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We theoretically investigate the temperature and thickness dependence of the effective Gilbert damping
constant («) in the Co-Fe-B/MgO system using atomistic spin dynamics. We consider a high damping
constant at the interface layer and a low damping constant for the bulklike layers due to large interfacial
spin-orbit coupling. We find a strong dependence of the effective Gilbert damping with the film thickness,
in quantitative agreement with experimental data. The temperature dependence of the effective damping
arising from thermal-spin fluctuations up to temperatures of 400 K is weak, with no apparent change over
the studied temperature range. Interestingly, we find that the temperature produces a different effect: a
statistical fluctuation of the Gilbert damping parameter for a given relaxation induced solely from the finite
size of the system. This statistical variation of the Gilbert damping is an intrinsic effect and is important
for spintronic devices operating at gigahertz frequencies, where the dynamic response must be carefully

controlled.

DOI: 10.1103/PhysRevApplied.11.044001

I. INTRODUCTION

In recent years, the Co-Fe-B/MgO magnetic tunnel
junction (MTJ) exhibiting high perpendicular magnetic
anisotropy (PMA) has been studied extensively, since it
is a promising material for applications in data-storage
devices including spin-transfer torque magnetoresistive
random-access memory (STT MRAM) with the require-
ment of high-density data storage and a high tunnel magne-
toresistance (TMR) ratio [1-3]. Apart from high interfacial
perpendicular magnetic anisotropy, there are a number
of experimental studies reporting that Co-Fe-B possesses
high thermal stability, a low critical current density for
magnetization reversal, a high TMR ratio, and a relatively
small damping constant [1,4—6]. For spintronic devices,
it is important to understand the magnetization dynamics
of magnetic materials used where the critical current den-
sity for the reversal process, the operating speed, and the
power consumption are significantly related to the dynamic
behavior. The speed of the dynamic behavior is character-
ized by the Gilbert damping parameter «, which describes
the dissipation of energy from the spin system to the heat
bath [3,4,7,8].
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For STT MRAM, the Gilbert damping parameter is
particularly important, as it counteracts the effective anti-
damping term induced by the spin-transfer torque (STT)
and, in general, the intrinsic damping should be as small
as possible to reduce the write current, enabling us to
downsize an MRAM device [9]. The Gilbert damping
constant is investigated as a phenomenological quantity
and measured with several techniques. To obtain the
Gilbert damping constant in experiments, the dynamics
of the magnetization can be measured by means of a
ferromagnetic-resonance (FMR) technique and then the
damping constant can be given from the line-width behav-
ior of the ferromagnetic-resonance spectrum [3,10,11]. In
addition, the FMR combined with the all-optical time-
resolved magneto-optical Kerr effect (TRMOKE), using a
pump-probe technique, has an advantage for estimating the
damping constants [7,12,13]. Theoretical first-principles
calculations have predicted the damping constant in a
ferromagnetic-nonmagnetic (FM-NM) system, indicating
an enhancement of the damping constant with a decreasing
thickness of film due to surface spin scattering [14,15].

The appropriate value of the damping constant is nec-
essary for a theoretical investigation of magnetization
reversal in Co-Fe-B/MgO/Co-Fe-B MTJs for STT MRAM
applications. In this work, the temperature and thick-
ness dependence of the effective Gilbert damping of the
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Co-Fe-B layer in the Co-Fe-B/MgO system are stud-
ied using atomistic spin dynamics. The system is mod-
eled considering a high-anisotropy high-Gilbert-damping
monolayer in contact with the MgO layer, coupled to a
low-damping low-anisotropy bulk layer away from the
interface. Physically, the high damping at the interface
is expected to be due to the hybridization of the interfa-
cial Fe layer, leading to a strong perpendicular interfacial
anisotropy. In general, spin and lattice fluctuations are
expected to contribute weakly to the Gilbert damping at
temperatures significantly below the Curie and melting
temperatures [16]. The spin-orbit coupling provides an
energy dissipation channel for precessing spins at the inter-
face. We note that here we only consider the isotropic
part of the Gilbert damping tensor. It is known that in
macroscopic experimental samples, the Gilbert damping
is a tensorial quantity [17] owing to magnetic inhomo-
geneities. In our simulations, we simulate a small volume
of the sample that is exchange dominated and so the off-
diagonal components of the tensor are negligible [18]. The
dynamics of the system are modeled using the stochastic
Landau-Lifshitz-Gilbert (LLG) equation at the atomistic
level using the VAMPIRE software package [8,19]. Subse-
quently, the effective damping constant is extracted from
the magnetization trace. We find a strong thickness depen-
dence and a weak temperature dependence of the effective
Gilbert damping. In addition, we find a statistical varia-
tion of the Gilbert damping for a given relaxation process
driven by random thermal-spin fluctuations.

