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Using both broadband ferromagnetic resonance (FMR) spectroscopy and ab initio calculations, we study the
magnetodynamic properties of permalloy (Py, NigyFe,o) and Py, ,_, M, films with M as platinum (Pt), gold (Au),
or silver (Ag). From the uniform FMR mode, we extract the saturation magnetization (My), damping (), and
inhomogeneous broadening (A Hy); from the first perpendicular standing spin-wave (PSSW) mode, we extract the
exchange stiffness (A). Mg and A are found to decrease with increasing alloying, most strongly for Au and less so
for Pt. On the other hand, « increases rapidly with both Pt and Au content, while being virtually independent of
Ag content. The physical origins of the observed trends in v, M, and A are analyzed and explained using density
functional theory calculations in the coherent potential approximation. The calculated trends quantitatively agree
with the experimental observations. The drastically different impacts of Pt, Au, and Ag on the various fundamental
magnetodynamic properties will allow for significant design freedom, where different properties can be varied
independently of others through careful combinations of the Pt, Au, and Ag contents of Py,,,_,M, films. By
empirical approximations of each property’s concentration dependence, we can dial in any desired combination
of magnetodynamic properties within this parameter space. As a proof-of-principle demonstration we design
a set of Py;q_,_,Pt;Ag, films, where the saturation magnetization stays constant throughout the set and the

damping can be tuned by a factor of 4.
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I. INTRODUCTION

The magnetodynamic properties of magnetic thin films are
central to the emerging research field of magnonics [1,2].
Since Bloch’s original description of spin waves [3] (SWs),
and the subsequent first direct measurement of the uniform
ferromagnetic resonance [4] (FMR), the primary focus has
been on long wavelength and low amplitude SWs. In this so-
called magnetostatic approximation [5,6], the SW dispersion
is governed by dipolar interactions, and the most important
material parameters for describing SW dynamics are the
saturation magnetization (My), any existing anisotropy field,
and the spin-wave damping («). For thin-film applications,
the dominant magnetic metal has been permalloy (Py), due
to its low coercivity, low magnetocrystalline anisotropy, low
magnetostriction, and low «. A number of recent studies have
reported that Mg and « in Py can be tailored using alloying with
transition and rare-earth metals: Rantschler et al. [7] studied
the effect of doping on the magnetic damping of Py, and
found stronger effects for heavier elements, which suggests
that spin-orbit coupling is an important aspect. Woltersdorf
et al. [8] conducted a study on Py doped with rare-earth
metals and explained that the increased damping stemmed
from slow-relaxing impurities.

When the wavelength of the SWs is reduced, their energy
is increased and their dispersion is modified by exchange
interactions. At moderate wave vectors (k), magnetostatic
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SWs give way to dipole-exchange SWs, and if the wavelength
is further reduced, they are replaced by entirely exchange-
dominated SWs [9]. In these regimes, the exchange stiffness
(A) also needs to be known in order to correctly describe
the spin-wave dynamics. With the recent exploration of
spin-transfer torque (STT) [10-12], it has become relatively
straightforward to create exchange-dominated propagating
SWs [13-19] and localized magnetodynamic excitations, such
as the spin-valve bullet [17-24] and the magnetic droplet
[25-31]. These strongly nonlinear SW modes are the founda-
tion of both nanocontact spin-torque nano-oscillators [32-37]
(STNOs) and spin-Hall nano-oscillators [38—42] (SHNOs),
with promising applications both as stand-alone microwave
signal generators and as spin-wave injectors in magnonic
devices [43—45]. To tailor these devices, it is necessary to
control not only Mg and «, but also A. In two recent studies,
Lepadatu et al. reported that alloying with V and Gd can reduce
A, as extracted indirectly from domain-wall pinning strengths
[46,47]. However, it would be particularly useful to be able to
control Mg, «, and A independently, for example by alloying
with different elements that have different impacts on each of
the parameters.

