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We present an experimental and computational investigation of the Neodymium thickness dependence of
the effective damping constant (¢ ry) in NigoFexo/Neodymium (Py/Nd) bilayers. The computational results
show that the magnetic damping is strongly dependent on the thickness of Nd, which is in agreement with
experimental data. Self consistent solutions of the spin accumulation model and the local magnetisation were
used in the simulations. It was not possible to obtain agreement with experiment under the.assumption of an
enhanced damping in a single Py monolayer. Instead, it was found that the enhanced damping due to spin
pumping needed to be spread across two monolayers of Py. This is suggested to‘arise from interface mixing.
Subsequently, the temperature dependence of the effective damping was investigated. At is found that, with
increasing temperature, the influence of thermally-induced spin fluctuations on magnetic damping becomes

stronger with increasing Nd thickness.

I. INTRODUCTION

Recently, spintronic devices based on magnetic dynam-
ics, such as magnetic random-access memory (MRAM), spin
valve (SV), magnetic tunnel junction (MTJ) and so on, have
attracted extensive attention [1-3]. The Gilbert damping pa-
rameter @ as a characteristic of magnetisation dynamics is
a major focus of research due to its effect on the speed of
the magnetisation reversal. As a typical transition_magnetic
(TM) alloy, Permalloy has a high saturation magnetisation
and permeability, low anisotropy and coercivity. Permalloy
(NigoFey, Py) has a small magnetic damping, which is due
to the fact that the crystal field quenches most of the orbital
angular momentum, resulting in a small spinsorbit. coupling.
So, it is necessary to increase the magnetic dampingif it is
required to increase the speed of magnetic response., There
are mainly two methods to regulate magnetic damping, i.e.,
doping and magnetic heterostructures [4—8]. Rare earth ele-
ments (RE) have a large orbital moment, which ¢ould increase
the spin-orbit coupling and magnetic dampingdin RE-TM sys-
tems. In 2002, Tserkovnyak et al.»[9, 10] proposed the spin
pumping effect: in ferromagnetic/nonmagnetic (FM/NM) bi-
layer, the magnetisation precession acts as spin pump which
transfers angular momentum from the FM layer into the NM
layer which is then dissipatedyin the NM layer. This dissi-
pation increases the/relaxation of the magnetic moment pre-
cession in the FM layer and leads to an increase of magnetic
damping. The enhanced magnetic damping is represented by
the scattering matrix of the FM layer.

In this paper, we present experimental and theoretical in-
vestigations-of the Nd thickness dependence of the effective
damping constant (¢, r7) in NigoFexo/Neodymium (Py/Nd) bi-
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layers. In experiments, the magnetic damping can be eas-
ily obtained by vector network analyser ferromagnetic reso-
nance,(VNA-FMR) in comparison with Brillouin light scat-
tering (BLS)sand time-resolved magneto-optical Kerr effect
(TR-MOKE). VNA-FMR is a standard and widely used tool
to measure the magnetic damping by analysing the relation-
ship between frequency and linewidth of the resonance spec-
trum. The FMR linewidth has two contributions: one is the
intrinsic damping coming from the Py film; the other arises
from a spin pumping effect which pumps a spin current from
the Py layer to the Nd layer.

In experiments, there are a number of reasons for enhanced
magnetic damping, including the contribution of enhanced
spin orbit coupling at the interface, and dispersions in ma-
terial properties which results in inhomogeneous line broad-
ening. The important mechanism of the spin pumping effect
is rarely considered, whereas spin pumping, and especially its
dependence on the thickness of a non-magnetic layer, could
be considered an interesting method of damping enhancement
and control. So, we use the spin accumulation methodology
to simulate the bilayer structures based on the drift-diffusion
formalism of Zhang, Levy and Fert (ZLF) [11]. Based on
previous works, we introduce the bulk and interface magnetic
damping to investigate the thickness dependence in Py/Nd bi-
layer films [12-14]. So, the appropriate values of the bulk
and interface damping are essential for a theoretical calcula-
tion for comparison with the experimental data. Py itself has
a very low anisotropy. So, we set the same anisotropy energy
values for bulk Py layers. Then the high interface magnetic
damping values in interface Py comes from the spin pumping
effect[15]. The simulation of our bilayer structure is modeled
by using the stochastic Landau-Lifshitz-Gilbert (LLG) equa-
tion at the atomistic level and the VAMPIRE software package
[16, 17]. Meanwhile, with increasing temperature, the other
scattering mechanism, i.e., thermal-spin fluctuations leading
to spin-wave excitations are naturally taken into account in the
atomistic approach. In order to study the influence of thermal-
spin fluctuations in the Py/Nd bilayer, the temperature varia-
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tion of the effective Gilbert damping is also studied.