II. THE ATOMISTIC SPIN MODEL

The effective damping parameter «, which is an empir-
ical constant, can be considered from the magnetization
dynamics of the magnetic layer. In order to extract the
damping constant from magnetization traces, the magnetic
system is modeled at the atomistic level by using the
stochastic LLG equation [20], given by

S___ v __re
o T Ty OB T G Bl
(M

where S is the normalized spin moment, y is the absolute
value of the gyromagnetic ratio, « is the intrinsic damp-
ing constant, and B.g denotes the effective field acting on
the local spin moment, which can be determined from a
classical spin Hamiltonian describing the energetics of the
magnetic system, written as follows:

H= —ZJy‘Si S — ky Z(Si -e)’

i<j

- |,lL3| Z Si . Bapps (2)

where J; is the nearest-neighbor exchange integral
between spin sites i and j, S; is the local normalized
spin moment, S; is the normalized spin moment of the
neighboring atom at site j, k, is the uniaxial anisotropy
constant, e is the unit vector of the easy axis, and |ug]
is the magnitude of the spin moment. The first term of
the spin Hamiltonian represents the exchange energy. The
anisotropy energy and the external applied field energy are
represented in the second and third terms, respectively.

Besides the energetics of the magnetic system provided
in the spin Hamiltonian, the demagnetizing field and the
thermal fluctuation field should be taken into account in
the model. The inclusion of the demagnetizing field is
calculated separately at the micromagnetic level, using
the macrocell approach to reduce the computational time
[8,21]. The magnetic moment of each macrocell is deter-
mined by the summation of the atomic spins within the
cell. The demagnetizing field of macrocell £ containing
spin i is given by

o 3(py - Tty — 1
Baips = in [ ! il l:| (3)
oy W
and
HNatom
Ry = Ws Z Si, 4)
i1

where p,; is the vector of the magnetic moment in the
macrocell site /, g is the permeability of free space, V is
the volume of the macrocell, 7y is the distance and ry; the
corresponding unit vector between macrocell sites & and
I, and ng0m 1S the number of atoms in each macrocell. It
is worthwhile noting that the dipole field is assumed to be
constant over the cell k£ containing spin i.

The thermal fluctuation of the spin moments arising
from the effect of temperature can be taken into account
in the atomistic model using Langevin dynamics in the
formalism of Brown [22], under the assumption that the
inclusion of temperature can be represented by a ran-
dom field term [23—27]. The introduction of the thermal
fluctuations into the atomistic model enables the study
of the ferromagnetic-paramagnetic transition. The statisti-
cal properties of the fluctuation field [B (#)], represented
by a Gaussian distribution, are given by the following
equations:

(B, (1)) =0,
o\ 2aksT , (5)
(Bl 0Bl0)) = —:‘S;I 5;8(—1),

where i and j are the Cartesian components, By, is a ran-
dom field with the Gaussian fluctuations, 2akgT/(isy)
is the strength of the thermal fluctuations, kg is the
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Boltzmann constant, 7 is the system temperature in kelvin,
« is the damping parameter, and |y| is the absolute value
of the gyromagnetic ratio.

To observe the spin dynamics, including the effect of
temperature in the atomistic model, the thermal fluctua-
tion is represented by a Gaussian distribution I' () in three
dimensions, with a mean of zero. The thermal field on
each spin site i at each time step (At) can be calculated

as follows:
; Z(XkBT
B, =T@®,|——. 6
i (D) ()‘/yusAt (6)

Consequently, the effective local field, which includes
Zeeman, exchange, anisotropy, and demagnetization con-
tributions and a random thermal field acting on the spin site
i in the atomistic model, is given by

1 oH
| 1as| 0S;

B = + Baipx + B, i. (7

The dynamics of the magnetization can be investigated
by substituting the local effective field from Eq. (7) into
Eq. (1) and then the standard LLG equation can be solved
numerically by using the Heun integration scheme [8].

III. RESULTS

In this work, we aim to study the thickness and temper-
ature dependence of the effective damping constant in Co-
Fe-B/MgO structures via atomistic calculation. Initially,
we present the calculation of the precession frequency of
the magnetization of a Co-Fe-B layer, which represents a
useful test of the atomistic model in its prediction of the
dynamic magnetic properties.