We report on a systematic study of Mg, o, A, and the
anisotropic magnetoresistance (AMR) of Py films alloyed
with the three heavy metals Pt, Au, and Ag. Using broadband
FMR spectroscopy, we determine Mg and o from the uniform
(k = 0) FMR mode and A from the first perpendicular standing
spin-wave [48-50] (PSSW) resonance. We find that Mg and A
decrease with increasing alloying, more significantly for Au
and Ag, and least for Pt. Whereas « increases rapidly with
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increasing Pt content, the dependence on Au content is more
moderate, and is virtually independent of Ag content. As a
consequence, co-alloying with Pt, Au, and Ag in different pro-
portions defines a three-dimensional parameter space where
Mg, a, and A can be varied independently, within certain
limits. To demonstrate this possibility, we design a set of
Pyi00—x—,Pt:Ag, films targeting a constant Mg and a damping
varying by a factor of 4, which we then confirm experimentally.

Ab initio calculations using the coherent potential approx-
imation (CPA) reproduce these overall results and provide
deeper insight into the experimental trends. In particular, the
physical origins of the trends in the observed parameters
are qualitatively explained by analyzing the differences in
magnetic susceptibility, exchange, chemical bonding, and the
spin-orbit coupling of Pt, Au, and Ag.

II. EXPERIMENTAL METHODOLOGY

Magnetic films (100 nm thick) of Py ,,_, My, with M either
Pt, Au, or Ag, x = 10-30 %, and the nominal composition of
Py being NigoFe,o, were co-sputtered on glass and Si/SiO; sub-
strates. Room temperature magnetron sputtering deposition
was performed in a high-vacuum chamber with a base pressure
of less than 3 x 108 Torr. The argon working pressure was
3 mTorr with a 30 sccm gas flow during deposition; alloy
compositions were established by varying the plasma power
of the heavy metal targets between 10 and 85 W, while keeping
the Py sputtering power at 400 W. A pure Py film served as a
reference. For protection, all films were capped in situ with a
10-nm-thick SiO, layer by rf magnetron sputtering. Energy
dispersive x-ray spectroscopy (EDX) confirmed that the
nominal atomic compositions were within 3 atomic percent.
Broadband ferromagnetic resonance (FMR) measurements
were carried out using a NanOsc Instruments PhaseFMR with a
200-um-wide coplanar waveguide (CPW). The samples were
placed face down on the CPW (inset of Fig. 1) and subjected to
a microwave field /2 with frequencies between 3 and 16 GHz.
An in-plane magnetic field H was applied perpendicular to

FIG. 1. (Color online) The FMR measurement setup consisting
of the coplanar waveguide inside the electromagnet. Inset: Top view
of coplanar waveguide, showing the directions of the static (H) and
microwave (h) fields.
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h and swept from O to 3.5 kOe. AMR measurements were
performed using a four-point probe technique in a rotating
1 kOe in-plane magnetic field. All measurements were carried
out at room temperature.

