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The epitaxial growth of the Co,Fey4MnSi (CFMS) Heusler alloy on MgO with high crystal
orientation requires the use of a buffer layer. The utilization of the Cr buffer layer in a controlled manner
without hampering the intrinsic CFMS properties remains a challenge. Here, we epitaxially grow the
CEFMS films on a Cr-buffered MgO substrate and investigate the thickness (f)-dependent variation in
structural ordering, and its impact on magnetic Gilbert damping and magnetic anisotropy. We observe a
regular improvement in the crystal structure with increasing ¢, which causes a similar increasing trend
in saturation magnetization and magnetocrystalline anisotropy. Interestingly, we achieve a very low
t-independent value of Gilbert damping parameter (a) of ~0.0045 because of an unaltered atomic-site
ordering which indicates a different origin of magnetocrystalline anisotropy and « in this system. Notably,
a also remains nearly independent of frequency (f) for a lower thickness regime in these CFMS films. The
observation of a t-independent and f-independent value of a strongly suggests the suitability of a thinner

CFMS film for device applications in the broadband frequency regime.
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I. INTRODUCTION

Half-metallic ferromagnetic materials with a high degree
of spin polarization and a low magnetic damping are of
utmost importance for applications in spintronic devices
such as low-energy-operated magnetic random access
memory (MRAM) [1-3], a pure spin current emitter in
the ferromagnetic-semiconductor heterojunction, etc.
Recent theoretical research reveals that a cobalt- (Co)
based full Heusler alloy, one kind of half-metal, comprises
only one spin sub-band in the density of states at the Fermi
level (Ef), while a finite energy gap exists in the other
[4-6]. Because of a lower density of states at £, the spin-
flip scattering gets suppressed significantly, leading to very
low magnetic Gilbert damping [7], and high spin polari-
zation. Theoretical study [8] as well as experimental
investigations [9-14] show that Co,MnSi (CMS) is one
of the full Heusler alloys having high Curie temperature
(~930 K) and very low Gilbert damping. Later, under rigid
band assumption, it is found that the substitution of a
fraction of Mn atoms with Fe atoms in CMS, i.e.,
Co,Feq4MngSi (CFMS) possesses a more stable spin-
polarized band structure [15]. CFMS exhibits a higher
Curie temperature (~1000 K) and a low value of the Gilbert
damping parameter () [16,17]. In preceding experiments
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[16,18], the CFMS was deposited on MgO (001) or
GaAs (001) substrates for investigation. However, an
inevitable lattice-mismatch-induced strain (~5.1%) devel-
ops in CFMS directly deposited on MgO (001) [19].
Recently, our study [18] showed that structural ordering
as well as static and dynamic magnetic properties strongly
depend on the thickness of the CFMS thin film in the
presence of strain and strain-induced defects due to the
lattice mismatch. It is known that the lattice mismatch
reduces to about 1.8% when CEMS is deposited on Cr
instead of MgO [19]. Thus, several previous experiments
[12,16,17,20,21] used buffer layers (such as Cr, Ag) to
reduce the strain effect, and achieved a better control on the
structural ordering. Further, improvements of magnetic
properties with annealing temperature [22-24] and chemi-
cal composition [17,25] have also been investigated.
However, it has been shown that the diffusion of the buffer
layer atom may adversely affect the pristine properties of
CFMS, which is undesirable [19,24,26-28]. So, the explicit
role of the buffer layer on thickness-dependent strain
relaxation, and the means to control the structural ordering,
Gilbert damping parameter, and magnetocrystalline
anisotropy with thickness remained ambiguous for a film
in the absence of strain.

