.03%10° =52 0.006+=0.003 0.019£0.005
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are the same as those used to fit the variation of frequency
with field orientation in the previous section.

From Fig. 5(b), the measured precession amplitude is seen
to gradually decrease as the static magnetic field is increased
from 0.5 to 2 kOe. This is consistent with the reduced cant-
ing of the magnetization from the external field at higher
field values. The amplitude also decreases rapidly when the
magnetic field is decreased from 0.2 to 0 kOe, as the mag-
netization approaches the easy axis. The curve generated
from Eq. (3) describes the general trend but has a much
sharper maximum. Good agreement is only obtained when
the value of K(IO) is increased to a value much larger than that
deduced from the static MOKE magnetometry measure-
ments, as shown in Fig. 5(b). In principle inhomogeneity of
K, and Mg might lead to broadening of the peak. Numerical
calculations showed that while the peak amplitude field
value does depend upon K; and My, reasonable choices of

AM and AK,; do not produce broadening sufficient to repro-
duce the experiment. Note also that to fit the frequency in
Fig. 5(c) it is essential use the expression for ¢ in Eq. (7).

The apparent damping parameter « appears to be indepen-
dent of the applied field strength until the field is reduced to
less than 0.2 kOe. For fields greater than 0.2 kOe, the value
of =0.009 is consistent with that found in the azimuthal
scan shown in Fig. 4(f) at ¢,=22.5°. Again the apparent
damping parameter is fitted to the inhomogeneous broaden-
ing model (red curve) while the black dashed curve is ob-
tained from Egs. (11) and (7). The inhomogeneous broaden-
ing model does not describe the field dependence of the
apparent damping parameter particularly well, producing a
sharply peaked minimum that is not seen in the experimental
data, and predicting an increase at larger field values while
the data shows an approximately constant value.

TABLE II. Fitted parameter values from the inhomogeneous broadening model and phenomenological

curve
Qconstant A1‘/15 AKl AI(l /Kl C D
(emu/cm?) (erg/cm?)
g
Asgo 0.006 50+ 0.17+0.03 X 10° 20% 0.009 0.46
Ao 0.006 71+9 0.13+0.04 X 10° 28% 0.009 0.47
Ayso 0.005 72+9 0.16+0.04 X 10° 62% 0.010 0.50
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D. Dependence of transient Kerr rotation signals upon the
pump pulse energy and spot size

Measurements were performed for a range of pump pulse
energies in order to detect the presence of damping mecha-
nisms that depend upon the amplitude of precession. The
average power of the pump beam was measured with a stan-
dard power meter to an accuracy of about 10%. Figure 6
shows the variation of (a) amplitude, (b) frequency, (c) chirp
parameter, and (d) relaxation rate with pump pulse energy for
sample A;y. The amplitude increases linearly with pulse en-
ergy up to 0.9 wJ, while the frequency decreases linearly.
Two sets of data are presented for the frequency: values ob-
tained from the fit to Eq. (1) and values obtained from fast
Fourier transform (FFTs) of the TRMOKE scans. The FFT
gives an average frequency over the entire scan period (2-3
ns), while the fit, when a chirp parameter is used, gives the
frequency at the beginning of each scan. For the maximum
pulse energy used, the frequency obtained from the FFT is
smaller by about 3%, while that determined by the fitting is
smaller by about 4%, relative to the extrapolated value at
zero pump energy. This can be understood as a thermal effect
whereby the magnetic parameters (magnetization and mag-
netocrystalline anisotropy) of the sample undergo a larger
ultrafast modification at zero time delay when a higher pump
pulse energy is used. The frequency also changes more rap-
idly in time, giving rise to an increased chirp parameter [Fig.
6(c)]. For the maximum pulse energy used, the chirp param-
eter of 0.06 GHz/ns implies an increase in frequency of 0.18
GHz, or about 2%, during a 3 ns scan. The relaxation rate
[Fig. 6(d)], and hence the apparent damping parameter, are
not affected by the pump pulse energy within the range of
values used in the present experiments.

