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Gilbert damping for magnetic multilayers with perpendicular magnetic anisotropy
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A systematic, computational study of the Gilbert damping in Co|Ni, Co|Pd, and Co|Pt multilayers is carried
out using first-principles scattering calculations. The damping we find shows little temperature dependence and
agrees well with experimental findings only when the interface damping enhancement is taken into account. In
the absence of this extrinsic enhancement, the intrinsic damping of bulklike Co|Ni multilayers increases linearly
with increasing ratio of Ni to Co layers. Though spin-orbit coupling is the common origin of magnetocrystalline
anisotropy and magnetization damping, the latter is not sensitive to the interface roughness that affects magnetic

anisotropy strongly.
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I. INTRODUCTION

The discovery in layered magnetic structures [1,2] of os-
cillatory exchange coupling, giant magnetoresistance (GMR),
perpendicular magnetic anisotropy (PMA), large magne-
tooptical effects, and spin-current-induced magnetization
excitation and reversal has revealed a wealth of new
phenomena that open up numerous possibilities for appli-
cations [3-11]. The spin-transfer torque (STT) predicted by
Slonczewski [12] and Berger [13] and subsequently confirmed
by experiment [14-21] forms the basis for new forms of mag-
netic data storage [22] like magnetic random access memories
[23,24] or magnetic racetrack memory [25], where magnetic
bits are read using the GMR effect and written using the STT
or spin-orbit torque [26,27] effects. In striving to increase the
density of stored data and reduce the currents required to write
them, an important step has been the introduction of materials
with large PMA such as Co|Ni multilayers [28-30]. Device
performances are determined by fundamental properties of
these multilayers (MLs) such as their anisotropy energies
[31], spin-flip diffusion lengths [32-34], and Gilbert damping
frequencies A that restrict the operating length and timescales.
However, current experimental measurements with a variety
of ML structures yield a wide spread of parameter values.
For example, for Co|Ni MLs that are of great interest be-
cause of their large magnetizations and because their magnetic
anisotropy energies can be tuned, values of the dimensionless
damping parameter « [35] ranging from 0.01 to 0.04 have
been reported [36—46]. To identify the origin of this spread,
we will focus in this paper on evaluating o for a number of
these and related magnetic multilayers.

The dynamics of a magnetization M in an effective field
H.s is usually described using the phenomenological Landau-
Lifshitz-Gilbert equation [47,48],

dm m
o ymx Heyr + om X T ()

where My = |M]| is the saturation magnetization, m = M /M,
is a unit vector in the magnetization direction, and y = gug/h
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is the gyromagnetic ratio expressed in terms of the Landé
g factor and the Bohr magneton pg. The first term in (1)
describes the precessional motion of the magnetization in the
effective field Hyy that includes the external applied field
as well as the exchange field, anisotropy, and demagnetiza-
tion fields. The second term describes the time decay of the
magnetization precession, the “Gilbert damping” [47,48], and
determines the relaxation rate. Once the main contributions to
the damping had been mapped out qualitatively [49], efforts
to determine the damping parameter quantitatively focused
on evaluating the torque correlation model (TCM) [50] within
the relaxation time approximation using electronic structures
calculated within the framework of density functional the-
ory [51,52]. As a function of temperature, the damping is
experimentally found to behave nonmonotonically with a
well-defined minimum value. Gilmore and coworkers [52]
took advantage of this nonmonotonic behavior to compare the
measured minimum values to minimum values they calculated
as a function of the relaxation time. The good agreement
allowed them to conclude that the TCM contained the essen-
tial elements contributing to magnetization damping. Barati
et al. extended this methodology to layered systems using
tight-binding electronic structures [53-55] but the lack of
experimental temperature-dependent studies of the damping
in MLs made a direct comparison of theory and experiment
impossible.

Inspired by the success of the spin-pumping theory [56] in
explaining the enhancement of the Gilbert damping observed
for a finite layer of magnetic material sandwiched between
nonmagnetic metals [57] or forming bilayers with nonmag-
netic metals [58], Brataas et al. derived an expression for
the Gilbert damping within scattering theory [59] which has
been implemented for a scattering geometry using a linearized
muffin tin orbital (LMTO) basis [60,61] and in a bulk form
with the Korringa-Kohn-Rostoker multiple-scattering method
[62,63]. Excellent quantitative agreement was found for the
temperature dependence of « for the important Fe,oNig, alloy,
permalloy [64] when (i) corrections for spin pumping and
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radiative contributions were made in the experiments [65] and
(i) thermal lattice and spin disorder were taken into account
on the same footing as alloy disorder in the calculations [61].
The prediction of very low damping for iron-rich FeCo alloys
[62,63] was subsequently confirmed by experiment [66].