The Co-Fe-B/MgO system, with dimensions of 20 x
20 x 2 nm?, is modeled considering a high-anisotropy
high-Gilbert-damping monolayer in contact with the MgO
layer, coupled to a low-damping low-anisotropy bulk
layer away from the interface. The magnetic properties of
Co-Fe-B are considered as the average of the magnetic
material properties of all the elements and the nonmag-
netic MgO oxide layer is not included in the simulations
explicitly, as illustrated in Fig. 1. The magnetic proper-
ties of Co-Fe-B used in this paper are obtained from direct
comparison with experiment [28,29] and are shown in
Table I. Here, we include an enhanced interfacial exchange
due to the strong hybridization at the interface [30] to
obtain quantitative agreement with experimental data for
the temperature dependence of the magnetization [29].

To observe the precession frequency of the magnetiza-
tion in the Co-Fe-B layer at 0 K using the atomistic model,
the external field ranging from 0.1 to 10 T is applied along
the z direction to the structure where the initial magne-
tization is aligned at an angle of 30° in the y-z plane.

bu“‘ \ayer

FIG. 1. A schematic of the simulated system: the white and
gold spheres represent the interface layer and bulklike Co-Fe-B
layer, respectively.

Figure 2 shows the dynamics of the y component of the
magnetization and the precession frequency with different
external magnetic fields. The relaxation time and preces-
sion frequency are evaluated by fitting the magnetization
dynamics with a function given by

M(t) = Aexp (—%) cos(2mft), ®)
where 4, f, and t are the amplitude of the magnetization,
the precession frequency, and the relaxation time, respec-
tively. In Fig. 2, we show that increasing the magnetic field
reduces the relaxation time but increases the precession
frequency of the magnetization, as expected. Our results
give a good agreement with previous experimental studies
[3,4]. This verifies the correctness of the atomistic model

as a useful tool for further investigation of the damping in
Co-Fe-B/MgO.

A. The thickness dependence of the effective damping

The effective damping constant, which is an intrinsic
property of a material, is considered next through magne-
tization dynamics using the atomistic model. The Co-Fe-B
system, with dimensions of 20 x 20 x #nm?, is considered
as a bilayer system consisting of a monolayer in contact
with the MgO layer coupled to a bulk layer. To verify our
approach and the correctness of the magnetic parameters of
the Co-Fe-B used in this work, the thickness dependence of
the effective damping at 300 K is calculated first and then
compared with the previous experimental work of Ikeda
et al. [1]. To calculate the effective damping constant of

TABLE 1. The magnetic parameters of the Co-Fe-B/MgO
system.

Parameters Co-Fe-B (interface)  Co-Fe-B (bulk)
Damping constant, o 0.11 0.003

Jii (J per link) 1.547 x 10720 7.735 x 10721
s (up) 1.6 1.6

k, (J per atom) 1.35 x 1072 0

044001-3
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FIG. 2. The magnetization dynamics of a Co-Fe-B layer with
various external fields obtained from the atomistic model (top)
and the field dependence of the precession frequency of magne-
tization in the Co-Fe-B layer (bottom).

the Co-Fe-B system, it becomes possible to compare the
magnetization dynamics obtained from simulation with the
analytical solution of the LLG equation for a single spin
[8,20,31,32] aligned along the x axis for a field B applied
along the z axis and given by

ayB : yB
Mx(t) = sech (mt) S (Wt> 5
ayB yB
My(f) = —sech (mf) Ccos <1 n o2 t) , (9)
ayB
M. () = tanh (1 +a2 t) )

Simulation of the magnetization relaxation is therefore per-
formed in order to calculate the effective Gilbert damping
parameter as a function of the film thickness and the tem-
perature. As the system has a high anisotropy, the magnetic
field is a function of the z component of the magnetization.

This precludes the use of the analytical solution for a small
fixed field in Eq. (9). We therefore use a large magnetic
field of 10 T in the approximation B >> wo Hx = 2 k,/ 145
for the relaxation simulation so that the solution closely
approximates the analytical solution. The system is first
equilibrated with a 10 T applied field along the z axis. A
uniform rotation of the thermally equilibrated spin con-
figuration is then made to initialize the magnetization to
an angle of 30° in the y-z plane. The relaxation of the
net magnetization back to equilibrium toward the z axis is
then simulated and the effective damping can be extracted
from the magnetization trace by fitting Eq. (9) with the
simulation results. From the above equation, we define
the coefficients k; = ayB/1 +«? and k, = yB/1 + o,
where the effective damping constant can be expressed in
terms of k; and ky, as aer = k1 /ks.