III. COMPUTATIONAL METHODOLOGY

Spin-polarized electronic structure calculations within den-
sity functional theory (DFT) of the ground state of doped
Py were performed using the multiple-scattering Korringa-
Kohn-Rostoker (KKR) Green’s function framework [51,52]
and the coherent potential approximation (CPA). The gen-
eralized gradient approximation (GGA) was employed for
the exchange correlation potential, and relativistic effects
were fully taken into account by solving the Dirac equation
for both the core and valence electrons. By calculating the
total energy as a function of volume, the equilibrium lattice
constant can be identified with the minimum total energy for a
given impurity concentration. Magnetic exchange interactions
Jij within a Heisenberg model were calculated using the
magnetic force theorem [53,54] for all interatomic distances
up to 5 lattice constants. The exchange spin-wave stiffness
D= 23"—mB > Joj R(z)j, where m is the magnetic moment per
atom and Ry; is a vector connecting the sites 0 and j, was
determined from the calculated Heisenberg exchange coupling
parameters J;;. We applied the methodology suggested by
Pajda et al. [55] to avoid a numerically nonconvergent sum:
The spin-wave stiffness oscillates as a function of the number
of coordination shells. By introducing a damping parameter
n and taking the limit as n — 0, the sum can be made to
converge. The exchange spin-wave stiffness D is converted to
the micromagnetic exchange stiffness A through the relation
A = Dmg(T)/(2g L), where mg is the calculated saturation
magnetic moment at temperature 7, g is the gyromagnetic
ratio of the electron, and up is the Bohr magneton [56]. The
Gilbert damping parameter was calculated within the linear
response formalism [57-59], where the vertex corrections were
included using a dense mesh of 1.2 x 107 k points distributed
over the full Brillouin zone. In addition, to be consistent with
room-temperature experimental conditions, it was necessary to
take into account the temperature effects of the magnetization
and of the Gilbert damping parameter. Room temperature
magnetization was obtained by mapping the exchange cou-
pling constants and magnetic moments at zero temperature
to the Heisenberg Hamiltonian and applying Monte Carlo
simulations using the Metropolis algorithm [60] in the UPPASD
program [61]. The temperature dependence of the Gilbert
damping parameter was also taken into account by including
additional scattering due to phonons at finite temperatures, as
described in [58] and [59]. The additional contribution from
magnons was also calculated with a very similar method as
the one used for the phonon contribution [62].

IV. RESULTS AND DISCUSSION
A. FMR and PSSW measurements

Whereas the fundamental FMR mode is characterized by
a magnetization precession that is uniform both laterally
and through the film thickness, the PSSW mode is laterally
uniform but forms a standing spin wave through the film

024427-2



TUNABLE PERMALLOY-BASED FILMS FOR MAGNONIC ...

161 BY @)] | PygAg;s )
12+
= - 52 pssw § || oo 2 2 pssw
o 8 21 |
Qo = FMR— -4 FMR—
~ g0 350
b g &1
4r b @l 9 GHz]| [ v 9 GHz
oo 450 600 750 900 - 750 900 1050
FE . M) . . H©O9
16| PyssPtis (©)] | PygsAuys @)]

12} {t
S -2 3
- 3| pssw R =3 2} pSSW
Qo g | FMR—, g1t | pMR—
< =0 CrE 0
4+ 5 P Sl
7] 9 GHz ! ) 9 GHz,

600 750 900 1050 750 900 1050
H (O¢) . H (O¢)

500 1000 1500 2000 2500 3000
H,, (Oe)

0 500 1000 1500 2000 2500 30000
H (O¢)

FIG. 2. (Color online) Frequency of the uniform mode (blue
points) and the first PSSW mode (red points) as a function of field
for (a) Py, (b) PygsAg;s, (c) PygsPtis, and (d) PygsAuys. Solid lines
are fits to Eq. (2). Dashed lines mark the resonance field of the FMR
mode and the first PSSW modes at 9 GHz as extracted from the full
field scans, which are shown in the insets. Red solid lines in the insets
are fits to Eq. (1).

thickness. Typical measurements of both resonances are shown
in the insets in Fig. 2 with the PSSW mode appearing at
lower fields due to the additional exchange energy of its
nonuniform precession. The full spectrum can be accurately
fit with a sum of symmetrical and antisymmetrical Lorentzian
derivates [63,64],

d {K.AHF2 + Ky AHp(H — HF>}
dH AH2 +4(H — Hp)?

d {K3AHp2 + K4,AHp(H — Hp)} W
dH AH2 +4(H — Hp)* '

where Hr, AHp, Hp, and AHp are the resonance fields
and linewidths of the FMR and PSSW mode respectively.
K| and K3 are the coefficients of the symmetrical Lorentzian
functions, and K, and K4 are the respective parameters of the
antisymmetrical Lorentzian functions.