II. EXPERIMENTAL DETAILS

Thin films of CFMS with different thicknesses (¢) are
deposited on top of 20-nm-thick Cr layers. This bilayer
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stack is grown on a single crystalline MgO (100) substrate
using an ultrahigh vacuum magnetron sputtering system.
The Cr layer is deposited at room temperature (RT) and
subsequently annealed at 600°C. On the Cr layer, the
CFMS layer is deposited at RT followed by an in situ
annealing process at 500 °C for 1 h. An additional 5-nm-
thick cover layer of aluminum oxide (Al-O) is added on top
of CEMS at RT to protect it from oxidation, and external
degradation. Here, Cr is used as a buffer to promote the
growth of CFMS on MgO. The values of ¢ are chosen to be
10 nm (B10), 20 nm (B20), and 30 nm (B30). To investigate
the surface structural quality, we have taken in situ reflec-
tion high-energy electron diffraction (RHEED) images
during the deposition process. Ex situ x-ray diffraction
(XRD) measurement is performed to determine the crys-
talline phase and degree of atomic-site ordering in the films.
M-H loops at RT are measured using a vibrating sample
magnetometer with an in-plane magnetic field applied
along CFMS [110]. Precessional magnetization dynamics
are measured using a time-resolved magneto-optical Kerr
effect (TRMOKE) magnetometer, a two-color pump-probe
experiment in noncollinear geometry [29]. The fundamental
output from an amplifier laser system with a pulse width of
~40 fs (Libra, Coherent) is used as a probe and the second
harmonic signal of the fundamental output is used as a
pump. The use of different pump (1 = 400 nm, o, = 50 fs)
and probe (4 = 800 nm, o, =~ 40 fs) wavelengths rules out
the possibility of a dichroic bleaching artifact in the results.
The probe beam is focused onto an area of ~100 gm? while
the spot area is ~400 um? for the pump beam on the sample
surface. The samples are subjected to an in-plane external
variable bias magnetic field (H).

III. RESULTS AND DISCUSSIONS

A. Structural properties

Figure 1(a) shows the XRD patterns measured in € — 26
geometry at room temperature for Cr-buffered CFMS thin
films with three different values of #. We have identified
CFMS (200) and CEMS (400) peaks in addition to MgO
(200) and Cr (200) peaks in the diffraction patterns. The
presence of a (200) peak with sufficient intensity counts in
our CFMS films signifies the formation of the B2 phase
(the random position of Fe, Mn, and Si with respect to the
Co position) or the L2; phase (completely ordered atomic
positions of all atoms). The inset shows the variation in
1(400) and 7(200)/1(400), the integrated intensity ratio of
the (200) and (400) peaks representing Co atomic-site
ordering, with ¢. In our earlier study [18], we found a strong
thickness dependence of the atomic-site ordering in CFMS
thin films deposited on MgO without any buffer layer.
Here, we observe a monotonically increasing 7(400),
associated with the improvement in the cubic crystal
structure with 7. However, despite of the changes in the
overall crystal structure, we achieved a thickness

independent value of 7(200)/1(400) representing stable
Co atomic-site ordering. This result suggests that in the
case of strain-eliminated growth in the presence of a buffer
layer, microscopic or atomic-site ordering is not affected
significantly by the thickness of the CFMS thin film. In
addition, Fig. 1(b) shows the in-plane XRD scan for (111)
and (220) peaks which confirms the perfect epitaxial
growth of the films. The presence of the (111) peak clearly
proves the existence of the L2, phase in the 30-nm-thick
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FIG. 1. (a) XRD patterns in conventional € — 26 geometry for
CFEMS films with different values of thickness. The inset shows the
evolution of integrated intensity 7(400) and the intensity ratio
1(200)/1(400) as a function of thickness for CFMS films. (b) In-
plane XRD patterns for 30-nm-thick Cr-buffered CFMS films. Two
panels show the intensity variation for two different peaks (111)
and (220). (c) RHEED patterns for different CFMS films taken
along MgO [100]. The first row shows as-deposited (AD) CEMS,
annealed (Ann.) CEMS at 500°C and annealed CFMS on the Cr
buffer layer with a CFMS layer thickness of 30 nm. The second
row represents different CFMS thicknesses in Cr/CFMS films.
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CFMS sample with a complete ordering of the atomic
positions as opposed to the unbuffered CEFMS thin
films [18].

To investigate the layer growth during the deposition of
CFMS, in situ RHEED images have been taken along the
MgO [100] direction. The first row in Fig. 1(c) shows the
RHEED images for 30-nm-thick as-deposited CFMS film
on MgO, annealed CFMS film deposited on MgO, and
annealed CFMS film deposited on Cr. One can clearly see
that the spotty diffraction pattern in the as-deposited CFMS
turns into long streak patterns after annealing, which
indicates the epitaxial growth with crystal orientation
MgO (001)||CEMS (001), MgO [100]||CFMS [110].
This tells us the horizontal and vertical growth directions
of CFMS on MgO. CEMS (001) planes grow parallel to the
MgO (001) planes, and the CFMS [110] direction, which is
perpendicular to the CFMS (110) planes, is parallel to the
MgO [100] direction. This tells us that the edge of the
cubic crystal of the CFMS is oriented along 45° to the edge
of the MgO cubic crystal structure. The symmetric streak
lines become sharper after the addition of the Cr layer,
which indicates the proper two-dimensional growth and flat
surface due to the lattice matching between Cr and MgO.
The second row in Fig. 1(c) represents the RHEED images
for annealed CFMS films on the Cr buffer with varying .
We observe the similar RHEED patterns for all of the
samples with buffer layers, which ensure no significant
change in the development of the films with the variation in
thickness.