In this paper, we use the LMTO implementation of scat-
tering theory to study systematically the value of the Gilbert
damping parameter « in Co|X MLs with X = Ni, Pd, and Pt.
We find that the “intrinsic” ML damping (no buffer or capping
layers) shows little temperature dependence for any of these
systems. For the specific cases of Co;|Ni, and Co;|Nis, o does
not depend strongly on interface mixing (roughness). The
main factor that influences « is an increasing Ni concentration
because Ni has a much larger damping than does Co [67,68].

The damping calculated for Co|Pd and Col|Pt agrees rea-
sonably well with experimental values but for Co|Ni it varies
over a much smaller range than observed in experiment. With
the knowledge that damping in ferromagnetic films can be
greatly enhanced by contact with normal metal layers [56-58],
we study the damping of Co|Ni MLs in contact with Pt with
and without Cu layers in between, as these nonmagnetic met-
als are widely used as buffer/capping layers in experiments.
The value of « obtained for Co|Ni directly in contact with Pt
can be one order of magnitude larger than the intrinsic ML
value and depends on the thicknesses of both the Co|Ni and
Pt layers. Even when Cu layers separate the Co|Ni MLs from
the Pt layers, the damping is still enhanced by more than a
factor of two.

The paper is organized as follows. In Sec. II, a brief
summary of the scattering formulation of damping is given
followed by some technical details of how the calculations
are performed and how the Gilbert damping parameter and
resistivity are determined in practice. In Sec. IIT A, we study
the Gilbert damping of Co|Ni, Co|Pd, and Co|Pt MLs with
layer stacking ratios of 1:2 and 1:5 and compare the calcu-
lated results with previously reported experimental values.
To account for the discrepancy between the calculations and
measurements, we examine the interface enhancement of the
damping in Co|Ni MLs in contact with Pt, and with Cu be-
tween Pt and CoNi in Sec. IIIB. The intrinsic damping of
Co|Ni MLs is further studied in Sec. III C with different layer
stacking and interface mixing. Comparison with other work is
made and some conclusions are drawn in Sec. IV.

II. THEORETICAL METHOD
AND COMPUTATIONAL DETAILS

Formulations of magnetization damping based on the Kubo
formalism [50,51,69-75] and in terms of scattering theory
have been shown to be equivalent in the linear response
regime [59]. In the scattering formalism, the Gilbert damping
tensor G for a single domain ferromagnetic metal (FM) sand-
wiched between left and right leads of a nonmagnetic (NM)
material, denoted NM|FM|NM, can be expressed as

~ y2h as as’
G;j(m) = —Re{Tr| — — |{. ()
4 Bm,- amj

The scattering matrix S = (f j) is composed of reflection
and transmission matrices for Bloch waves incident from

the left (r and ¢) or right (+' and t’) leads. When spin-orbit
coupling (SOC) is included, S depends on the magnetiza-
tion direction m. The microscopic picture of magnetization
damping implicit in the scattering formalism is that energy
is transferred from the electronic spin degrees of freedom
through disorder scattering and SOC to the orbital degrees
of freedom that is rapidly lost in thermal reservoirs attached
to the leads. The conductance of the system (G, not to be
confused with the damping tensor) can be calculated within
the Landauer-Biittiker formalism as G = (¢?|h)Tr{rt'}.