We first study the magnetization dynamics of a Co-Fe-B
system with a thickness of 2 nm at 300 K as an exam-
ple simulation to calculate the effective damping constant.
After thermal equilibration, all of the spins are coherently
rotated by an angle of 30° and the system is then allowed
to relax back to equilibrium under a 10 T applied field.
The dynamics of the y and z components of the magne-
tization obtained from the atomistic model are shown in
Fig. 3(a). Subsequently, the magnetization components are
fitted by using Eq. (9), where k| and k; are coefficients used
to match the dynamics of the magnetization. We conse-
quently obtain the effective damping constant for this case,
o = 0.0113, arising from the contribution of magnetic
damping from both the bulk layer and the interfacial layer,
showing a small enhancement over the expected value of
o = 0.0107 for this thickness. Now, we turn to the thick-
ness dependence of the effective damping constant at 300
K by varying the Co-Fe-B film thickness up to 20 nm to
make a direct comparison with the experimental measure-
ments in Ref. [1]. As demonstrated in Fig. 3(b), the value
of the effective damping can be explained in three regions.
The magnitude of o decreases steeply with increasing
thickness of the Co-Fe-B film below 2 nm. For a thickness
of 2-5 nm, the increase in the Co-Fe-B thickness leads to
a linear decrease in the damping constant. However, in the
case of Co-Fe-B thicknesses above 5 nm, the magnitude
of o becomes nearly constant and close to the damping
constant of the bulk layer, o = 0.003. This can be under-
stood as follows. For thin films, the interface contribution
is the dominant contribution to the effective damping and
due to the small finite thickness the dynamics are essen-
tially coherent within the film thickness. For thicker films,
the enhancement of the effective damping constant is gov-
erned by the bulk damping constant as some degree of
incoherent relaxation is allowed, so that the spins far from
the interface relax more slowly. We note that the origin
of this effect is the finite thickness of the film rather than
temperature effects, as we also observe the same behavior
at 0 K. As demonstrated in the inset of Fig. 3(b), we also

044001-4
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FIG. 3. (a) The time evolution of the magnetization compo-

nent of the Co-Fe-B system with a thickness of 2 nm at 300 K
after a 30° rotation of the equilibrated spin configuration. The
points show the analytical magnetization components and the
dashed lines represent the simulated magnetization. (b) A com-
parison of the effective Gilbert damping constant of the Co-Fe-B
system with different thicknesses at 300 K, obtained from sim-
ulations and experiments in Ref. [1]: the line is a linear fit on
1/tcoreB, Qe = 0.003 + 0.0189677 /tcoren. The simulated thick-
ness dependence of the effective damping quantitatively agrees
with the experimental data.

observe a variation of the effective damping as a function
of 1/tcores. The linear relationship between o and 1/¢coren
is not observed for very thin films, where some nonlinear
behavior is seen. This is likely due to additional thermal
fluctuations at small sizes giving an additional contribu-
tion to the damping from thermal-spin waves. Our results
are in excellent agreement with the experiments in Ref.
[1], confirming the validity of the magnetic parameters of
the Co-Fe-B/MgO system used in the atomistic model to
calculate the effective damping constant.

B. The temperature dependence of the effective
damping constant

So far, we have considered the magnetic proper-
ties of the Co-Fe-B/MgO structure and confirmed the

applicability of the atomistic model for effective damping
calculation by making a direct comparison between simu-
lation and experimental data. We now consider the influ-
ence of temperature on the effective damping constant of
the Co-Fe-B/MgO system with different thicknesses rang-
ing from 2 nm to 20 nm. To evaluate the effective damping
constant, we perform atomistic calculations including the
effect of temperature-induced thermal-spin fluctuations in
the range 0—400 K. Due to the small size of the system,
we perform 30 independent relaxation simulations for each
thickness and with different thermal fluctuations. Each
simulation uses a different sequence of pseudorandom
numbers for the stochastic thermal field in the atomistic
model, thereby representing a different statistical sample.
The simulated temperature dependence of the mean
effective damping parameter for different thicknesses is
shown in Fig. 4(a). For each thickness, we find that