The field dependence of the extracted FMR and PSSW
resonance frequencies are shown in Fig. 2 for Py, PygsAgs,
PygsPtis, and PygsAugs, together with fits to the equa-
tion [65,66],

Y ko 2A (M)2
- Hres H -
/= 27 |:( e HoMs \ d

2A /pm\2 172
— M H , 2
MoMs(d> s k>i| @

where H, is the magnetic resonance field of either the
FMR (p =0) or the PSSW mode (p=1), y is the
gyromagnetic ratio, Hy is the in-plane anisotropy field, g
is the permeability of free space, and d is the thickness
of the film. From such fits, we first extracted Mg, v, and
H; from the FMR mode, and then used these values when
extracting A from the PSSW mode. The mode number
used in Eq. (2) is based on boundary conditions where

S =

X <Hres +
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FIG. 3. (Color online) FMR linewidth AHp for PygPtys,
PygsAuys, PygsAg)s, and Py films. The solid lines are fits to Eq. (3).
Note that the error bars are smaller than the data points.

there is no pinning at the interfaces. This assumption
can be rationalized by the in-plane geometry of the mea-
surement and the nonuniformity of the excitation field across
the film thickness [67-71]. The frequency-dependent FMR
linewidths of the same films (Fig. 3) can be well fit using [7,8]

4o
AHp = AHy + - 1 3)

where A Hj is the inhomogeneous broadening, and « is the
Gilbert damping coefficient. Two-magnon scattering (TMS)
can give substantial contributions to the measured linewidth,
leading to overestimated values of the damping [72]. However,
we do not observe any changes in AH(f) consistent with
TMS, not even in frequencies up to 40 GHz (not shown). We
therefore conclude that the TMS is negligible in our films.

The in-plane anisotropy is as expected very small in all
samples, typically a few oersteds. The determined values
of Mg =09 T and A = 1.1 x 107" J/m of our reference
Py films are consistent with literature values [19,73-75].
Similarly, the values of & and Mg of our 100-nm-thick Py, Pt;o
film are close to the values reported by Ingvarsson et al. [76]
for 50-nm-thick films. The relevant parameters extracted from
the fits are listed in Table I.

B. Mg, A, and « vs film composition

The intrinsic Gilbert damping of the FMR mode as a
function of film composition is plotted in Fig. 4(a) alongside
DFT calculations in Fig. 4(d). While the damping trend of the
Py 00_xAg, or Py,q_,Au, films has a linear dependence on
concentration, the Py,,,_,Pt, samples show a more quadratic
behavior. On one hand, alloying with Pt has the strongest
effect on damping, leading to a maximum value of & = 0.035
at 30 at. %, i.e., about 4.5 times the value of the pure Py
film. On the other hand, the damping in Py,,,_,Ag, films
is virtually independent of composition. The trends are in
good agreement with what Rantschler et al. showed in [7],
where they pointed out that heavier element impurities more
strongly affect damping, indicating that spin-orbit coupling is
a major source of the increase in damping. The calculated
Gilbert damping parameters, Fig. 4(d), agree well with
previously available calculations in the literature. For pure
Py, we obtain o = 0.0036 with only the phonon contribution
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TABLE I. Extracted parameters of the magnetodynamic properties of alloyed Py,,,_ .M., where M is Pt, Ag, or Au. The additional
uncertainty in the thickness of the films (&3 nm) is taken into account in the uncertainty of A.