A possible origin of inhomogeneity in all-optical
TRMOKE is the spatially nonuniform intensity profile of the
pump laser spot. The nonuniform pumping mechanism could

Pulse energy (nJ)

lead to generation of spin waves that carry energy away from
the probed region. If this is a significant factor then changing
the size of the pump spot relative to the probe should result
in a different value of the relaxation rate. In fact, we found
that doubling the pump spot diameter with a constant probe
spot size made little difference to the observed relaxation
rates. Therefore, we can say that the nonuniform pump in-
tensity has a negligible contribution to the total apparent
damping in this case.

E. Dependence of the precession frequency
upon the annealing temperature

Time-resolved measurements were also made on samples
annealed at 400 °C (A4q) and 450 °C (A,s0). Annealing at
higher temperatures is known to improve the site ordering of
these films, and changes in the structure and electronic state
are expected to influence the magnetic properties.’® The
static MOKE loops in Fig. 2 show a reduction in the mag-
netocrystalline anisotropy, K;, with increasing annealing
temperature. The smaller magnetocrystalline anisotropy in
turn leads to a smaller amplitude precession in TRMOKE
measurements. While smaller static field values were used to
increase the precession amplitude, the values of 440 Oe for
Ao and 475 Oe for Aysq are still sufficient to produce a
uniformly magnetized state.

Due to the reduced magnetocrystalline anisotropy the am-
plitude of precession and hence the signal to noise ratio of
the TRMOKE data is worse for A,y and A,sy compared to
Ajq. For sample Ay5p, TRMOKE signals were recorded in
the transverse field geometry (H; in Fig. 1) as the field
strength was varied. This yielded somewhat larger oscillatory
Kerr signals, and explains why larger signals are seen for
Aysp relative to Aygy.

Transient Kerr rotation signals were again fitted to Eq.
(1), but with the chirp parameter set to zero due to the some-
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what lower quality of the raw data. Figures 7(a) and 7(b)
show the variation of precession frequency with field orien-
tation and field strength, respectively, for all three annealing
temperatures. Although the variation of the precession fre-
quency in Fig. 7(a) is much smaller for A4y, and A5y com-
pared to that observed for A, the fourfold symmetry is still
clear. The frequency versus field strength scans are nearly
identical at high field for all three samples [Fig. 7(b)], indi-
cating that M is very similar for all three samples. The de-
pendence of the apparent damping parameter on the field
orientation is shown in Figs. 7(c), 7(e), and 7(g), and varia-
tion with field strength in Figs. 7(d), 7(f), and 7(h), for
samples Az, Asgg, and Aysg, respectively. The apparent
damping parameter values in Figs. 7(e) and 7(g) show strong
scatter near the easy and hard axis orientations due to the
small amplitude of the Kerr rotation. The fitted magnetic
parameters and extracted damping parameters are presented
in Table I, along with the values of the saturation magneti-
zation determined by VSM and hard axis saturation field Hy
from the static MOKE measurements.

The dependence of the apparent damping parameter upon
H for H>0.5 kOe is quite different for Ay, and A5y when
compared to Asy. For Asy, the apparent damping parameter
appears to be constant above 500 Oe, while for Ay, and Ays,
it increases with field. The anisotropy of the apparent damp-
ing parameter is rather similar for all three annealing tem-
peratures. For all three samples, the variation of the apparent

10 15 2.0

Field (kOe)

damping with field orientation can be well fitted by the in-
homogeneous broadening model with a constant offset, while
the same model reproduces the trends in the field dependent
data for all but Ajy,. The parameter values obtained from
fitting to the inhomogeneous broadening model are shown in
Table II. Due to their relatively weak influence on the total
damping, the dispersion in the perpendicular anisotropy
(AK, ) and the magnetization orientation (A¢,) were set
equal to zero. The dispersion in the anisotropy constant, AK,
is found to be similar for all three samples at around
0.15X 10° erg/cm?, even though this represents a larger per-
centage variation for A,so. The phenomenological expression
(black dashed curve in figures) yields a reasonable descrip-
tion of the angular variation of « for all three samples, how-
ever for samples A,y and Aysg the increase in the apparent
damping parameter at higher fields is only reproduced by the
inhomogeneous broadening model.