II. SIMULATION
A. The spin accumulation model

The concept of spin injection into a normal metal leading
to a spin accumulation of electron polarisation was put for-
ward by Aronov [18] and has been enriched and developed
by many research groups [11, 19, 20]. This spin accumula-
tion decays on a length scale characterised by the spin difu-
sion length (sdl). According to the formula derived by Zhang,
Levy and Fert [11], in a magnetic heterostructure the equation
of motion for the spin accumulation is,

dm m
— h M,=—— 1
m + (Jsa/h)m x My P~ (1)

where m is the spin accumulation, M is the unit vector of
the local magnetisation of the ferromagnetic layer, Jy; is the
exchange energy between the electron spin and the local mag-
netisation, /i is the reduced Planck constant, and 7y is the
spin—flip relaxation time of the conduction electrons. In or-
der to obtain a stationary solution for spin accumulation m,
the spin-flip relaxation time of the conduction electrons T,r
should be shorter than the timescale of the magnetisation
changes.
The equation of motion for the local magnetisation is

P My (B +Jam) + oM, X E
dt dt
where 7 is the gyromagnetic ratio, & is the/magnetic damping
constant, H, sy is the effective field, which includes the exter-
nal field, exchange, magnetostatic and crystalline anisotropy
contributions. Jyym is the field arising from the conduction
electron/magnetic spin exchange.

In general, the magnetisation direction ah the spin accu-
mulation are not collinear. The spin accumulation be sepa-
rated into two components: longitudinal (parallel to the local
magnetisation direction) and transverse (perpendicular to the
local magnetisation direction). So, the two components spin
accumulation can be expressed as

o*my , 9’my |

— =0 3
ox? A2, )
and
9’ J> M
n‘;ii Izufmp; d:()’ @)
K Ay Aj
where Agr = /2DyTs¢, Ay = ,/ZZfo and Dy is the diffusion
constant.

In the general case the solution for the spin accumulation
cannbe obtained using a transfer matrix method [19]. How-
ever, according to Heide et al [21] only the longitudinal ac-
cumulation exists for a single ferromagnetic layer, while the
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transverse accumulation is required for a ”spin valve” struc-
ture. That means we can simply consider the longitudinal
component of spin accumulation in our structurenThe current
is perpendicular to the plane of the films: As shown in Fig. 1
(a), the pumped spin accumulation whose magnetisation di-
rection is at the positive z direction iS'given by the following
equation,

=

m_ (x) =mge’sd )

where my = j;;‘(l) Jmx (0) i8 the pre-exponential factor for the

pumped spin accumulation. jnx (Q)\is the spin current trans-
mitted from the FM torthe NM, given by [9, 10]
M
hegr oM
M x — 6
L)

ins\O= i

with gP thenspin mixing conductance. The reflected spin
accumulation at the vacuum boundary of the non-magnet is
given by

(—dnm)

m_(x) =Ae Aa | @)

L
where A is the pre-exponential factor for the reflected spin

accumulation and dyys is the thickness of NM layer. Con-
sequently, the spin accumulation in the steady state can be
written as follows:

m=m,(x)+m_(x). (8)

The spin current density in the x direction calculated from the
spin accumulation is given by