To calculate the scattering matrix at the Fermi level
[76,77], we use a “wave-function matching” scheme [78]
implemented with tight-binding linearized muffin-tin orbitals
(TB-LMTOs) [79,80] that has been extended to include SOC
[60,61]. The electronic structure of the NM|FM|NM sand-
wich is first determined self-consistently using a surface
Greens function method [81] with a minimal basis of TB-
LMTOs in the atomic spheres approximation. In the present
study of (111) oriented Co|X MLs (X = Ni, Pd, and Pt),
we consider a ML consisting of close-packed Co and X
planes stacked in an ABCABC . . . sequence that is attached to
matching (111) oriented fcc Cu leads. This corresponds to a
current-perpendicular-to-the-plane (CPP) geometry. Since the
experimental lattice constants of bulk Co and Ni are quite sim-
ilar, we calculate the Co|Ni lattice constants using Vegard’s
law and force the Cu leads to be matched in-plane [82]. For
Co|Pd and Co|Pt MLs where Co is usually much thinner than
Pd or Pt, we fix the (111) in-plane lattice constants of Co to
match the values calculated for bulk fcc Pd and Pt and then
determine layer separations by total energy minimization [83].
The in-plane lattice constants of the Cu leads are stretched
to match the ML. The lead/scattering-region interface de-
termines the interface resistance while the “bulk” properties
we are interested in are not influenced by how the leads are
modeled [84].

To calculate the Gilbert damping (and the electrical re-
sistivity) there must be disorder. Because (i) the extrinsic
disorder in the samples used in experimental studies is not
known and (ii) most experiments are carried out at room
temperature where thermal disorder can dominate scattering,
it will be very convenient to introduce the following model
of temperature-induced lattice and spin disorder [61,85,86].
Within the adiabatic approximation, “frozen” thermal lattice
disorder is modelled by displacing atomic spheres rigidly and
randomly from their ideal lattice positions in the scattering
region subject to the Debye model [87] while “frozen” thermal
spin disorder is modelled by tilting atomic magnetizations
away from the quantization axis and rotating them randomly
to reproduce the measured temperature-dependent magnetiza-
tion [88]. Debye temperatures for single-crystal Ni (345 K),
Pd (275 K), and Pt (225 K) taken from experiment [89] are
used to describe the displacements of the same elements in
the corresponding MLs. Because there is relatively little Co in
these MLs and its Debye temperature (386 K) [89] does not
differ greatly from the other Debye temperatures, the same
displacements are, for simplicity, imposed on Co atoms. We
use the magnetization measured for Co and Ni in the fitted
form given in Ref. [90] to mimic spin disorder for the mag-
netic atoms. The spin disorder of the magnetization induced in
Pd and Pt is treated like that of the Co atoms. The heroic nature
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of these ad hoc approximations is justified by the subsequent
finding that the damping is very insensitive to temperature,
especially the amount of spin disorder.

To model the interface mixing that is presumed present
in experimental MLs, we introduce interface disorder by
randomly mixing atoms in adjacent atomic layers in the
MLs [76,77]. For instance, for Co;|Ni, = Ni|Co|Ni, 2n Co
atoms from the Co layer are randomly distributed in the
two adjacent Ni layers while the n substituted Ni atoms
from each layer are distributed in the Co layer in ex-
change. The resulting layered structure is Ni|Co|Ni —
Nil—xcox|Col—2xN12x|Nil—xC0xa or CO]—ZxNiZ)cl(Nil—xCOX)Z'
This mixing is performed only in the atomic layers forming
the interface. For example, with interface-mixing Co;|Nis
becomes Ni;_,Co,|Coj_»,Niy,|Ni;_,Co,|Ni3 with three Ni
layers left unmixed.

Disorder in the scattering region is most conveniently mod-
eled using large lateral supercells [76,77]. The two types of
disorder described above are introduced into the scattering
region using 5x 5 lateral supercells perpendicular to the trans-
port direction. The thickness of the scattering region is varied
by adding complete ML periods. To sample the effect of mod-
eling disorder in finite lateral supercells, a number of random
configurations is generated for every thickness. The sample-
to-sample spread is usually small and five configurations are
found to be sufficient.

Fora magneti~c ML ~of thickness L, we write the total damp-
ing as G(L) = Gyt + G,(L), where the interface contribution
is Gir and the bulk contribution is G,(L) = AV = ayM,AL,
where A is the cross-sectional area. The dimensionless damp-
ing parameter « is then extracted from the slope of the total
damping as shown in Fig. 1(b). We can decompose the total
resistance of the system analogously as R(L) = 1/G(L) =
1/Ggn + 2Ris + Rp(L), where Gy, is the Sharvin conductance
of the ideal leads, R;s is the NM|FM interface resistance, and
Ry(L) = pL is the bulk contribution [61] and the resistivity
p can be determined from the slope of the total resistance as
shown in Fig. 1(a). The intercepts in both figures account for
contributions from the leads and from the interfaces between
the scattering region and the leads while the slopes corre-
sponding to « and p are only determined by the properties
of the bulklike multilayer in the scattering region and are
independent of the choice of leads [84].