V. DISCUSSION

The static magnetic properties of the samples in the
present study are seen to be distinctly different to those re-
ported previously for nominally similar samples.® VSM mea-
surements have shown that the value of the spontaneous
magnetization My is close to that of the bulk material in all
three samples in this study and so appears to be unaffected
by the annealing treatment. This finding is supported by the
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dependence of the precession frequency upon field strength
shown in Fig. 7(b). The curves for the three samples are
almost exactly overlaid at high field values, suggesting that
the effective demagnetizing field is very similar in each case.
The film thickness of 30 nm is rather too large for surface
anisotropy fields to be significant, while there is no sugges-
tion from x-ray measurements of a tetragonal distortion in
the direction normal to the film. While the values of K; de-
duced from the MOKE hysteresis loops of Fig. 2 are larger
than those reported by Gaier et al., we observe a similarly
dramatic decrease of K; with increasing annealing tempera-
ture. Gaier et al. suggested that diffusion of Cr from the
buffer layer may lead to a reduction in the magnetization as
the annealing temperature is increased. In the present study,
no significant reduction in the magnetization is observed for
annealing temperatures in the range of 300-450 °C, sug-
gesting that Cr diffusion is not a significant factor.

The variation of the precession amplitude with the orien-
tation of the applied magnetic field shown in Fig. 4 confirms
that magnetization precession is induced by ultrafast optical
modification of the magnetocrystalline anisotropy field.
From an analysis of the measured magnetization dynamics,*
Jozsa et al. have shown that optical modification of the mag-
netic anisotropy can generate a transient effective magnetic
field. This magnetic field consisted of an initial pulse of
<5 ps duration, and a steplike longer lived component, the
latter being more effective in stimulating precessional dy-
namics. Consequently, only a steplike perturbation has been
included within our model. The experimental data of Figs. 4
and 5 is well described by the simple model presented pre-
viously, with the exception of the dependence of the Kerr
amplitude upon field strength shown in Fig. 5(b). This is
most likely due to the occurrence of spatial nonuniformity of
the magnetization, which is not taken into account within the
model, when the applied field is smaller than the anisotropy
field. The values of 2K;/Mg deduced from pump-probe ex-
periments shown in Table I are significantly smaller than
those deduced from MOKE magnetometry at room tempera-
ture. This may be attributed to the local increase in tempera-
ture induced by the pump pulse during the time-resolved
MOKE measurements. The pump-induced demagnetization
was deduced from Fig. 3 for time delays at which nonther-
mal modification of the optical constants can be neglected
and at which the electron and phonon systems can be as-
sumed to have reached a common temperature. While the
optically induced demagnetization was found to be about 1%
for all three samples, the reduction of 2K,/ M deduced from
the dependence of the precession frequency upon field orien-
tation in Fig. 7(a) was about 35% for all three samples. The
reduction of K; deduced for As is also consistent with the
dependence of the precession frequency upon pump pulse
energy shown in Fig. 6(b). The variation of the precession
frequency is dominated by the variation of the 2K,/ Mg term
within the expression for Hg in Eq. (4). The 3% reduction in
the precession frequency at short delay times for pulse en-
ergy of 0.6 ul requires 2K,/ Mg to be reduced by 35%. For
bulk materials, theory predicts®® that K,(T)~M(T)", with
n=10, so that the pump-induced demagnetization should
lead to a fractional change in 2K,/ Mg given by,
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KD\ (KD . AM(T)
A<M(T)>/(M(T)>‘(” Doy - 12

A demagnetization of about 1% should then lead to a change
in 2K,/ M of about 10% that is significantly smaller than the
observed values. This suggests the presence of other pump-
induced contributions to the anisotropy energy, such as
magneto-elastic  anisotropy associated with  thermal
expansion*® and magnetoelastic coupling,*' which has been
inferred previously when larger values of n have been
observed.®