—x A (~";’iNM)
e sdl

: d my
m(X) = ——m4(x)+m_(x)| =

() = = G m () +m ()] = B — =

)

At the right vacuum boundary of the NM layer, we set the

current to zero, j,;(d) =0,

—ehdl — —¢ Aa  =0. (10)
A'Sdl 2'Sd]

4NM
Then we obtain the pre-exponential factor: A = ;’—;e*sdl .
S

Hence,

—x (x—2dnm)
Jm (x) = ;:170 (elsdl —e Aa ) , a1

sdl

and at the FM/NM interface (x = 0), the net spin current is
given by,

. —24,
= "Z;)(O) <1 —e %?IM) (12)
0

According to spin pumping theory, the effective magnetic
damping at the interface is proportional to the net spin current
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at the FM/NM interface. So, the interface damping of the FM
layer is given by

—2dyMm
Olint = Omax (1 —e Ha ) ) (13)

where Omax 1s the enhanced magnetic damping and is propor-
tional to the interface spin-mixing conductance G'+. There-
fore, the interface damping increases to an asymptotic value
with the thickness of NM as shown in Fig. 1 (b). For larger
thicknesses, the increase in damping took the interfacial value
to supercritical values (& > 1) which led to anomalous dy-
namical behaviour not seen in the experiments. Therefore,
we distribute the interfacial damping among the two Py layers
nearest to the interface as the spin-pumping current is an inter-
face effect. This is an interesting observation which suggests
some intermixing at the Py/Nd interface.

The magnetization dynamics were simulated using an
atomistic model via integration of the Landau-Lifshitz-Gilbert
(LLG) equation.

S Y Yo

— =——— (S X Beff) — ——5<[S X (S x Begp)] . (14

T (1+a2)( x Bett) (1+a2)[ X (SxBegr)]. (14)
The effective field, Begr; = fi%—{, can be calculated from

the Heisenberg spin Hamiltonian describing the energy con-
tributions of the magnetic system given by:

H ==Y 18i-S;—ku Y (Si-€) —Zuési-Bapp, (15)

i<j i

where §; ; is the unit vector of spin on sites (7, j), Ji;. is the
nearest neighbour exchange integral between spin sites i-and j,
ky 1s the uniaxial anisotropy constant, ¥ is the:absolute value of
gyromagnetic ratio, ¢ is the damping constant of the material.
The terms on the right-hand-side (RHS) of Eq. 15 represent
the contribution of the exchange energy, the anisotropy energy
and the Zeeman energy, respectively. Atothic calculations
were carried out using the VAMPIRE(package [17].

III. RESULTS
A. The thickness dependence of effective damping

The Py (6 nm)/Nd (t.am) structure is built as a bulk face-
centred-cubic (fcc) crystal with lattice constant of 3.54 A. The
structure, with dimensions of 20 x20,x (6 +t)nm?, is con-
sidered as a trilayer system consisting of a 2-monolayers-Py
(interface-Py) in contact with the bulk-Py and varying thick-
ness of Nd layer as shown in Fig. 2(a). To verify the correct-
ness of the magnetic parameters of the trilayer structure and
the method, the thickness dependence of the effective damp-
ing at 300 K is calculated first and then compared with the ex-
perimentabwork (as shown in Supplementary S1). The mag-
netic parameters of the trilayer are shown in TABLE I. Here
weintroduce an anisotropy and exchange energy [22-24]. The
interface magnetic damping of the Py in trilayer system ob-
tained from the experimental data using equation (13) in this

(2 FM NM

amax

FIG:"1. (a) Schematic view of the FM/NM bilayer. The dark blue
and the orange represent the bulk FM layer and interface FM layer,
respectively. The light blue represents the NM layer. Precession of
the magnetisation direction m(t) of the FM pumps a spin current into
the NM layer. m; and m_ are pumped and reflected spin accumu-
lation in NM layer, respectively. (b) The curve of effective Gilbert
damping (Qegf = Ofg + Omax) comes from spin pumping theory. o
is the intrinsic damping. Oimax is the maximum Gilbert damping in-
crease.