III. RESULTS
A. Gilbert damping of Co|X multilayers

We begin by examining the effect of thermal disorder
on the damping of Co;|X; and Co;|Xs MLs with X = Ni,
Pd, and Pt where « is shown for the three temperatures
T = 200,300, and 400K in Fig. 2. At best only a weak
temperature dependence is found about room temperature
(T = 300K) irrespective of whether lattice and spin disorder
(crosses) or only lattice disorder (empty squares) is included;
spin fluctuations apparently make a negligible contribution to
the magnetization damping at these temperatures. We have
noted that weak temperature dependence can result from non-
thermal electronic scattering mechanisms like the chemical
disorder in substitutional NigoFe,y alloys [61] or from surface

Number of Co, |Ni, periods
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L (nm)
Number of Co, |Ni, periods
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FIG. 1. Total damping (a) and resistance (b) calculated as a func-
tion of the thickness L for multiple Co;|Ni, magnetic multilayers
using Cu leads and including thermal disorder corresponding to the
temperature 7 = 300 K. The solid lines in each panel show the best
fit to extract the resistivity p (a) and the Gilbert damping parameter «
(b). Each data point represents an average over 10 configurations of
random thermal disorder and the standard deviation is smaller than
the symbol size.

scattering in spatially confined single-layer Fe;GeTe, [91]. In
the present case, the interfaces between the Co and X layers
scatter the conduction electrons strongly and do not depend
on temperature.
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FIG. 2. Gilbert damping parameter « calculated for Co;|X;
(solid lines) and Co;|X5 (dashed lines) multilayers with X = Ni, Pd,
and Pt as a function of the temperature with thermal lattice and spin
disorder (crosses). Empty squares are results calculated including
only thermal lattice disorder. All the errorbars are smaller than the
symbol sizes.
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FIG. 3. Gilbert damping parameter « for Co;|X, (solid lines)
and Co;|Xs (dashed lines) multilayers for X = Ni, Pd, and Pt. The
open circles show our calculated results where the error bars indicate
the small variation with temperature we find. The other symbols
[36-39,41-46,93-99,102,104] and bars [40,100,101,103] indicate
measured values and value ranges, respectively. The multilayers
studied in these experiments are briefly specified in Table I.

The values of o we calculate at room temperature are
compared to a wide range of experimental values in Fig. 3
where the (modest) temperature variation found for Co;|X;
and Co;|Xs MLs in Fig. 2 is included as an error bar on the
calculated values shown as open circles. « is seen to increase
as the atomic number of X increases from Ni to Pd to Pt;
and as the X concentration increases from Co;|X; to Co;|Xs.
Values of « for Co;|Ni,, Co;|Nis, and Co;|Pd, are seen to be
very similar. We can rationalize this in terms of the electronic
structure of the Pd layers. In Co;|Pd,, the Pd layers on either
side of the Co layer are magnetized with moments of about
0.32 pup per Pd atom compared to Ni moments of 0.64 pp per
Ni atom in Coq|Ni,. We expect the Pd moments in Co;Pd,
will precess with the Co moments and not contribute to the
damping. When more Pd layers are added, the proximity-
induced magnetization of these Pd atoms decreases rapidly
with their separation from the Co layer. Compared to Co; |Pd,,
the three Pd layers in Co;|Pds not directly in contact with Co
behave like NM metals and behave as spin sinks while the
corresponding three magnetic Ni layers in Co;|Nis do not.
The larger atomic SOC of Pd (compared to that of Ni) leads
to the damping of Co, |Pds being a factor of two larger.

The magnetization induced on Pt in Co|Pt MLs is very sim-
ilar to that induced on Pd in Co|Pd MLs. However, the Pt SOC
is substantially larger than that for Pd: The SOC parameters &;
for Ni (3d), Pd (4d), and Pt (5d) are respectively 8, 14, and 44
mRyd where the spin-orbit splitting is (/ + %)El [92]. Co,|Pt,
has a value of o which is one order of magnitude larger than
that of Co;|Ni, and Co|Pd, because the spin-orbit interaction
on Pt is larger than its exchange interaction. Additional Pt
layers with smaller exchange interactions behave as spin sinks
and give rise to increased damping.