Py, 00 M, x (at.%) oM (T) v/27 (GHz/T) a (1073) AH, (Oe) A (1072 J/m)
Py 0 0.905 + 0.012 314 + 02 7.8 + 02 23 £ 09 11.30 £ 0.15
M=Pt 10 0.853 + 0.011 31.0 + 0.2 144 + 02 6.0 + 0.7 9.21 + 0.58
15 0.843 + 0.014 30.8 + 0.3 16.9 £ 0.2 9.8 &+ 0.8 9.22 4 0.63
20 0.787 + 0.016 31.0 £ 0.3 22.6 + 0.3 138 + L1 8.05 & 0.53
25 0.771 + 0.023 30.6 + 0.4 29.0 + 0.4 169 + 1.6 7.07 + 0.50
30 0.722 + 0.019 30.7 £ 03 353 4+ 04 202 + 1.0 6.87 + 0.52
M=Au 10 0.766 + 0.005 31.6 + 0.1 113 + 0.2 —12+ 11 6.93 + 0.49
15 0.706 + 0.006 315 + 0.1 124 + 02 —13 + 1.1 6.62 £ 0.45
20 0.608 + 0.005 315 + 0.1 132 £ 02 34 £ 1.0 5.12 + 0.36
25 0.537 + 0.003 315 + 0.1 153 + 0.1 03 + 0.5 4.16 + 0.30
30 0.460 + 0.003 315 + 0.1 17.1 + 0.1 2.1+ 05 3.03 + 023
M=Ag 15 0.758 + 0.006 30.2 + 0.1 9.1 £ 02 2.1 £ 08 7.57 £ 0.51
20 0.654 + 0.005 30.1 + 0.1 9.5 4+ 0.2 42 + 09 5.84 + 0.37
25 0.617 + 0.006 30.1 + 0.2 9.5 + 0.2 120 + 1.1 4.18 £ 032
30 0.517 + 0.007 30.6 + 0.2 103 + 03 158 £ 1.7 3.11 + 022

included at finite temperature, increasing to « = 0.0040 when
an additional magnon contribution is included, compared to
o = 0.0046 obtained in [77]. For a 10 at. % concentration
of Pt and Au, our calculated values are close to those found
in [58] and [59] using the same methodology. Including the
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FIG. 4. (Color online) Left: experimental results for (a) damping,
(b) saturation magnetization, and (c) exchange stiffness as a function
of Pt, Au, and Ag concentration. Solid lines are empirical fits to
second-order polynomials. Right: the same parameters calculated
using DFT at room temperature. Solid symbols in (d) include both
magnon and phonon contributions, while open symbols include
phonons only. Solid symbols in (f) include exchange interactions
between M and Py, whereas open triangles (Pt) ignore those. Solid
and dashed lines in (d), (e), and (f) are visual guides.

additional magnon contribution to the Gilbert damping on top
of the phonon contribution results in a decrease (<10%) in
the calculated values for Ag and Au, while it plays a more
important role for Pt, where the Gilbert damping increases by
up to 30%. Although the spin-orbit coupling is a major factor
in determining the Gilbert damping, it cannot be the only
factor, since that would imply that Pt and Au have similar
trends in the Gilbert damping parameter as a function of
impurity concentration. Instead, it is clear from Fig. 4(d) that
the increase in Gilbert damping is much more pronounced
for Pt than for Au. This can be explained by examining the
differences in the electronic structure of Au and Pt. The 5d
band in Au is filled, and Au therefore has virtually only sp
states at the Fermi level. For Pt, on the other hand, there is a
substantial contribution to the density of states (DOS) at the
Fermi level from the partially unfilled 54 band. The larger
DOS at the Fermi level for Pt leads to increased scattering,
and thus larger Gilbert damping [59]. Ag has a filled 4d
band and so, compared with Au, a very similar electronic
structure at the Fermi level, consisting of predominantly sp
states. Furthermore, the spin-orbit coupling in 4d systems
(like Ag) is much smaller than in 5d systems (such as Au).
Together, this explains the trend observed in the Gilbert
damping as a function of Ag concentration. For Ag, the lack
of both substantial spin-orbit coupling and d states at the
Fermi level result in a Gilbert damping virtually independent
of Ag concentration. The damping parameter per atomic
percentage Awy, can be empirically characterized, according
to the relation [7,8] @ = a9 + Aapyrx, where g = 0.008 is the
damping of undoped Py, and x is the doping concentration
in atomic percent. However, the damping of the Py,y,_ Pt,
series does not follow a linear trend and is therefore fit to the
quadratic relation o = oy + Aayx + Cx2. All the parameters
extracted from the empirical fittings are shown in Table II.
Figures 4(b) and 4(e) show the composition dependencies
of Mg, where M is found to decrease with increasing alloying,
the most for Au and the least for Pt. Mg of Pyq,_ M,
samples show a parabolic decrease and were fit to a quadratic
expression, M = My + AMyx + Dx?, where uoMy = 09T
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TABLE II. Extracted parameters of empirical fittings of alloyed Py,,,_, M., where M is Pt, Ag, or Au.

