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Spin pumping at the Co,FeAl 5Si, s/Pt interface*
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Spin pumping at the Co,FeAl 5Sig 5/Pt and Pt/CoyFeAl 5Sig 5 interfaces has been studied by ferromagnetic res-
onance technology (FMR). The spin mixing conductance of the Co,FeAlj 5Siy 5/Pt and Pt/CoyFeAly s5Sig s interfaces
was determined to be 3.7x10'° m~2 and 2.1x10!° m—2 by comparing the Gilbert damping in a Co,FeAly s5Sig s sin-
gle film, CopFeAl( 5Sig 5/Pt bilayer film and a Pt/CoFeAlj 5Sig s/Pt trilayer film. Spin pumping is more efficient in the
CoyFeAly 5Sig 5/Pt bilayer film than in permalloy/Pt bilayer film.
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1. Introduction

With the rapid development of spintronics, the manipula-
tion of spin current is becoming crucial to the realization of
efficient spin-based magnetic memories and logic devices.!-!
Pure spin currents can be created by many methods, such as
spin injection from ferromagnets, 3! the spin Hall effect,”®!
spin pumping,®~'?! or the spin Seebeck effect.l!*!4l Spin
pumping, in particular, which is the emission of a pure spin
current induced by magnetization dynamics (as shown in
Fig. 1(a)), attracts a great deal of attention because it does not
depend on elaborate nanoscale devices.

Most of the experience with spin pumping comes from
combining it with an inverse spin Hall effect (ISHE) to gener-
ate or detect spin current in ferromagnetic metal (FM)/normal
metal (NM) bilayers.[!] Recently, it has been investigated
in terms of the Gilbert damping enhancement at FM/NM

[1L12] pecause the spin current generated from spin

interfaces,
pumping exerts additional torque on the processing magne-
tizations, which effectively enhances the Gilbert damping
at the FM/NM interface.

obtained by measuring and fitting ferromagnetic resonance

The Gilbert damping constant is

(FMR) spectroscopy according to classic FMR theory.!!3] The
spin mixing conductance g4 at the FM/NM or NM/FM inter-
face determines the efficiency of spin pumping, which can be
calculated by the enhancement of the Gilbert damping. %!
Cobalt-based Heusler alloys (Co,MnSi, Co,FeSi, and
CoyFeAly5Sig 5, etc.), due to their high spin polarization,
have attracted great interest and are widely used in spin-

tronic devices such as magnetic tunnel junctions!!”1°! and
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5.1201 However, very few studies have addressed the

spin valve
spin pumping effect at the interface of Heusler alloy films
and Pt. In 2011, Chudo et al. studied the spin pumping ef-
ficiency of Co;MnSi/Pt, Co,FeSi/Pt and Co,FeAl/Pt bilay-
ers by FMR and ISHE, finding large spin mixing conduc-
tance comparable to that of permalloy (Py)/Pt (g4, = 2.6 x
10" m~2).12122] Theoretical calculations show that the spin
polarization of CoyFeAl 5Sigs (CFAS) has superior thermal
stability >3] compared to other Co-based Heusler alloys. How-
ever, no study of the spin pumping efficiency of CFAS/Pt
or Pt/CFAS interfaces has been reported. The present pa-
per details our investigation of the spin pumping efficiency of
CFAS/Pt and Pt/CFAS interfaces for thin CFAS films. The
spin mixing conductance at the CFAS/Pt and Pt/CFAS inter-
faces has been calculated by comparing the calculations of
Gilbert damping for the CFAS single layer, the CFAS/Pt bi-
layer and the Pt/CFAS/Pt trilayer.

2. Experiments

The films were prepared by magnetron sputtering under
0.7 Pa of Ar on Si(100)/SiO, substrates. The base pressure
was lower than 8.0x107° Pa. We fabricated three different
structures: CFAS (3), CFAS (3)/Pt (5), and Pt (10)/CFAS
(3)/Pt (5), with the numbers indicating film thickness in
nanometers. Magnetic measurements were performed on an
alternating gradient magnetometer (AGM) at room tempera-
ture. The ferromagnetic resonance (FMR) measurements were
carried out using a JEOL JES-FA200 ESR spectrometer at X-
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band frequencies (9.0 GHz) at room temperature. A schematic
of the apparatus is shown in Fig. 1(b). The sample was fixed
on a quartz rod to measure the out-of-plane (the field rotated
with respect to film normal) angular dependence of the res-
onance field and the linewidth of the FMR spectra.[**! Fig-
ure 1(c) shows the coordinate system of samples for analysis
and measurements. The symbols M, H, and h indicate the
vectors of magnetization, the external direct current magnetic
field, and the external microwave field, respectively. Here, H

is rotated in the x—y plane (@4 = @z = 0).
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Fig. 1. (color online) (a) Schematic of spin pumping in a trilayer sys-
tem, H, M, js, F, and N denote the external magnetic field, process-
ing magnetization of the ferromagnetic layer, spin current generated by
the spin pumping, ferromagnetic layer, and normal metal layer, respec-
tively. (b) Schematic of the apparatus used in the experiment. The
sample was fixed on a quartz rod then placed in the resonant cavity to
measure the FMR signal. (c) Coordinate system used for measurement
and analysis of the out-of-plane angular dependence of FMR.