Compared to values of « reported from experiment, we find
reasonable agreement for Co|Pd [93-98] and Co|Pt [99-104]
though clearly more work is needed to reduce the spread of

values seen in experiment. For Co|Ni, however, the experi-
mental values are systematically larger than ours. As seen in
Figs. 2 and 3, the value of o we calculate for Co|Ni MLs
ranges from 0.004 to 0.008, while experimental values vary
from 0.01 to 0.04 at room temperature [36—46]. A closer look
at these experiments shows that the samples usually contain
layers of heavy NM metals like Ta [39,40,43], Pd [37,38,41],
and Pt [36,42,46] as buffer or capping layers. In the case
of Co|Pd, a couple of experimental values are much larger
[93-95] than ours and some of them contained thick Ta buffer
layers. Knowing that damping in ferromagnetic films can be
greatly enhanced by contact with normal metal layers [56], in
the following section we look for an explanation for the large
discrepancies in this direction.

B. Interface-enhanced damping in Co|Ni

To understand the discrepancies between the calculated
and measured values of o for Co|Ni MLs, we study the effect
of a Pt buffer (or capping) layer on the damping of a Co|Ni
ML by placing a layer of fcc Pt of thickness / in contact with
a Co|Ni ML which we choose to be Co|Ni,. Because of the
large difference in lattice constants between Pt and Co or Ni,
we construct two-dimensional “lateral” supercells that match
in the atomic plane perpendicular to the transport direction
as follows. The in-plane lattice constant of Co;|Ni, is kept
fixed at its equilibrium value. A lateral supercell consisting
of 3x3 primitive unit cells of Co;|Ni, matches quite well to
V7x+/7 primitive unit cells of Pt. It is then only necessary
to stretch the lattice constant of Pt by 2% of its experimental
value to achieve matching. A thickness d of Co;|Ni, layers is
alternated with a thickness / of Pt to form a scattering config-
uration as Cu-lead|CoNi;(d)|Pt(1)|CoNir (d)|Pt(l)] ... |Cu-
lead where the “|” notation for the layering of Co;|Ni; has
been suppressed for clarity. Pt layer potentials are not de-
termined self-consistently so unlike the Co|Pt MLs in the
previous section, magnetic moments are not induced on Pt by
proximity to the Co|Ni ML. The total damping of the system
is calculated with room temperature frozen thermal lattice
disorder in Co; [Ni, and Pt; spin disorder is not included since
it was already shown to have a negligible effect. The results
are shown in Fig. 4.

Compared to the “intrinsic” value of & = 0.0044 we found
that for a Co;|Ni; ML, indicated by the horizontal dashed
line, the values of o found for Co;|Ni, in contact with Pt
layers are increased by one order of magnitude when Coq|Ni,
is thin, d ~ 2nm. « decreases with a 1/d dependence as d
increases and approaches the intrinsic damping value when
d tends to infinity, as shown in the inset to Fig. 4. This is
indicative of an interface damping enhancement that has been
experimentally observed in permalloy films in contact with
normal metal layers such as Pt, Pd, Ta, and Cu [57,105,106],
modelled theoretically using “spin pumping” theory [56] and
reproduced in first-principles calculations [107]. When in-
terface enhancement is included, the values of « calculated
for Co;|Ni; MLs fall in the same range as the experimental
values.

For example, in the experiment of Ref. [42], a 4.8-nm-thick
ML of Co,Niy was sandwiched between 2-nm-thick layers of
Pt on either side. According to the results of the calculations
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FIG. 4. Gilbert damping parameter « calculated as a function of
d for a thickness d (nm) of Co;|Ni, in contact with a thickness [ of Pt,
CoNi,(d)|Pt(l). Two values of [ are considered: / = 5.1 nm (black
circles) and / = 1.4nm (red diamonds), corresponding to 22 and 6
atomic layers, respectively. Thermal lattice disorder corresponding
to T = 300K is used. The horizontal dashed blue line indicates the
damping we calculate for “bulk” Co;|Ni,. In the inset, « is replotted
as a function of 1|d and the common intercept for/ = 5.1 nmand/ =
1.4 nm at 1/d = 0 marked by the blue star is the “intrinsic” Co; |[Ni,
damping. A specific data point for d = 3.7 nm and / = 1.4 nm (six
slabs of Co;Ni, and 6 atomic Pt layers) referred to in Fig. 5 is circled
here for convenience.