TABLE I. Model parameters used in the simulation.

Parameter Value Unit
Atomic spin current Ly 0.606 us
Atomic spin current L. 2.22 Up
INi—Ni 2.757x1072! J/link
JFe—Fe 7.05x1072! J/link
INi—Fe 4.95x1072! J/link
Anisotropy energy knj 5.47x107%6 J/atom
Anisotropy energy kge 5.65x10°% J/atom
Bulk damping of Ni and Fe 0.01 -

simulation are shown in Fig. 2(b), and the interface magnetic
damping of the Py are shown in Supplementary S2. Nd is a
light rare earth material with an antiferromagnetic transition
temperature of 19.3 K [25, 26]. Consequently Nd exhibits
paramagnetism at room temperature.

In simulations, the external field (10 T) is applied along the
z direction. The magnetisation is initially oriented in the yz
plane at an angle of 30deg to the applied field (z-direction)
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FIG. 2. (a) Schematic view of the simulated (6 nm) Py/ (t nm) Nd bi-
layer. The structure dimensions are 20 x 20 x (6 -+ t) nm>, where the
underlayer (red represent Ni atoms and blue represent/the Fesatoms)
and the orange inserted layer represents the bulk and interface Py
layer, respectively. The grey square represents the Nd layer. (b):The
variation of the interface damping and the thickfiess of Nd. The lines
are a guide to the eye.

from where it undergoes damped precession into the field
direction. A typical time evolution of the % and z compo-
nent of the magnetisation precession obtained from the atom-
istic model are shown in Fig. 3(a). For different thickness of
Nd, the precession frequency of the Py layer and the relax-
ation time are extracted, as theé net magnetisation of the sys-
tem evolves back to the equilibrium state;using the following
equation,

M (t) =Aexp (—%) sin (27 f1), (16)

where A, f, T are the amplitude of the magnetisation, the pre-
cession frequency and the'relaxation time, respectively. The
effective magnetic damping (@, sr) can be determined from
the damped precession parameters as Q. fr = Wlfr Using this
approach; the precession frequency and damping were calcu-
lated as|a function of the Nd layer thickness.

By comparing the experimental data with the simulations,
for zero Nd thickness, as shown in Fig. 3(b), the damping
value,is equal to the input Py value, ,rr = 0.0099. Further,
this value is consistent with our experimental result and other
groups [13, 27]. This result shows that the calculated damp-

4

(a) 1.0 —
&3
0.5
n
E
£0.0
My
05F dloff=0.0213
-1.0F . . .
0 20 40 60 80
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(b)
0.08 7‘5
¢
§0.06 -
o0
.|
2'0.04 B —o— Experiment
= —o— Simulati
Q imulation
0.02 |
0.00 1 1 1 1 1 1 L 1 1

0 2 4 6 8 10 12 14 16
INd (nm)

FIG. 3. (a) The time evolution of the magnetisation trace of the Py
(6 nm)/Nd (1 nm) structure at 300 K after an initial magnetisation
angle of 30° in the y-z plane back to equilibrium state. The circle
represents the simulated magnetisation precession while the lines are
the fitting curve using equation (16). (b) The variation of the Gilbert
damping and thickness of Nd. The lines are guided to the eye.

ing value of the bulk-Py is reasonable. By varying the inter-
face magnetic damping according to the thickness of Nd, we
also obtained the effective damping values as a function of
Nd thickness. Comparison with the experimental data gives
good agreement as shown in Fig. 3(b) indicating the validity
of the atomistic model with spin accumulation and the input
parameters.

B. The temperature dependence of the effective magnetic
damping

Further, we investigated the thickness dependence of the
effective magnetic damping as a function of the temperature.
In order to obtain statistically accurate results, we performed
10 different integrator-random-seeds for each parameter set,
and then took the average and variance to obtain the mean
magnetic damping.