B. Magnetic properties

Figure 2(a) shows the M-H loops measured at room
temperature for B10, B20, and B30 with an external
magnetic field applied along the CFMS [110] direction.
We obtain the nearly square hysteresis loops with full
remanence for all of the samples. The extracted values of
saturation magnetization (M) and coercivity (H ) are 860,
920, 930 emu/cm?® and 22, 14, 13 Oe for B10, B20, B30,
respectively, which are shown in Fig. 2(b). The substantial
increment in Mg with an increasing ¢ is attributable to the
improvement in the cubic crystal structure. On the same
ground, a similar monotonically decreasing trend in H is
observed, which is consistent with a previous report [30].
The estimated Mg values for CFMS deposited on Cr
are higher than the CFMS deposited on MgO [18]. This
strongly implies the promotion of the crystal ordering and
two-dimensional growth because of better lattice matching
between CFMS and Cr. However, a slightly higher value
of H is found, despite having strain eliminated growth,
for CFMS on Cr. During the high-temperature annealing
process, Cr can easily diffuse inside the CFMS layer
[24,27], and hence, the presence of a few foreign Cr atoms
inside CFMS, and Co-Cr disorder [26,28] are probably
causing this enhancement in coercivity. It concludes that
the deposition of CFMS on Cr promotes the crystal
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FIG. 2. (a) M-H loops for three different thickness values of
CEMS films measured at room temperature. (b) Variation in M
and H as a function of thickness.

ordering without affecting the microscopic (chemical)
ordering, even with a minor diffusion of Cr inside CFMS.

The time-resolved Kerr rotation data obtained from the
TRMOKE experiment can be divided into three distinct
temporal regimes [29]. We observe an ultrafast demagneti-
zation within ~400 fs and a fast relaxation within ~1.5 ps
for all of the present CFMS samples. A biexponential
background is subtracted from the data to extract the damped
oscillatory component corresponding to the magnetization
precession, and the power spectrum of the signal in the
frequency domain is obtained by using the fast Fourier
transform (FFT) algorithm. We analyzed all of the preces-
sional Kerr rotation data corresponding to magnetization
dynamics to extract the precession frequency (f), magneto-
crystalline anisotropy, and Gilbert damping coefficient (a).

Figure 3(a) presents the measured Kerr rotation oscil-
lations at a different strength of H for the CFMS film of
thickness 30 nm. All of the measured data represent single-
frequency (f) precession for the CFMS films. We have
employed the macrospin modeling to analyze the time-
dependent uniform precessional dynamics by solving the
Landau-Lifshitz-Gilbert equation

dm = . dm
=i ) +a(x ) )

where y is the gyromagnetic ratio, and is related to the
Landé g factor by y = (gug/h), ug is the Bohr magneton,
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FIG. 3. (a) Time-dependent Kerr rotation
data (scattered points) at different H values
for the sample B20 and their best fits using
Eq. (5) (solid lines). The inset shows the
measurement configuration. (b) Variation
in magnetization precession frequency (f)
as a function of magnetic field, H (scat-
tered points) fitted with Eq. (3) (solid line).
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and 7 is the reduced Planck’s constant. H.y is the total
effective magnetic field consisting of the bias magnetic
field (Hy;ys), exchange field (H.y), dipolar field (H ), and
anisotropy field (Hy), and a is the Gilbert damping
coefficient as mentioned before. The solution to the
linearized Landau-Lifshitz-Gilbert equation under small
angle approximation including twofold and fourfold mag-
netocrystalline anisotropies in the effective magnetic field
leads to the relation between f and H as follows:

f= 7 ({H—i—%coquﬁ—Micost)}

2w S S
2K K 1/2
X |:H—|—4ﬂ'M5+F200$2¢—ﬁ4;<3+cos4¢):|> ,

S
)

where K, and K, are the twofold (uniaxial) and fourfold
(cubic) magnetic anisotropy constants, respectively, and ¢
is the angle between H and the easy axis of the sample. The
evolution of f is plotted against H, and fitted with the Kittel
formula [31] in the presence of both the in-plane and out-
of-plane anisotropy constant as given by

v 2Ky 2K\ 112
f= (Z) {ﬂon< on+ﬂ0Ms+7:—FSZ>] (3)

for all three samples as shown in Fig. 3(b). The K, and K,
are the in-plane and out-of-plane anisotropy constants, res-
pectively, and Hy (i.e. H) is the in-plane applied magnetic
field. The estimated values of My and ¢ from the fitting are
870, 920, and 940 emu/cm?, and 2.15, 2.15, 2.15 for B10,
B20, and B30, respectively. Extracted Mg values agree
reasonably well with the values obtained from the vibrat-
ing-sample-magnetometer measurement. Figure 3(c) shows