shown in Fig. 4, we expect a damping enhancement of order
0.02, whereas the “intrinsic”” Co|Ni, damping is only 0.0045
(dashed line in Fig. 4) and the measured value (red square
in Fig. 3) is 0.043. Thus taking the damping enhancement
by interface pumping into account indeed yields much better
agreement; our value of o = 0.02 falls in the experimental
range in Fig. 4. The range of values reported by different
experiments might be attributable to the sample-dependent
interdiffusion of atoms between the CoNi MLs and the at-
tached Pt film. Interface disorder enhances the (interface) spin
memory loss significantly [108] and is expected to increase
the total damping measured in experiment [107].

Changing the thickness / of the Pt layers changes the in-
terface damping enhancement; see the difference between the
black and red curves in Fig. 4. The result of calculating the
damping as a function of the Pt layer thickness / for a fixed
thickness d = 3.7 nm of Co;|Niy, i.e., for (Co;|Niy)ePt(]) is
shown in Fig. 5(a) where the damping enhancement is seen to
increase monotonically with /. For / = 5.1 nm (22 atomic lay-
ers), o is more than 5 times larger than the “intrinsic” Co; |Nij
value. This can also be explained using the spin pumping
theory [56]. The precessing magnetization in Co;|Ni, MLs
pumps spin into the attached Pt layer where it decays via
spin-flip disorder scattering. The thicker the Pt layers, the
less spin current will flow back into Co;|Ni, MLs, leading
to a larger effective damping. The length scale on which this
occurs in Pt is the spin-flip diffusion length lp, = IF' which for
Pt at room temperature is lstt ~ 5.3nm [34,84,86,107].

Pt atomic layers Cu atomic layers

3 6 12 22 01 6 12 18
T T T T TT T T T
o5 (B)CO,Niy(d)|Pt() | ®)Co Nij(d)lCu)IPt) |
SN I d=3.7 nm |
820_ 1k I=1.4 nm |
° d=3.7 nm L
1 1 1 1
15O 2 4 6 O i 2 4
s, (NM) g, (nm)

FIG. 5. Gilbert damping parameter « calculated for Co;|Ni,
multilayers (a) in direct contact with Pt layers: Co;Ni,(d)Pt(l), as
a function of the Pt layer thickness / with d = 3.7 nm (six periods
of Co;Ni,) and (b) in contact with Cu layers adjacent to Pt layers:
CoNiy(d)|Cu(!)|Pt(l), as a function of the Cu layer thickness /’
with d = 3.7 nm and / = 1.4 nm (six slabs of Co;Ni, and six atomic
Pt layers). The circled points are the same case.

When damping is studied in magnetic MLs, a layer of Cu or
Au is frequently inserted between the MLs and the Pt buffer or
capping layer to determine the importance of having a direct
interface between the ferromagnet and heavy metal with large
SOC or of proximity-induced magnetism [36,39,109,110]. We
can model such a situation by inserting a thin layer of Cu
of thickness I’ between a Co|Ni ML and Pt and study the
effect of varying I’ on the effective damping parameter for
(Co1Niy)g|Cu(l")|Pts. The values of & we calculate are plotted
in Fig. 5(b) where it can be seen that a single atomic layer of
Cu inserted between Co;|Niy and Pt is enough to reduce the
damping enhancement by 16%. This is perhaps surprising in
view of our recent finding that the interface spin flipping (the
spin memory loss) is, if anything, increased by insertion of a
thin Cu layer at a FM|Pt interface [111]. Though the pumped
spin current hardly decays in the Cu layer because of the very
large value of Icy ~ 500nm [111], the mixing conductance
which governs the interface damping enhancement [56] can be
quite different at the magnetic ML|Cu and ML |Pt interfaces.
In Ref. [107], the mixing conductance at a Py|Cu interface
was found to be much smaller than that at a Py|Pt interface,
0.48 versus 1.07, corresponding to a reduction in damping by
55% if Pt is replaced with Cu. We can expect a qualitatively
similar situation here where inserting Cu between Co;|Ni;
and Pt can be expected to reduce the interface mixing con-
ductance so that the damping enhancement is in turn reduced.
When the thickness of the Cu layer is increased, the damp-
ing decreases slowly but is still much larger than the “bulk”
Co |Ni, value.