(a) 0.0125 E
= m
0.01 - 1
B ‘\’\.\'\’—
S 0.0075 | ]
A A A A
0.005 _ e
7 \v4 O e
(= = & & =
0.0025 “ . . . .
0 100 200 300 400
(b) 0.0035
0.003
0.0025
0.002 +
o)
0.0015
0.001
0.0005 -
0 Il
0 100 200 300 400
Temperature (K)
FIG. 4. (a) The simulated temperature dependence of the mean

effective Gilbert damping constant of the Co-Fe-B/MgO struc-
ture for different thicknesses extracted from 20 stochastic simu-
lation runs. The data show a weak temperature dependence and
strong thickness dependence. (b) The temperature dependence of
the standard deviation (o) of the distribution of the simulated
Gilbert damping constants as a function of the film thickness.
The data show a strong finite size dependence on the distribu-
tion of the Gilbert damping parameter, with a 30% deviation for
2-nm-thick films at 400 K.
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temperature has a weak influence on the mean effective
damping parameter and that it is essentially constant in
the temperature range 0—400 K. This observation is consis-
tent with experimental studies [33,34]. From our statistical
samples of the relaxation dynamics, we fit a Gaussian dis-
tribution to determine the scatter in the effective damping
parameter. The standard deviation of the effective damping
distribution as a function of the film thickness and temper-
ature is plotted in Fig. 4(b). Here, we find a very strong
thickness and temperature dependence of the distribution.
This effect is essentially a statistical thermal contribution to
the damping due to the finite thickness of the film. As the
film thickness is reduced, the thermal fluctuations become
much more important to the dynamics and lead to a large
deviation in the effective damping. For films thinner than
2 nm, the data become noisier due to the larger thermal
fluctuations at elevated temperatures and so the fitting to
obtain the Gilbert damping is challenging. However, we
expect that the trend of an increasing distribution of the
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FIG. 5. The simulated relaxation dynamics (points) for a 2-

nm-thick Co-Fe-B/MgO film at T = 400 K. For different random
thermal fluctuations, simulated through a different pseudorandom
sequence, the same system displays (a) low and (b) high values
of the effective Gilbert damping constant (fits shown by lines).

damping with decreasing film thickness will lead to a much
stronger effect at the 1.0—1.5 nm Co-Fe-B thicknesses used
in devices.

To gain further insight, we show the simulated relax-
ation dynamics for the 2 nm film thickness at 400 K and the
fitted damping parameters in Fig. 5. The data show a clear
difference in the effective damping owing solely to statis-
tical variations of the thermal fluctuations at small sizes,
in this extreme case showing a factor of 2 change in the
effective damping of the system. The system in Fig. 5 is
identical in every respect. This is a previously unseen phe-
nomenon; the Gilbert damping is usually assumed to be
a material constant. Indeed, the average Gilbert damping
shown in Fig. 4 is essentially independent of tempera-
ture. Our findings are of relevance for nanoscale spin-
tronic devices, where reliable operation depends on tight
control of the material properties and dynamic response.
The purely thermal origin of this statistical variation of
the damping is intrinsic to the finite system size and
unavoidable, and presents a potential challenge for devices
operating at high frequencies in excess of 1 GHz.

IV. CONCLUSIONS

In summary, we investigate the thickness and tempera-
ture dependence of the effective Gilbert damping param-
eter of the Co-Fe-B/MgO bilayer, which is a promising
candidate material for spintronic devices and spin-based
logic systems. The system is modeled considering a high-
anisotropy high-Gilbert-damping monolayer in contact
with the MgO layer, coupled to a low-damping low-
anisotropy bulk layer away from the interface. We find
a strong thickness dependence of the effective damping,
in agreement with experiment, and an imperceptible tem-
perature dependence of the mean effective damping in the
temperature range 0400 K. We note that the parameters
in our model are only effective in that they include the role
of the specific sample defects and disorder. Surprisingly,
we find the existence of a strong statistical variation of the
Gilbert damping for finite-size systems owing to random
thermal fluctuations. This intrinsic thermal contribution to
the dynamics of the system will need to be considered for
high-speed spintronic devices operating at frequencies of 1
GHz or more. The random fluctuations may also partially
explain the observed statistical variations of the reversal
in pulsed STT switching [35,36]. Here, we only consider
the isotropic contribution to the damping tensor but simu-
lations of larger sample sizes and nanoscale devices would
allow natural magnetic inhomogeneities to appear, which
could enable a direct calculation of the Gilbert damping
tensor and will be the subject of future work.
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