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The magnetic properties of Pt/CoFeTaB/Ir and Ir/CoFeTaB/Pt trilayer thin films have been studied using
angular- and temperature-dependent ferromagnetic resonance. This enables quantitative determination of the
various contributions to the magnetic behavior, including separating the effective Gilbert damping, inhomoge-
neous damping, and two-magnon-scattering contributions to the magnetic dissipation. As-deposited films show
behavior consistent with significant incorporation of Ir into CoFeTaB only when the Ir layer is deposited first.
Annealing of the structures at 300°C causes only minor structural and magnetic modification when Pt is de-
posited first, and more pronounced changes, attributed to thermally-driven out-diffusion of Ir from CoFeTaB,
are found when Ir is deposited first. A holistic consideration of the magnetic resonance behavior can provide
detailed information on the atomic-scale structure in magnetic thin-film devices.

INTRODUCTION

Heavy metal/ferromagnetic (HM/FM) structures have been
extensively studied for their use in interface-driven spintronics
applications [1-7] where the HM/FM interface can give rise to
a variety of magnetic phenomena, such as spin pumping [2—4],
spin Hall magnetoresistance [35, 6], spin Seebeck effect [8], in-
terfacial Dzyaloshinskii-Moriya interaction [9, 10] and spin-
mixing conductance [11, 12]. In addition to the strength of
spin-orbit coupling and the broken inversion symmetry at the
HM/FM interface, the sign and magnitude of the antisymmet-
ric exchange interaction, the so-called interfacial Dzyaloshin-
skii-Moriya interaction, are directly correlated to the degree
of interfacial 3d-5d hybridization around the Fermi level [13].
The DMI gives rise to a rich variety of chiral magnetic tex-
tures in thin magnetic films, which show promise in future
spintronic applications due to their unique properties. Exper-
imental studies have shown that the magnitude and the sign
of the interfacial DMI in multilayers depend on the types of
HM and FM layers [14], the thickness of the HM layer [15],
and atomic inter-diffusion at the HM/FM interface [16]. The
underlying physics of the interfacial DMI is still not fully un-
derstood, despite its technological importance and extensive
studies, hence offers unique opportunities to elucidate the un-
derlying physical origin of the interfacial DMI.

Electronic hybridization between the FM and HM layers
can exhibit proximity-induced-magnetization (PIM), where
spontaneous magnetic polarization arises in the interfacial re-
gion [17]. A number of studies have been conducted on the
significance of PIM on the spin transport mechanism across
the HM/FM interface to understand the role of PIM contri-
bution to the improvement of Gilbert damping [18-20] where
thin Pt and/or Ir layers are used in most studies due to their
large spin-orbit coupling. However, the role of the PIM is
still unclear. Hybridization at the HM/FM interface has been

shown to be both a primary factor in [21], and unimportant
to [22], controlling the strength of DMI. Ferromagnetic res-
onance (FMR) has shown that a decrease in PIM correlated
with a decreased interfacial contribution to the damping [23].
Among various trilayer structures for spintronic applications,
the CoFeB-based soft ferromagnetic thin films have been in-
tensively studied [23, 24]. Recently, proximity-induced mag-
netization was investigated in Pt/CoFeTaB/Pt trilayer struc-
tures, where the degree of polarization in Pt is 10 times higher
at Pt/CoFeTaB interfaces than at CoFeTaB/Pt [25].

In this article, we provide a quantitative analysis of
magnetic resonance measurements in terms of intrinsic ho-
mogeneous and inhomogeneous contributions to the FMR
linewidth of model structures of as-deposited and annealed
Pt/CoFeTaB/Ir and Ir/CoFeTaB/Pt trilayer structures. These
structures have the broken inversion symmetry required for
interfacial DMI, and heavy-metal layers which often exhibit
PIM. We demonstrate how careful analysis of the angular and
temperature dependence of the resonance field and linewidth
from FMR enables us to draw conclusions about the differing
microstructure in these devices.

EXPERIMENTAL PROCEDURES

In this work, two sets of Pt/CoFeTaB/Ir and Ir/CoFeTaB/Pt
trilayer thin films were deposited at room temperature on
Si/SiO9 substrate using dc magnetron sputtering under ultra-
high vacuum. In the notation, used in this work, the most left
layer corresponds to the bottom layer, while the most right
layer is the top one (e.g., the Pt/CoFeTaB/Ir sample has Ir as
the cap layer). The capping and buffer layers have a thick-
ness of 3 nm, and the ferromagnetic CoFeTaB layers have a
thickness of 10 nm and a composition of CossFesaTasgB1g,
where the numbers in subscript are the atomic percentages.
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FIG. 1. Used coordinate system on the thin film geometry of the
CoFeTaB multilayers and orientations of the magnetic field (H), and
magnetization vector (M).

CoFeTaB is an amorphous ferromagnetic alloy where the sat-
uration magnetization and Curie temperature can be tailored
by varying the concentration of Ta [25, 26] in the alloy, dilut-
ing the magnetic constituents. This composition of CoFeTaB
has a nominal Curie temperature of around 115°C. After the
deposition, one set of the thin film was annealed at 300°C
temperature for one hour to study the influence of annealing
treatment on the magnetic properties. Structural characteri-
zation by X-ray reflectivity was used to confirm deposition
rates and nominal layer thicknesses. Ferromagnetic resonance
spectra were recorded with a JOEL X-band electron spin res-
onance spectrometer which operates at 9.8 GHz frequency at
a temperature range between 123 K to room temperature.