In summary, our calculations suggest that the “intrinsic”
Gilbert damping of Co|Ni MLs is much smaller than the
reported experimental values. The damping can be greatly en-
hanced by placing Pt layers in either direct or indirect contact
so that it varies in the same range as the measured values.
Smaller enhancement is expected if not Pt but Pd or Ta is
used as buffer/capping material [57], but it can still be tuned
by adjusting the thicknesses of the Co|Ni MLs and normal
metal layers. When reporting damping for magnetic MLs, it
is essential to attribute this damping to the complete sample
structure.
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FIG. 6. Gilbert damping parameter « (a) and resistivity p (b) cal-
culated for Co;|Ni, multilayers with n =2,3,4,5 with frozen
thermal lattice and spin disorder. The value variation with temper-
ature in (a) is absorbed into error bars which are smaller than the size
of the circles.

C. Damping in “bulk” Co|Ni multilayers

In the light of the above, we define an “intrinsic” damping
for Co|Ni when there is no other normal metal layer in con-
tact with CoNi. We already found in Fig. 2 for Co;|Ni, and
Co |Nis that this intrinsic damping exhibited little tempera-
ture dependence. In Fig. 6(b) we see that the CPP resistivity
p, in contrast and as expected, increases with increasing tem-
perature. The intrinsic damping and resistivity calculated for
the Co;|Ni,, ML series with n = 2, 3, 4, 5 including thermal
lattice and spin disorder, shown in Fig. 6, confirm that the
damping is independent of the temperature and its variance
with temperature is much smaller than the size of the circles
used in Fig. 6(a). This is because the intrinsic Ni damping
is already saturated in this temperature range [67,68]. We
note that the damping for this series of MLs increases almost
linearly with increasing Ni concentration from Co;|Ni, to
Co;|Nis. If we extrapolate back to n = 0, then we expect to
find a damping for fcc Co of only o ~ 0.002. In a previous
study [85] we calculated a saturated bulk damping for Ni of
about @ ~ 0.02 and « ~ 0.001 for bulk hcp Co. Because of
the dependence of the damping on structure, this means that
the bulk hcp Co damping will not be reached on reducing the
number of Ni layers in fcc Co|Ni MLs. Provided that the linear
relation holds, of order n ~ 15 will be needed to observe the
limit of bulk (fcc) Ni damping.

For MLs composed of similar sized atoms like Co
and Ni, we expect substantial interface mixing in ex-
perimental samples [112-115]. To estimate the effect of
such mixing on the Gilbert damping, we calculate «
and p for Co;|Ni, and Co;|Nis MLs with interface lay-
ers mixed to varying degrees. Results are shown in
Fig. 7 for the corresponding Coj_5,Niy,|(Nij_,Co,), and
Co1_2,Nip,|(Nij—,Co,),|Niz multilayers as a function of the
mixing parameter x. Results for the corresponding homoge-
neous alloys are included for reference as dashed horizontal
lines. Frozen thermal disorder is not included so the x = 0
limit for ordered structures is not well defined.

For Co;|Ni, a does not depend on the interface mixing
and takes values that are very close to what we calculate

T T T T T T

4dr——————< *———— O —————O—————— " _|

al ]

—H Co1INig=C01.5,Nizy|(Ni1Co,)pINis |-
6 (q) il
3
0

8 16 24 32 40 48
Concentration 2x (%)

FIG. 7. Gilbert damping « [(a) and (c)] and resistivity p
[(b) and (d)] as a function of the interface mixing parameter x for
Co;|Ni, and Co;|Nis multilayers, respectively. The effective struc-
tures are Coy_,Niy,|(Ni;_,Co,), and Coj_,Ni,,|(Ni;_,Co,),|Nis.
The dashed lines indicate the corresponding results for homogeneous
Co;Ni, (upper panels) and Co;Nis (lower panels) alloys. All calcu-
lations are at zero temperature.

for the homogeneous alloy (which in turn is consistent with
the result of a previous calculation [63]). p increases with
increasing interface disorder and saturates to the value cal-
culated for the homogeneous Co;Ni, disordered alloy. For
the Co;|Nis system, o decreases strongly at low values of x
(from an ill-defined x = 0, T = OK limit) and then saturates
to a value larger than that calculated for the homogeneous
alloy while p saturates with increasing x to a value lower
than that for the homogeneous alloy. The saturated values
for both properties are different from the corresponding al-
loy results because Coj_,Nip,|(Nij—,Co,),|Nijs still contains
three “clean” Ni layers in the highly mixed limit. This leads
to a larger value of o because ordered Ni is observed to
show very strong so-called conductivity-like damping at low
temperatures [62,67,68,85], and a lower value of p.