3. Results and discussion

Figure 2 shows the field swept FMR spectra measured
for the CFAS (3) monolayer, CFAS (3)/Pt (5) bilayer and Pt
(10)/CFAS (3)/Pt (5) trilayer, respectively. All the spectra
have the typical Lorentzian line shape, but the linewidth of the
Pt/CFAS/Pt trilayer is much wider than that of the CFAS/Pt
bilayer due to the additional Pt/CFAS interface.
contrast can be observed between the CFAS/Pt bilayer and

A similar

the single CFAS film. The broadened spectral widths mean
that the relaxation of uniform magnetization precession is en-
hanced by the spin pumping that occurs at the interface be-
tween the Pt and the CFAS films, since the spin pumping can
be regarded as a Gilbert-like damping and the spectral widths
are proportional to the Gilbert damping constant, ignoring any
inhomogeneous contribution to linewidth. A notable inhomo-
geneous contribution can result from disorder in the samples.
This disorder includes variable magnetic properties and spin
wave excitations. In our samples, the spin wave mode is not
observed and after theoretical fitting, the variability of magne-
tization’s contribution to linewidth is nearly negligible when

the magnetic field is parallel to films.

FMR signal amplitude

—200 0 200 400
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Fig. 2. (color online) Magnetic field dependence of the FMR signals for
the CFAS (3) film, CFAS (3)/Pt (5) bilayer and Pt (10)/CFAS (3)/Pt (5)
trilayer, respectively, AHp, is the linewidth of the FMR spectra defined
in the inset.

In order to evaluate the efficiency of spin pumping at
CFAS/Pt and Pt/CFAS interfaces, we measured and analyzed
the angular dependence of FMR spectra. Figures 3(a) and
3(b) show typical measurements of the out-of-plane angular
(6y) dependence of the resonance field (Hrgs) and linewidth
(AHyp), respectively, for the CFAS (3) film. The Hggs in-
creases as Oy decreases due to the enlarged demagnetization
field in the out-of-plane direction. At intermediate angles,
AH,,, shows a sharp peak, because the easy axis of magne-
tization lies in the plane of the sample; when the magnetic
field H is rotated out of the plane, the magnetization M falls
behind H. The maximum separation of M and H occurs at
a certain angle, which results in the maximum relaxation of
uniform magnetization precession. According to the theory of
FMR for an out-of-plane applied field, the resonance field is
obtained from the dispersion equation given by

/Y= VH xHy, (H
Hj = HRgs cos (OH — GM) — 47'L'Mef-fC082 0, 2)
H, = Hgrgs cos (0 — Oyy) — 4nMegrcos26. 3)

Here, @ and 7 are the resonance frequency and the gyromag-
netic ratio, respectively, ¥ is given by v = gug/h, where g,
Up, and 7 are the g-factor, the Bohr magneton and the Planck
constant, respectively, M is the effective magnetization, de-
fined as M. = Ms — K, /2nMs, where K is the perpendic-
ular anisotropy energy density. The theoretical linewidth is

expressed as!>4]

AHp, = AHS + AHSTMet  AH2OH 4
1 d(/y)|"
AH% = — |a(H, +H ‘ : 5
3 [ (Hy + Ho) dHgEs ©)
dHREgs
AHMett — A(47M, 6
PP \[‘ d (4nMey) (4Met) , (6)
dH,
pApGH \f‘ RES 0. %

Here, AHSI‘) is the contribution of the Gilbert damping to the

L 47M, .
linewidth, Apr,r °ff and AHPAPHH represent the inhomogeneous
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contributions arising from variations of the effective demag-
netization field’s magnitude and direction, respectively. We
fitted our experimental results of the angular dependencies of
Hrgs and AHpp using Egs. (1)—(7). The results are shown in
Figs. 3(a) and 3(b). The fitting damping constant is 0.024 for
the CFAS (3) single film, which is bigger than the previously
reported values for as-deposited Co,FeSi (~ 0.008)?% and
CoyFeAl (~ 0.005)[2° due to the film’s thickness and non-
epitaxial growth. From the fitting results in Fig. 3(b), we find
that the origin of the linewidth is mainly attributable to the
Gilbert damping for the CFAS (3) film and that the disorder’s
inhomogeneous contribution to the linewidth is almost negli-

gible.
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Fig. 3. (color online) Angular dependence of the (a) resonance field
and (b) linewidth for the CFAS (3) single film. Open circles represent
the experimental data. Bold lines indicate the calculated values. Thin,
dash-dot and dotted lines represent the three components of the total
linewidth, respectively: Gilbert damping (), fluctuation of 6y (A6)
and distribution of effective demagnetization (A(47TMe)).