While the dependence of the frequency of precession
upon field strength and orientation is generally well de-
scribed by the model using constant values of M, g, and K|
for a particular sample, Fig. 7 shows that the apparent damp-
ing parameter « must vary significantly for the model to
reproduce the observed variation of the relaxation rates with
field strength and orientation. It is first necessary to consider
whether the variation of « is either an artifact associated with
the TRMOKE measurement technique or specific to the ex-
perimental conditions employed. Figure 6 shows that while
the amplitude of precession increases monotonically, the re-
laxation rate and hence « are constant as the pump fluence is
increased. This suggests that nonlinear effects such as three
and four magnon scattering do not contribute to the observed
damping. The intensity of the focused pump beam may be
assumed to have a Gaussian radial dependence, which im-
plies that the initial temperature change and hence the fre-
quency of precession also depend upon the distance from the
center of the pump spot. By weighting the signals obtained
from annuli of different radius by the probe intensity, which
is itself described by a Gaussian function of smaller width, a
frequency distribution function may be obtained. The full
width at half maximum (FWHM) of this curve may then be
inserted into Eq. (9), from which it is found that dephasing of
signals associated with different distances from the spot cen-
ter should contribute less than 15% of the total observed
relaxation rate. The radial variation of the amplitude of pre-
cession could also lead to the propagation of long wave-
length magnetostatic spin waves out of the probed region,
leading again to an increase in the observed relaxation rate.?’
The effect is anisotropic with surface modes propagating per-
pendicular to the magnetization with a group velocity that is
an order of magnitude greater than that of the backward vol-
ume waves that propagate parallel to the magnetization. A
rough estimate suggests that the surface waves may propa-
gate a distance up to about 30 um within the 3 ns range of
time delay used in the experiments. This effect may therefore
have some small influence upon the relaxation rate deter-
mined with a probe spot of 80 wm diameter. However, the
most direct evidence that inhomogeneous excitation does not
significantly contribute to the observed relaxation comes
from the observation that the relaxation rate was unaffected
when the diameter of the pump spot was doubled.

The phenomenological expression in Eq. (11) is seen to
give a good description of the dependence of a upon field
orientation, but a poor account of the dependence of « upon
field strength within Fig. 7. The inhomogeneous broadening
model, Eq. (10), is able to reproduce the dependence of «
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upon field orientation and the increase in a seen at large
fields for A, and A5y However, it overestimates the varia-
tion of « at high fields for Ay, While the model shows an
upturn in « at low field, it is again questionable whether the
model is applicable in this regime, since the static magneti-
zation may become spatially nonuniform, and so the lack of
quantitative agreement is unsurprising. From Table II, it is
seen that the fit to the model is able to describe the data for
all three samples with a constant contribution to a of 0.006
for samples Az and Ay, and 0.005 for sample A,sy. The
fractional dispersion in My is about 5% to 7% for all three
samples while the fractional dispersion in K is much larger.
This seems reasonable since K; appears to differ greatly for
the B2 and L2, phases, so there should be strong dispersion
of K, for a film containing both phases. The absolute disper-
sion of K; is of similar magnitude for all three samples,
while the fractional dispersion of K increases with increased
annealing temperature. An alternative explanation of the
variation of the value of @ may be provided by two-magnon
scattering from a fourfold network of misfit dislocations, as
reported previously for epitaxial thin films.!”"!8 However,
further structural studies are required to confirm the presence
of such dislocations in the present case, and further theoret-
ical work is required to demonstrate that this mechanism
yields the correct dependence of a upon the strength and
orientation of the applied field. In those studies, the Fe films
were subjected to a lattice strain by a mismatch with an
underlying Pd layer, giving rise to dislocations with the same
rotational symmetry as the Fe films. While in this case, the
Co,MnSi films are well lattice-matched to the substrate,
growth by sputter deposition could introduce a similar net-
work of defects that are not fully removed by the annealing
process.