IV. DISCUSSION AND CONCLUSIONS

Insofar as the scattering formulation of magnetization
damping has been shown to be identical to results obtained
using the Kubo formalism [59], it is not surprising that our
finding of a strong dependence of the damping in Co|X
multilayers on the chemical identity of the material X is in
agreement with the results of an earlier study based on a
tight-binding implementation [53] of the TCM [50,74]. Com-
parison of our results with those of Barati et al. underline some
of the advantages of our implementation. In particular, our
introduction of thermal lattice and spin disorder [61,85,86]
makes it possible to compare our results quantitatively with
experiment as we do for Co|Ni, Co|Pd, and Co|Pt MLs in
Fig. 3 without introducing phenomenological parameters like
the relaxation time that figures prominently in the TCM. Our
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first-principles scattering calculations allow us to model lay-
ered ML structures as well as chemical disorder realistically.
The use of lateral supercells makes it possible to model inter-
faces between materials with very different lattice constants
thus removing an important source of uncertainty on compar-
ing with experiment.

We found the damping to be independent of tempera-
ture in the temperature range 200K < 7 < 400K relevant
for applications. Increasing the SOC from Ni to Pd to Pt
leads to increased values of the Gilbert damping. Values of
the damping parameter « calculated for Co|Ni MLs exhibit
a much smaller range than reported experimental values.
We suggest that the discrepancy results from the damping
enhancement introduced by the heavy metal buffer/capping
layers which are included in experimental samples. Calcula-
tions of the damping of Co|Ni MLs in contact with Pt show
that o can be tuned by an order of magnitude and more.
The enhancement remains and is still sizable even when Cu
spacer layers are inserted between the Co|Ni MLs and the Pt
buffer layers. This suggests that the complete sample structure
should be specified when reporting damping values measured
in magnetic MLs. For Co;|Ni, MLs with x = 2,3,4, 5, the
damping increases monotonically with increasing Ni con-
centration simply because Ni has a much larger damping
than that of Co. We also showed that the interface mixing,
which is usually present in experimental samples and weak-
ens the magnetocrystalline anisotropy, does not influence the
damping strongly.
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TABLE I. Summary of the multilayers used to determine the
experimental values of the Gilbert damping in Co(dc,)|X(dx) ML
systems (X=Ni, Pd, Pt) shown in Fig. 3. The layer thickness d¢, and
dx are given in A units for Co and X, respectively.

Multilayer dco dx o Reference
14 8 0.044 Beaujour09 [37]
1.4 8 0.037 Beaujourl1 [41]
2 4 0.0343 Beaujour07 [36]
4 8 0.043 Mizukami [42]
2.3 5.7
Co|Ni 2.85 7.15 0.035 Katol1 [43]
1.5 6 0.032 Burrowes [38]
2 4 0.025-0.03 Rippard [40]
3 7 0.024 Song [44]
2 4 0.015 Shaw [39]
1.5 7 0.014 Haertinger [45]
2 6 0.0125 Rai [46]
5.5 10 0.09 Kato12 [93]
3 7 0.062 Sagitha [94]
Co|Pd 10 9 0.052 Pal [95]
5 9 0.04 Liu [96]
1.9 4 0.026 Schefer [97]
5 10 0.022 Banerjee [98]
3 8 0.15 Sbiaa [99]
4 8 0.1-0.135 Barman [100]
Co|Pt 6 5-15 0.063-0.122 Yang [101]
6.2 7.7 0.05 Shim [102]
10-87 14 0.023-0.037 Fujita [103]
5 3 0.021 Devolder [104]

APPENDIX: EXPERIMENTAL RESULTS

Values of the damping parameter « derived from different
experiments for the multilayers shown in Fig. 3 are listed in
Table I with details of the layer thicknesses of the samples
studied.
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