Following [16], the thermal-spin fluctuations are introduced

Page 4 of 7
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FIG. 4. (a) is the mean magnetic damping of Py (6 nm)/Nd (t nm)
bilayers with different temperature and Nd thickness./The lines are
guided to lines. (b) The temperature dependence of the standard de-
viation (o) of the distribution of the simulated magnetic damping
constants as a function of the film thickness. The lines are guided to
the eye.

via a random field calculated as,

A S

20tkpT.
B =I(t)4/
th (t) (t) YllsAl‘ 4

where I'(#) is Gaussian distributionvand /T is the tempera-
ture. kp is the Boltzmann'constant, s is the atomic mag-

netic moment, % is the strength of the thermal-spin fluc-

tuations. The therﬁlal-spin fluctuation field is recalculated at
each timestep and included in the effective local field.

Fig. 4(a) shows the temperature dependence of the mag-
netic damping at different Nd thickness. From the data it can
be seen that the temperature’has a weak influence on the mean
effective magnetic damping as also noted by Sampan-a-pai et.
al. [22] for a single layer of CoFeB well below T;. Interest-
ingly, similarly to ref [22] we also observe statistical scatter in
the calculated damping, albeit at a lower level. The standard
deviation increases with Nd thickness, as shown in Fig. 4(b),
suggesting thatthe effect is proportional to the damping. This
is'likely due to statistical variations arising from the finite size
of thesampleas in ref [22] and will decrease with increasing
system size. To further investigate the influence of the temper-

a7

o, =0.0778364

0 10 20 30 40 50
Time (ps)

@, =0.07616074

0 10 20 30 40 S0
Time (ps)

FIG. 5. The time evolution of the magnetisation trace (circles) for
Py (6 nm)/Nd (16 nm) bilayer. (a) and (b) are low (20 K) and high
temperature (500 K) at same integrator-random-seed=>5, respectively.
The lines are fitting by equation (16).

ature on effective magnetic damping, the magnetic dynamic
relaxation processes at different temperatures are shown in
Fig. 5 for a Py (6 nm)/Nd (16 nm) bilayer. As shown in
Fig. 5(a) and (b), (for the same random seed), the magneti-
sation precession response differs at different temperatures.
At low temperature (20 K), as shown in Fig. 5(a), the influ-
ence of the temperature on the simulation is very small and
the fitting curve is consistent for the whole time series. How-
ever, at high temperature (500 K), as shown in Fig. 5(b), the
thermal-spin-fluctuation plays a role in the relaxation. While
the fitted damping is very similar in both cases, at the higher
temperatures the dynamics at longer times becomes driven by
the response of the system to the random thermal fields.

IV. CONCLUSIONS

In summary, we have investigated the thickness and temper-
ature dependence of the effective magnetic damping in Py (6
nm)/Nd (t nm) bilayer by using the spin accumulation model
in an atomistic simulation. The approach used was to simulate
the precession to equilibrium after rotation through a small
angle. The calculation used an atomistic model to calculate
the spin pumping into the non-magnetic capping layer. For
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large Nd layer thickness, the (supercritical) damping,when
associated with a single Py atomic layer, was found to give
rise to discrepancies with experiment and it was found neces-
sary to spread the elevated damping of two Py layers. This
problem and its solution is an interesting prediction of the
atomistic model and probably arises from interface diffusion.
Therefore, the calculations were carried out on a system of
Py (bulk)/Py(2-monolayer)/Nd (t) layers. Through a series of
calculations, we determined the damping value of the bulk-
Py and the 2-monolayer-Py, with the Nd as a non-magnetic
material. The thickness dependence of the effective mag-
netic damping value from the simulations is consistent with
the experimental data. Further, the effect of temperature on
the mean magnetic damping was also carefully investigated.
With increasing temperature, the influence of thermal fluctu-
ations on mean magnetic damping increases, which is prob-
ably a finite size effect. Our results show that the combina-
tion of atomistic and spin accumulation models is a powerful
approach to the investigation of spin pumping in heterostruc-
tures, especially where interfacial mixing is likely.
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