0 30 60 90 120 150 180
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the variation in precession frequency as a function of the
azimuthal angle ¢. Depending on the favorable direction of
anisotropy energy, precessional frequency may increase or
decrease. In this case, the maximum and minimum
frequencies are obtained at the configurations of the
H||CEMS [110] direction and the 45° angle in between
them, successively, which indicate those directions as
magnetic easy axis and hard axis, respectively. We have
estimated the values of anisotropy energy by fitting f vs ¢
data using Eq. (2). The values of fourfold anisotropy energy
are found out to be —1.37 x 10*, —=2.36 x 10*, and —3.2 x
10* erg/cm? for B10, B20, and B30, respectively. In all
cases, we find a dominant fourfold magnetocrystalline
anisotropy energy due to the cubic symmetry of the
structure. Strikingly, the anisotropy energy increases
because of regular improvement in cubic crystalline struc-
ture with ¢ in agreement with the earlier reports [18,22].
Additionally, a tiny amount of uniaxial anisotropy of
0.70 x 10* erg/cm? is also found in B30. More impor-
tantly, however, we have eliminated the undesirable pres-
ence of lattice-mismatch-induced uniaxial anisotropy in
the lower thickness regime. To understand the ultrafast
demagnetization process in these highly spin-polarized
half-metallic samples, we measure the time-resolved
Kerr rotation data for the first 5 ps after the zero delay
with a temporal resolution of 40 fs for all three CFMS
films, as shown in Fig. 4. All of the curves are fitted using
an analytical expression [32], as given below,

A Ayt, — A
o(1) = — 1 _ Aale — Ayl "
<1 + t/t0>1/2 te—1y

_ te(A] - AZ) e_[/[
t,—t,

|+ a0} @6 @
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FIG. 4. Ultrafast demagnetization curves for three different
samples with different thicknesses. Scattered points are measured
data and solid lines are the best fit using Eq. (4). The demag-
netization times estimated from fitting are written in the inset.

derived from the rate equations of the three-temperature
model. Here, ¢,, and 7, are the demagnetization time and
fast relaxation time, respectively. According to the model
the demagnetization time depends on the coupling between
the three reservoirs, namely electron, spin, and Ilattice.
In the case of the half-metallic Heusler alloy, this demag-
netization process is strongly determined by the spin-
scattering process and thus solely related to the spin
polarization. The extracted values of demagnetization
times are found to be 355 fs + 20 fs, 365 fs + 20 fs, and
380 fs &= 20 fs for B10, B20, and B30, respectively. Longer
demagnetization times in these samples, in comparison to
the 3d ferromagnetic metals, correlate to the high spin
polarization as a consequence of suppression of the spin-flip
scattering process at around the Fermi level [33,34].

Another interesting part of this study is the variation in
the Gilbert damping coefficient in the CFMS thin films
with ¢. Figure 5(a) shows the time-resolved Kerr rotation
traces for three different values of ¢ of CFMS thin films.
The long-lived uniform precessional Kerr rotation data for
all three samples are fitted using a general sine-wave
equation superimposed on an exponential decay function
in addition to the biexponential background function which
is given below

M(l‘) = A =+ Ble_t/ffasl + Bze_l/‘[slnw
+ M(0)e™"/* sin(wt — @), (5)

where 7 is the decay time constant and ¢ is the initial phase
of oscillation. 7y, (i.e. t,) and 7g,,, are the fast relaxation
and slow relaxation time related to the energy transfer
between different energy baths (spin, electron, and lattice)
subsequently after the ultrafast demagnetization and rate of
energy (heat) transfer from the lattice to the surroundings,
respectively. The extracted value of the 7y, and zg,,, are ~2
and ~550 ps, respectively, from the fitting. The damping
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FIG.5. (a) Time-dependent Kerr rotation data (scattered points)

for three different CFMS samples at H = 1.7 kOe and their best
fits using Eq. (5) (solid lines). (b) Variation in Gilbert damping
coefficient (@) as a function of frequency (f).

