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We estimated the magnetic damping constant o of Co,FeAl (CFA) Heusler alloy films of different
thicknesses with an MgO capping layer by means of time-resolved magneto-optical Kerr effect and
ferromagnetic resonance measurements. CFA films with thicknesses of 1.2 nm and below exhibited
perpendicular magnetic anisotropy arising from the presence of the interface with MgO. While
o increased gradually with decreasing CFA film thickness down to 1.2 nm, it was increased sub-
stantially when the thickness was reduced further to 1.0 nm. Based on the microstructure analyses
and first-principles calculations, we attributed the origin of the large o in the ultrathin CFA film pri-
marily to the Al deficiency in the CFA layer, which caused an increase in the density of states and

thereby in the scatterings of their spins. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4989379]

Spin transfer torque magnetoresistive random access
memories (STT-MRAMs), consisting of arrays of magnetic
tunneling junctions (MTJs), have received much attention as
a potential replacement of semiconductor memories because
of their non-volatility, high speed operation, low power con-
sumption, and scalability.! Nanometer-scale MTJs require
high thermal stability and low current density (J/.) for the
magnetization switching by STT, which can be realized by
using materials with high perpendicular magnetic anisotropy
(PMA), high spin polarization (P), and low magnetic damp-
ing constant («) as the ferromagnetic electrodes, according to
the Slonczewski theory.”

Co,FeAl (CFA) Heusler alloys are one of the attractive
ferromagnetic electrode materials due to the high spin polari-
zation,>* high Curie temperature of 1000 K (Ref. 5), and low
a below 0.001.%7 Wang and coworkers reported a high mag-
netoresistance (MR) ratio of 360% in a MTJ made of CFA/
MgO/CFA at room temperature due to the A; band spin-
filtering effect of MgO.* Moreover, when the thickness of
the CFA film with MgO capping was reduced to 1 nm, it was
reported to show PMA® due to the hybridization of orbitals
between Fe in CFA and O in MgO.? Using this interfacial
PMA, a perpendicular MTJ with a MgO barrier was demon-
strated.'® These reports indicate that the ultrathin CFA film
with PMA is the promising ferromagnetic electrode for
STT-MRAMs. However, Cui and coworkers'' reported the
magnetic damping measured by a ferromagnetic resonance
(FMR) in the 1.36-nm thick CFA film with PMA to be
o=0.012, which was ten times larger than in the thicker
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in-plane magnetized CFA films.%’ Since the large o causes
the increase in J. and « is one of the important parameters to
control the magnetization dynamics, it is pressing to reveal
the possible origin for the large o and how to reduce it in the
ultrathin CFA films. In the present study, we estimate o by
means of time-resolved magneto-optical Kerr effect (TR-
MOKE) measurements under a high magnetic field that can
suppress the contributions originating from the inhomoge-
neous effective field to the magnetization dynamics. We find
o for a 1-nm thick CFA film which shows PMA to be consid-
erably greater than those for the thicker films which exhibit
in-plane anisotropy. We discuss the possible origins for the
large o in the ultrathin PMA film based on the results of ele-
mental mappings and first-principles calculations.

The samples studied were films with stacking structures
of Ru(2 nm)/CFA(d)/MgO(2 nm)/Ta(2 nm)/SiN(65 nm) depos-
ited on MgO(001) single-crystalline substrates at room tem-
perature by magnetron sputtering with a base pressure of
4 x 107" Pa. The thickness d of the CFA films was varied
from 1 nm to 20 nm by changing the sputtering time duration.
The samples were then annealed at 325 °C in a vacuum fur-
nace for 0.5h, in order to achieve PMA in the ultrathin CFA
films. The spin dynamics of the CFA films was estimated
by TR-MOKE and FMR measurements with the magnetic
field up to 2 T. For TR-MOKE, the fundamental output from
a Ti:sapphire regenerative amplifier with a wavelength of
800 nm, a duration of 200 fs, and a repetition rate of 10kHz
was used as a probe, whereas the second harmonic at 400 nm
was used as a pump. The pump and probe fluences were 2
and 0.15 mJ/cm?, respectively. The pump beam was chopped
at 900 Hz for the lock-in detection. The polarization rotation
of the probe beam after the reflection from the sample was