Figures 4(a) and 4(b) show the 8-dependencies of Hrgs
and AHpp, respectively, in the CFAS (3)/Pt (5) bilayer. The o
value of the CFAS (3)/Pt (5) film is 0.037, which is bigger than
that of the CFAS (3) single film due to the spin pumping at the
interface of CFAS and the Pt capping layer. The spin-pumping
enhanced damping of the capping layer can be calculated as
Aagy® = 0.013. Figures 5(a) and 5(b) show the 8y depen-
dence of Hrgs and AHpp, respectively, in the Pt (10)/CFAS
(3)/Pt (5) trilayer. Its AHpp is notably bigger than that of the

CFAS (3)/Pt (5) film. The fitting results indicate that in the tri-
layer, the disorder’s inhomogeneous contribution to linewidth
is also significantly larger. One possible reason is that the mor-
phologies of CFAS on SiO; and Pt differ. The Pt/CFAS inter-
face is rougher than the SiO,/CFAS interface. The o value
of the Pt (10)/CFAS (3)/Pt (5) film is 0.047, which is bigger
than that of the CFAS (3)/Pt (5) bilayer. This is reasonable,
because the bilayer has only one interface where spin pump-
ing occurs, while the trilayer has two. We also deposited of Pt
(10)/CFAS (#)/Pt (5) structures with different CFAS and cal-
culated the corresponding damping values. Detailed parame-
ters are shown in Table 1. As expected, o decreases remark-
ably with the increasing thickness of CFAS, in good agreement
with a previous report for Pt/Py/Pt films with a thin Py layer,
suggesting that interfacial spin pumping contributes signifi-

g.[2426] By these comparative experiments,

cantly to dampin
we can separate the contributions of the seed and capping lay-

ers for a fixed thickness (+ = 3 nm) of CFAS (Aa:;ed =0.01).
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Fig. 4. (color online) Angular dependence of resonance field Hrgs (a)
and linewidth AH,,;, (b) for the CFAS (3)/Pt (5) bilayer.

The enhancement of damping by spin pumping is de-

scribed by!!6]

AO{cap(seed) _ 81l

5 = ——(1—e /My (g)

B
4nMs tcras

where Ap; denotes the spin diffusion length of the Pt layer
(Ape = 10 nm!21), Mg is the saturation magnetization, fCcpas
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and fp; are the thicknesses of CFAS and Pt, respectively. Us-
ing Eq. (8) with Mg = 923.43 emu/cm?, the spin mixing con-
ductance gy is calculated to be 3.7 x 10" m~2 at the CFAS/Pt
interface and 2.1x 10'” m~2 at the Pt/CFAS interface. Interest-
ingly, the CFAS/Pt and Pt/CFAS interfaces have different spin
mixing conductances, because the diffusive spin current in the
Pt layer has a different probability of diffusing back to the
CFAS/Pt or Pt/CFAS interface before depolarization. More-
over, our results show that spin pumping is more efficient in
the CFAS/Pt bilayer film than in the Py/Pt bilayer film. This
means that the CFAS/Pt interface has a higher spin polariza-
tion than the Py/Pt interface.
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Fig. 5. (color online) Angular dependence of resonance field Hrgs (a)
and linewidth AHp, (b) for Pt (10)/CFAS (3)/Pt (5) trilayer.

Table 1. Fitting parameters for the samples Pt (10)/CFAS (¢)/Pt (5).

tcras/nm Meg/Oe A(47‘cMeff)/Oe A(GH)/(O) g o
2.5 696 319 0.95 2.003 0.055
3.0 7474 117 0.85 2.032  0.047
3.5 728 137 0.88 2.045 0.035
4.0 773 62 0.58 2.037 0.030

4. Summary

We have investigated spin pumping efficiency at the
CFAS/Pt and Pt/CFAS interfaces in terms of the Gilbert damp-
ing enhancement measured by FMR. The spin mixing con-
ductance at the CFAS/Pt and Pt/CFAS interfaces arecalculated
to be 3.7x10' m~2 and 2.1x10'"” m~2, respectively. Spin
pumping is more efficient in the CFAS/Pt bilayer film than in
the Py/Pt bilayer film.
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