coefficient (a), which is a combination of both intrinsic and
extrinsic contributions, is extracted using the relationship
[31] (assuming Ky = Ky in our case, where Ky and Ky are
the in-plane fourfold anisotropy fields)

Ky Ky Mg\ ]!
= H — — . 6
“ {}/Tﬂ()( X+ﬂOMS #OMS+ 2 ﬂ ( )

The values of K, for the three samples are found to
be 5 x 10°, 5.6 x 10°, and 6 x 10° erg/cm?’, respectively.
The estimated values of a are plotted as a function of f
for all three samples in Fig. 5(b). We achieve a very low
value of the damping coefficients of 0.0042 + 0.0003,
0.0046 £+ 0.0003, and 0.0051 £+ 0.0003 for B10, B20,
and B30, respectively. We have identified two distinct
features in the behavior of variation in damping. It is
important to note that a decreases very slightly with the
precession frequency for B10 and B20, and saturates at a
higher field which is primarily the intrinsic value of «
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determined by the inherent spin-orbit coupling strength in
CFMS samples. On the contrary, the increment in « with a
decreasing frequency becomes more prominent in B30
which implies the presence of an extrinsic contribution to
the damping phenomenon in addition to the intrinsic part.
Earlier reports [35-37] proposed the presence of inhomo-
geneous anisotropy distribution and two-magnon scattering
(TMS) as the extrinsic mechanisms in similar cases. Here,
we observe a clear fourfold anisotropy distribution in all
three samples with a small amount of uniaxial anisotropy in
B30. This inhomogeneous anisotropy distribution together
with the demagnetizing field in the thicker film can modify
the equilibrium field angle, which causes a change in the
relaxation time [38]. However, recently our study has
shown [18] a frequency-independent value of a even in
the presence of both fourfold and uniaxial anisotropy in the
same geometry of the external field, ruling out this possible
mechanism. Another possible reason is the presence of
TMS. Although the TMS effect is primarily known to be a
surface effect, it can also occur in the presence of very low-
density localized volume impurity in a thicker film where
the dynamic magnetization is not so uniform over the
volume [39]. The monotonically increasing nature of o
towards a peak also indicates the presence of TMS. Hence,
we believe the two-magnon scattering due to volume
impurity, which is mainly due to the Cr atoms diffused
into CFMS, is the primary source of extrinsic damping
process.

Interestingly, we obtain a nearly constant very low value
of a of about 0.0045 for all three samples at high values
of H (>2.3 kOe) where all of the scattering processes get
suppressed. In Heusler alloys, the value of a strongly
depends on the degree of atomic-site ordering and minority
spin density of states [18]. Hence, the stable atomic-
site ordering in Cr-buffered CFMS films results in a
t-independent low value of a. Here, the f-independent o
rules out the possibility of interface spin pumping from the
CFMS to the Cr layer. This indicates that the @ mainly
contains the bulk contribution which is slightly larger in
comparison with the CoFeB|MgO case. a is inversely
proportional to the saturation magnetization (My). Thus,
to exclude the effect of M, it is worthwhile to calculate the
relaxation frequency G (=ayM g). We estimate the values of
G to be 7390 (r=30nm), 80.07 (=20 nm), and
83.95 MHz (¢ = 10 nm), which are significantly smaller
than the previously reported values of 103.41 [40] and
159 MHz [41] for CoFeB|MgO. Further, it is noteworthy
that broadband intrinsic a is achieved for thinner CFMS
films. Both the aspects lead to a step ahead for device
applications of CFMS in spintronics.

IV. CONCLUSION

In summary, we systematically study the thickness-
dependent ultrafast magnetization dynamics in Cr-buffered
CFMS thin films, using an all-optical TRMOKE

magnetometer. By using Cr as the buffer layer, we are
able to achieve a stable Co atomic-site ordering in the
B2 and L2, phase. The results show a very low nearly
frequency-independent value of the damping coefficient of
about 0.0045 in the lower thickness regime, whereas a
nonlinear increment in damping with reducing frequency
indicates the presence of some extrinsic contribution due
to impurity scattering in the higher thickness regime.
Despite the increment in both saturation magnetization
and anisotropy energy as a function of thickness, surpris-
ingly we obtain a nearly thickness-independent damping
coefficient for high strength of the applied magnetic field.
Our findings imply the separate origins of anisotropy and
damping in the case of CFMS Heusler alloy. Notably, both
the thickness and the frequency-independent value of «
strongly suggest the suitability of the thinner CFMS film
for device application in a broad frequency region.
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