Published by AIP Publishing.
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FIG. 1. Magnetization curves of the
CFA samples for the thickness d = 1 nm
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detected with a pair of balanced photodetectors. For compari-
son, o was also estimated by means of FMR by placing the
samples on a 2-port coplanar waveguide. A vector-network
analyzer was used to measure the s-parameters of the
waveguide at 1GHz increments from 10GHz to 18 GHz
while a varying magnetic field ranging from 0 to 1.8T
was applied perpendicular to the film plane at each dis-
crete frequency.lz’13 The damping parameter was extracted
from the frequency dependence of the FMR linewidth. The
static magnetic properties of all the samples were charac-
terized by using a vibrating sample magnetometer (VSM)
while the structure analysis was carried out by using both
x-ray diffraction (XRD) and transmission electron micros-
copy (TEM). The XRD analysis results indicated that the
CFA films had the B2 and A2 structures for d>10nm
and d <5nm, respectively, as shown in the supplementary
material (Fig. S1).

Figure 1 compares the out-of-plane and in-plane magne-
tization curves of the CFA films with the thickness of d =1
and 5 nm, respectively. The sample with d =1 nm shows the
PMA with the anisotropy field of 0.45 T estimated from the
in-plane hard axis loop, whereas that with d=5nm shows
the in-plane anisotropy. The anisotropy at the MgO/CFA
interface is derived to be positive at the MgO/CFA interface
based on the d-dependence of K" d, where K, denotes
the effective perpendicular anisotropy as shown in the sup-
plementary material (Fig. S2). We find the CFA film with

(@)

uoH (T)

d=1.2nm also to show the PMA, whereas the films for
d > 5nm have the in-plane anisotropy.

Figure 2(a) shows the TR-MOKE signals for d =1nm
under magnetic field H ranging from 0.72 to 2.0T. The
direction of H for the TR-MOKE experiments is fixed at
50° with respect to the surface normal z of the sample, as
illustrated in the inset of Fig. 2(a). The excitation with a
fs-laser pulse leads to an ultrafast quenching of the mag-
netization within 1 ps, followed by a slower recovery of
the initial magnetization and precession around the
applied magnetic field direction. The TR-MOKE signals
after 30 ps can be fitted well to a phenomenological fitting
function:

G = Aexp(—vr) + Bsin( 2nft + ¢) exp (— ;) +C. (D

Here, the first and third terms on the right hand side corre-
spond to the non-oscillatory dynamics arising from the
photo-excited electronic and/or lattice systems and the sec-
ond to the spin precession. A and B represent amplitudes for
each contribution and C is an offset. v, f, ¢, and 7 are the
decay rate of the non-oscillatory background, precession fre-
quency, the initial phase, and relaxation time of the preces-
sion. Figures 2(b) and 2(c) show f and the inverse relaxation
time 1/t as a function of H for d=1nm. We find that f
increases monotonically with H, whereas 1/t exhibits a
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shallow minimum at around 1.3 T. The spin precession fre-
quency and the inverse relaxation time are generally derived
from a linearized Landau-Lifshitz-Gilbert (LLG) equation: 14
f=4%vHH,, L =2%o0y(H, +H,), where y and « are the
gyromagnetic ratio and damping constant. H; and H, are
given by: Hj = Hcos (0y — 0) + H{ cos?0 and H, = H
cos(0y — 0) + H{' cos 20 with 0y and 0 being the angles of
H and the magnetization in the sample m with respect to z,
and H{ is an effective anisotropy field. The equilibrium

angle of the magnetization is determined by sin260 = (%)

sin (0 — Oy ). These equations lead to the monotonic increase
of f and 1/t with increasing H, which in the case of
d > 1.2 nm reproduced the experimentally obtained f and 1/t
well, as shown in the supplementary material (Fig. S3);
o =0.011 is obtained for d = 1.2 nm. In the case of d =1 nm,
however, the above model was far from reproducing the exper-
imentally observed 1/z, though f was reasonably reproduced, as
shown in Figs. 2(b) and 2(c). To better reproduce the experi-
mental results for d = 1 nm, we need to consider non-uniform
distribution of the anisotropy. For this purpose, we introduce
the non-uniformity 1/, in the damping whose magnitude is
expressed by AHfsz:15 Ti = %|j,31?r AHEff with wy = 2xf. The
fitting results with different values of o and AH. ¢ are compared
in the supplementary material (Fig. S4). The experimental 1/t
value was best reproduced by assuming AH™ =0.038 T and
o =0.0155, as shown with a solid curve in Fig. 2(c).