Py 00— Mx Aay(107°-1) c(10-3

1
(at.%)? )

MOAMM(1073M'L%)

woD(1073 AAy (1071221 )

T
(at.%)% )

at.% m at.%
M=Pt 41.0 1.6 -39 —0.07 —0.16
M=Au 30.2 —144 —0.03 —0.28
M=Ag 7.7 —9.6 —0.11 —0.28

is the saturation magnetization of undoped Py. A reduction
in Mg is expected, as the proportion of magnetic material
decreases with increasing alloying. Furthermore, the observed
and calculated trends can be qualitatively understood through
a simple argument involving the magnetic susceptibilities of
the impurity atoms. Au and Ag are slightly diamagnetic, with
the calculated magnetic susceptibilities of xmay = —3.4 x
10~ and Am,Ag = —2.6 X 1073, respectively, whereas Pt is
paramagnetic with an unusually large magnetic susceptibility
for a nonmagnetic metal of xm pr = 26 x 1072, According to
our CPA calculations, Au and Ag impurities have minute
(effectively zero) magnetic moments (0.018 ug for Au and
—0.011 ug for Ag), whereas the Pt impurities result in an
induced magnetic moment of 0.22 up in the direction of the
magnetization.

The composition dependence of the exchange stiffness A
is given in Figs. 4(c) and 4(f), where A decreases rapidly in
the case of the Py,y,_,Ag, and Py,,,_,Au, films, but not as
much for Py,,,_,Pt.. Each data set is fit to the equation A =
Ao+ AAyx, where Ag = 1.1 x 107! J/m is the exchange
stiffness of pure Py. Just as for the damping and saturation
magnetization, the calculated exchange stiffness agrees very
well with the experimental data.

In order to elucidate why the exchange stiffness decreases
less quickly with concentration in Pt, as compared to Ag and
Au, we performed an additional calculation of the exchange
stiffness in which the M-Py hybridization was kept intact, but
all exchange interactions between M and Py were removed.
This caused the behavior of the exchange stiffness in the
case of Pt to decrease somewhat, as illustrated by the blue
unfilled triangles in Fig. 4(f). Therefore, we can conclude that
the exchange interaction between the Pt 5d states and the Py
is one of several factors driving the observed trend. At zero
temperature, it is the dominant factor (data not shown).

C. Anisotropic magnetoresistance

For some magnonic devices, such as SHNOs, a high AMR
is crucial for the electrical detection of auto-oscillations [39].
It also contributes significantly to the mixing voltage in spin
pumping experiments [78]. Therefore, AMR measurements
were performed with the magnetization rotated in the film
plane with respect to the current direction. The inset of Fig. 5
illustrates the dependence of the magnetoresistance (MR) on
the angle ¢ between the direction of magnetization and the
current orientation for the PygsPt;s sample. The red solid
line is a fit to the well-known cosine dependence [79,80]
p=p1L+ () —pL) cos? ¢, where p) and p, denote the
resistivity when the magnetization direction is parallel (¢ =
0°) and perpendicular (¢ = 90°) to the current orientation,
respectively. The AMR is then determined by the relation
Ap/p = (p) — p1)/p1L. The composition dependencies of

AMR are shown in Fig. 5. The effects of dopant M on the
AMR ratio are strongly dependent on the concentration x,
with AMR ratios decreasing as the concentrations increase.
The AMR ratios of Py q,_, Ag, drop most quickly, and most
slowly for Py,,,_,Au,. The AMR of pure Py is measured
to be 2.2%, which is in accordance with previously reported
values [79,81].