Comparing the values of « in Fig. 7 and Table II with
those reported by Yilgin et al., there are a number of signifi-
cant differences. The values obtained from TRMOKE are
larger than those from FMR, and in the TRMOKE measure-
ments the inhomogeneous broadening model can largely ac-
count for the variation of the apparent damping parameter
without the need for an anisotropic intrinsic damping. The
samples studied by Yilgin et al. were slightly Co rich
(Co:Mn:Si=54.6:23.5:21.9), and it is known that the com-
position can affect the annealing temperature dependence of
the damping parameter. It is possible that the TRMOKE and
FMR techniques yield different values due to the different
volumes of material sampled. However, TRMOKE samples a
small spot of 100 um size while in FMR, the entire 10 mm?
sample is placed within the microwave cavity, so inhomoge-
neous broadening is expected to be more severe in the case
of FMR.?* The smaller values of « obtained by Yilgin et al.
may in part be due to the different methods used to account
for the contribution of inhomogeneous broadening to the
FMR linewidth. Also, it should be noted that the beam from
the regenerative laser amplifier system may become very
slightly divergent or convergent as the alignment of the am-
plifier is adjusted from day to day. The focusing of the pump
and probe spots is performed with the optical delay line set
for short time delays. However, if the pump beam passing
through the delay line is not exactly parallel, then the size of
the focused spot may increase when the path length is
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changed so that the amplitude of the oscillatory Kerr signal
is reduced giving the impression of a somewhat larger damp-
ing. The diameter of the pump spot would need to increase
by approximately 50% over the duration of the measurement
to explain the difference in the values of « deduced from the
TRMOKE and FMR studies.

The present study has therefore shown that the site order-
ing that results from annealing Co,MnSi films can lead to a
dramatic change in the value of K; while the values of Mg, g
and the constant contribution to « are not greatly affected,
even though the values of K| and « both originate from the
spin-orbit interaction. While the slight variation of the fitted
g factor in Table I with annealing temperature is probably not
significant, the fact that the value is just less than 2 for all
three samples suggests that in each case the orbital moment
is small and antiparallel to the spin moment. The small or-
bital moment also accounts for the relatively small values of
a since the values of @ and g—2 are generally found to be
correlated.*> However, the magnetocrystalline anisotropy de-
pends instead upon the anisotropy of the orbital moment as it
is aligned parallel to different crystallographic axes. Anneal-
ing presumably enhances the strength of the crystal field and
leads to a reduction in both the size and anisotropy of the
orbital moment, and hence to the observed reduction in the
magnetocrystalline anisotropy.

VI. SUMMARY

In summary, all-optical pump-probe measurements of pre-
cessional magnetization dynamics have been presented for
epitaxial Co,MnSi thin films in which precession of the mag-
netization is induced by an ultrafast reduction in the magne-
tocrystalline anisotropy field. A simple model allows the val-
ues of the effective fields within the sample to be deduced
from the dependence of the frequency of precession upon the
strength and orientation of the applied magnetic field. While
the magnetocrystalline anisotropy constant is greatly reduced
with increased annealing temperature, the magnetization re-
mains almost unchanged, and therefore it is unlikely that the
reduction in anisotropy is the result of diffusion from the Cr
buffer layer. The model also allows an apparent damping
parameter « to be determined from the observed relaxation
of the oscillatory Kerr rotation signal. This apparent damping
parameter exhibits a strong dependence upon the strength
and orientation of the applied field. The dependence of «
upon the field orientation is well described by an inhomoge-
neous broadening model in which there is a constant contri-
bution to the observed damping that includes an intrinsic
contribution and strong dispersion in the value of the cubic
magnetocrystalline anisotropy constant, K;. The inhomoge-
neous broadening model provides a good description of the
field dependence of the apparent damping parameter for
samples annealed at temperatures of 400 and 450 °C, but not
for that annealed at 300 °C. This may imply that two-
magnon scattering from a fourfold network of misfit disloca-
tions contributes to the observed damping behavior. The
strong dispersion of K, invoked within the inhomogeneous
broadening model for samples of mixed phase, is a conse-
quence of the large difference in the values of K for the B2
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and L2, phases. Annealing leads to an increased fraction of
the L2, phase and a reduction in the measured K; value,
while the constant contribution to a remains unchanged.
These conclusions may be understood if the orbital moments
are small for both phases, but the anisotropy of the orbital
moment is reduced in the L2, phase relative to the B2 phase.
Finally, this work demonstrates the potential of the optical
pump-probe measurement technique for the study of dynami-
cal magnetic properties in microscopic samples where the
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addition of planar waveguides for the delivery of pulsed
magnetic fields is either undesirable or infeasible.
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