Figure 3 compares o obtained from TR-MOKE and
FMR measurements as a function of the inverse film thick-
ness 1/d. Both values are comparable to what was obtained
for the CFA sample in the previous study;'' however, the
value of o for d = 1 nm in the present study is large compared
with o=0.001 obtained for a 50-nm thick CFA sample.®
There is a slight difference in o for d =20 nm and « = 0.003
and 0.007 estimated by FMR and TRMOKE, respectively.
With increasing 1/d, o obtained from both techniques shows
similar monotonic increases, in qualitative agreement with a
previous experimental study on a CoFeB thin film'’ as well
as with a calculation on Co thin films.'® In contrast to the
previous reports of the linear relationship o0 = ok + %surface’

thickness, d(nm)

00205 1

3 Groupll
£ P NN

© i/ \
bt ] 1

@ |

G I \ @ /

oot :i / .
2 gki —————

s 1%

E T / |
8 a ® TRMOKE
NSt A FMR
P (O S, S| S SR (SO R | T Y (R
% 05 1 15

1/d (nm™)

FIG. 3. The damping constant o as a function of inverse thickness 1/d. Red
and blue symbols correspond to damping constants o measured by TR-
MOKE and FMR results, respectively.
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d for CoFeB'® and Co,'® possibly arising from the interface
or surface effect, the present results show no clear linear
relationship by d=1.2nm. In particular, the value of « for
d=1nm is considerably larger than the linear extrapolation
from those for larger d in the present study. Similar deviation
from the linear relation was also observed for the 0.8-nm
thick CoFeB sandwiched by Ta and MgO layers and attrib-
uted to the distribution of the perpendicular anisotropy origi-
nated from the thickness distribution.'”

A possible explanation for the rapid increase in « with
increasing 1/d found in the present study, compared with
those in the previous studies, is given specifically in terms of
the non-stoichiometric composition of the CFA films due to
the diffusion at the interface with MgO."” To check the possi-
bility, we perform a scanning transmission electron micro-
scope energy-dispersive-spectroscopy (STEM-EDS) analyses
for d=1 and 20nm. Figure 4 compares the cross-sectional
high-angle annular dark field (HAADF)-STEM images and
the atomic composition line profiles for d =1 and 20 nm; the
corresponding elemental mappings are shown in the supple-
mentary material (Fig. S5). We see that Al atoms near the
interface significantly diffuse into MgO for both thicknesses.
The nominal compositions of the whole CFA film with
d=1nm and 20nm are Co,FeyosAlgss and Co,FeAlygo,
respectively. The result supports that the diffusion of Al from
the CFA films is responsible for the increase in o, since this
diffusion has significantly more impact on the chemical com-
position for thinner films. Considering the Al composition of
the CFA layers, we can group these samples into two, the
samples with the composition close to the stoichiometric
(Group I) and those with the off-stoichiometric composition
(Group II). Since the Al diffusion seriously occurs in the
region within 1nm from the interface, this grouping is

(2) Ok s ——

(23
o

MgO

CFA '

Composition (at%)
H
o

5 S Wor s AN A A ]
0 2 4 6 8
Distance (nm)

FIG. 4. Cross-sectional HAADF-STEM images (a) and (c) and the depth
profiles of the atomic species (b) and (d): for d = 1 nm (a) and (b) and 20 nm
(c) and (d). The ranges of the depth profiling are indicated by the arrows in
(a) and (c).
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reasonable. The damping constants in Group II are higher
than those in Group I as shown in Fig. 3.