D. Tunable Py,,_._ Pt,Ag, films with desired
magnetodynamic properties

As discussed above for the Py,,_ .M, films, My and A
are found to decrease with increasing alloying, more strongly
for Ag and less so for Pt. On the other hand, « increases
rapidly with Pt content, while being virtually independent
of Ag content. Consequently, we will now show how it is
possible to independently tune the parameters Mg, o, and
A by dialing in the desired concentrations of Pt and Ag in
the ternary alloy system Py,o,_,_,Pt;Ag,. The results from
the empirical quadratic fits to the saturation magnetization,
as given in Table II, allow us to calculate Pt and Ag
concentrations (xp, and y4,) for which My is expected to
have a constant value. The results of these calculations are
shown in Fig. 6(a) as a contour plot for a selected number
of different woMs. To experimentally verify this model, we
deposited a set of five 100-nm-thick films by co-sputtering onto
Si/SiO, substrates: Pyg,Ag;¢, Py sPtigAg s 5, Py, PtisAg,,
Py,,PtsAg,, and Py, Ptyy, corresponding to the red circles
in Fig. 6(a). As seen from the figure, these concentrations
will supposedly yield a near-constant Mg of 0.72 T. Using
FMR measurements, analyzed in the same way as in Sec.
IV A above, we experimentally confirm this prediction by
showing a value of puoMg = 0.724 £0.014 T for all films
[inset of Fig. 6(a)]. Moreover, the damping constant within

MR (%)
e e =

> = n

0 90 180 270 360
¢ (deg) 1

Py100-xAux
1.0 4 PleO-thx |
° PyIOO-XAgx
0.5~ : : :
0 10 20 30
X (at. %)

FIG. 5. (Color online) AMR vs composition for Py,,,_, Au,,
Py 00— Ag,,and Py ,,_, Pt, films. Solid lines are parabolic fits. Inset:
example of an angular measurement together with a fit (red line).
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FIG. 6. (Color online) (a) Calculation of the Ag and Pt
concentrations for constant values of poMg in multi-alloyed
Py 90—x—,Pti Ag, films. Red circles in (a) represent the compositions
of Py 49_,_,Pt: Ag, films chosen for our experiment. The inset of (a)
shows the resulting oMy of the sputtered films, as determined from
FMR, where the dashed line marks the average value of uoMs =
0.724 T. (b) Measurement of the exchange stiffness A and damping
o as a function of the Pt concentration for the Py,o,_,_,Pt; Ag, films.
Solid lines are guides to the eye.

this set of samples increases by a factor of 4 with increasing Pt
concentration, in agreement with the results on Py q,_,Pt,
films. The exchange stiffness decreases moderately as it
can be expected from the decreasing concentration of Py
in these films. These results prove that it is possible to
accurately choose a desired combination of the parameters

PHYSICAL REVIEW B 92, 024427 (2015)

M and o for the material system Py,o_,_,Pt;Ag,. It is also
noteworthy that while the original binary alloy films were
deposited on glass substrates, the Py,o,_,_, Pt Ag, films were
deposited on Si/SiO2 substrates. We can hence conclude that
the magnetodynamic properties, and their tailoring, is quite
robust in Py based films.

V. CONCLUSIONS

Using both FMR and ab initio calculations, we studied the
magnetodynamic properties of Py,q,_, M, films, with M = Pt,
Au, or Ag. From the field dependence of the FMR mode we
extracted the saturation magnetization (M), damping («), and
inhomogeneous broadening (A Hy). From the field dependence
of the first PSSW mode, we determined the exchange stiffness
(A). Mg and A were found to decrease with increasing alloying,
most significantly for Au and least for Pt. While « increases
rapidly with increasing Pt content, it is virtually independent of
Ag content. Ab initio calculations using the coherent potential
approximation (CPA) reproduced, and gave a deeper insight
into, the experimental trends. Furthermore, the physical origins
of the trends in the observed parameters are all qualitatively
explained by analyzing the differences in magnetic suscepti-
bility, exchange, chemical bonding, and spin-orbit coupling of
Pt, Au, and Ag. Finally, we are able to control both o and
Mg of Py,o_,_,PtiAg, films independently by alloying with
different concentrations of Pt and Ag. We believe that this level
of control of critical magnetodynamic material properties in
easily sputtered permalloy based alloys will be useful in a wide
range of spin torque, spin Hall, and magnonic devices.
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