We investigate the effect of the Al deficiency on the
damping constant quantitatively by calculating o for CFA
with the B2 structure at various Al compositions x in
Co,FeAl, _,. First-principles density-functional calculations
are performed using the Vienna ab initio simulation package
(VASP)'® 2 and the projector augmented wave potential®'~>
including the spin-orbit interaction. We employ a torque cor-
relation model to calculate the matrix elements of the spin-
orbit-torque operator with respect to wavefunction including
the spin orbit coupling.®> A bulk simple cubic supercell of
CFA with the lattice constant of 0.563nm including 16
atoms is used, i.e., CogFe, Al for x=0.0, CogFe Al; for
x=0.25, CogFesAl, for x=0.50, CogFesAl; for x=0.75,
and CojgFeq for x=1.00. We find that « increases with
increasing x, as shown in Fig. 5(a). Since we consider only
the energy dissipation to the electronic system through the
spin-orbit interaction between local spin-moments and con-
ductive electrons and do not include that to the phonon and
spin systems due to the thermal fluctuations of the lattice and
magnetic moments, the calculation results are ten times
smaller than the experimental result. This kind of discrep-
ancy is often seen in the previous papers.’*~! However,
when the Al composition changes from x=0.2 to x=0.65
which are obtained from the EDS analysis, the damping con-
stant increases to about 0.001. It shows good agreement with
the difference in o between Groups I and II. The spin-
resolved density-of-states (DOS), shown in Fig. 5(b), also
increases with increasing x in the vicinity of the Fermi level
(Ef) in the minority-spin gap, because of the increase in the
anti-site Co atoms at the Al-sites. Since o of 3d ferromag-
netic materials is known to increase from the scattering of
electrons in the d-band originating by spin-orbit coupling,®?
we expect an increase in DOS near Ef, in the local DOS of
anti-site Co d(zx) and d(x2 — yz) in the minority-spin states
in particular, to lead to a significant increase in o through
similar scatterings. Since the change in the lattice parameter
is less than 0.01 nm and Curie temperature increases with the
diffusion of Al atoms from CFA, the drastic change in the
energy dissipations to the spin and the phonon systems can-
not be expected. Therefore, the good agreement of the differ-
ence in the damping constant between the experiment and
the calculation supports our interpretation.

The experimentally observed large o for the ultrathin
CFA film might also be contributed by the spin pumping
effect and the interfacial spin-orbit interaction, in addition to
the increase in the scattering of electrons originating from
the Al deficiency in the CFA layer. In the spin pumping

-2 0 2 4

Energy £-£¢ [eV]

effect, spin current is pumped away from the interface with a
non-magnetic layer through the precession in the ferromag-
netic layer. This is known to have a serious impact on non-
magnetic (NM) materials with strong spin-orbit coupling
such as Pt.>* At the interface between Ru and CFA, however,
the spin pumping effect was found to be small** and MgO is
also known to suppress the spin pumping effect.*>*® We can
therefore safely exclude the spin pumping effect as the possi-
ble origin of the increased damping constant. The interface
can in principle modify the magnitude of PMA and thereby
that of o, both of which are strongly correlated with the spin-
orbit interaction. However, since PMA of the ultrathin CFA
film is introduced by the hybridization of the orbitals at the
interface,’ no significant change in o is expected as a result
of the change in the PMA. We therefore attribute the
increase in o for the ultrathin CFA with PMA primarily to
the increase in the scattering of electrons originating from
the Al deficiency in the CFA layer.

In summary, we have experimentally observed an
increase in o of thin CFA/MgO hetero-structured films. From
the microstructure analyses, we find the significant diffusion
of Al atoms near the interface of CFA and MgO layers. The
samples can be grouped into two, the samples with the high
o and the off-stoichiometric composition and those with low
o and the stoichiometric composition. The first-principles
calculations have indicated that the increase in o arises from
the increase in DOS near the Er induced by the out-diffusion
of Al atoms from the CFA layer to the MgO layer. Our
results have suggested that the 1-nm thick CFA film is not
suitable for the application as STT-MRAM, in spite of its
PMA, because of its large o. To fabricate CFA films that are
more suitable for the application, deposition of more Al-rich
CFA films can be a solution, so that they can reach the stoi-
chiometric composition after the annealing and thereby
achieve PMA, high P and low «. Since a high MR ratio was
already reported in CFA/MgAl,0,/CFA-MTJ,?’ such chemi-
cal composition tuning is expected to lead to the realization
of perpendicular MTJs with high MR ratio and low critical
current for STT switching.

See supplementary material for the XRD patterns (sup-
plementary material 1), the saturation magnetization and the
effective anisotropy for various thicknesses of CFA (supple-
mentary material 2), the magnetic field dependence of f and
1/ for d = 1.2 nm (supplementary material 3), and the fitting
results of the magnetic field dependence of 1/t for d=1nm
by changing the parameters of damping constant o and
anisotropy distribution H{ (supplementary material 4).
Supplementary material 5 shows the cross-sectional high-
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angle annular dark field (HAADF)-STEM images and ele-
mental maps in the samples with d =1 nm and d =20 nm.
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