THEORETICAL MODEL

The magnetization dynamics of a thin ferromagnetic layer
in a hetero-structured system depends on many various pa-
rameters, such as thickness, interlayer interaction, interface
quality, crystalline and stress-induced magnetic anisotropies,
and damping constant. In this study, the magnetization dy-
namics of the Si/SiOo/(Ir)Pt/CoFeTaB/(Pt)Ir multilayers have
been analyzed by using the FMR spectrometer at different
temperatures. The effects of the thermal treatment on the mag-
netic parameters of the films also have been analyzed with a
suitable model which is given in [27-31]. In this model, the
polar (#) and azimuthal (¢) coordinates of magnetization and
external magnetic field vector are represented in a coordinate
system as shown in Fig.1.

In general, the total free energy density (E) for uniform
precession of the magnetization in thin film structures con-
tains Zeeman energy in the external dc magnetic field (H),
demagnetization energy, contributions due to various terms of
crystal magnetic anisotropy (such as the effective perpendic-
ular uniaxial anisotropy, bulk, and strain-induces anisotropy
energies). However, we did not observe magneto-crystalline
anisotropy in the experimental measurements of angular-

dependent FMR spectra in the in-plane geometry, as expected
for the thin films of a soft amorphous magnetic material (in
our case, it is CoFeTaB). Therefore, the use of only two
terms (Zeeman term and combined shape and perpendicular
anisotropy term) in the theoretical analysis presented below is
adequate:

E = — Mo.H+ (27M — K,,) cos 0, (D)

where My is the saturation magnetization, K,,, is the perpen-
dicular anisotropy constant, and cos 6 is the polar angle of the
magnetization with respect to the normal to the film. Due to
the identical symmetry of the shape (demagnetizing) and per-
pendicular anisotropies, they are usually rewritten to use an
effective magnetization as a single parameter using the fol-
lowing relation:

K
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where K,,/2mM, is the perpendicular anisotropy field (Hy,).
The resonance condition, obtained by a well-known Smit-
Beljers-Suhl approach [32] is as follows:

2
(”0) — H, x Hy 3)
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where wy is the angular resonance frequency, vy is the gyro-
magnetic ratio. In the case when the magnetic field H is ap-
plied at an angle fy with respect to the thin film plane normal,
the H; and Hy, are given by:

H; = Hyescos(0u — 6) — 4nMeg cos 20

Hy = H,escos(0ny — 0) — 4nMeg cos? 0 @
where H; and Hy denote to the anisotropy fields for the out-
of-plane geometry. The magnetic damping constant of ferro-
magnetic thin films is an important parameter for spintronic
devices. The magnetization dynamics is usually described
by the Landau-Lifshitz-Gilbert equation. The linewidth of
FMR spectra provides direct information on effective damp-
ing, which consists of intrinsic Gilbert damping and extrin-
sic relaxation mechanisms. Intrinsic Gilbert damping is re-
lated to spin-orbital coupling. In multilayers, an additional
contribution to the relaxation appears due to spin-pumping ef-
fects. Another extrinsic relaxation mechanism arises due to
two-magnon scattering (TMS), representing the process of en-
ergy transfer from the uniform precession mode to spin wave
modes with the following dissipation to lattice thermal vibra-
tion. Finally, we have to consider also inhomogeneous broad-
ening due to the spatial variation of magnetic parameters.

By measuring the angular-dependent FMR, we extracted
the extrinsic and intrinsic magnetic damping contributions
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FIG. 2. Measured and fitted out-of-plane angular dependence of resonance field (H;.s) for as-deposited (a-c) and annealed (b-d) Pt-capped and
Ir-capped thin films at 123 K and 273 K. Closed circles represent the experimental data, and the solid lines show the theoretical fitting curves.

of the ferromagnetic CoFeTaB thin film. The peak-to-peak
linewidth (AH,,,) is generally given as:

AHp, = AHG, + AHRY + AH (5)

The first term in the above-given expression for the FMR
linewidth is the effective Gilbert damping parameter due to
intrinsic damping and additional extrinsic spin-pumping con-
tribution for a given multilayer structure. The second term
is the contribution of the inhomogeneity in the magnetization
distribution, and the third term is the effect of the two-magnon
scattering. The contribution to the peak-to-peak linewidth
from effective Gilbert damping is angular dependent and can
be written as;

o _ 2 wa
SRR
where « is the effective Gilbert damping parameter [33], =

is the so-called dragging function [31], which enhances the
linewidth from the Gilbert damping mechanism, and given by

AH (6)

3H; +Hy
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E = cos(fg — 6) (7

Thus, the ferromagnetic material intrinsic properties and
neighbor material parameters (i.e. spin pumping) define the
effective Gilbert damping parameter, « in the first (homoge-
neous line broadening) term. The inhomogeneous broadening
of the experimental peak-to-peak linewidth due to spatial non-
uniformity of the magnetic material is also angular dependent,

and given by [34]

S
V3

where the first term is the average variation of the effective
magnetization over the thin film surface due to the presence
of defects, A(Mes), and the second term is inhomogeneous
broadening due to an angular spread, Afy, in the crystallite
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orientation [35]. The last term in Eq.5 is the contribution of
the two-magnon scattering (TMS) induced by surface defects
and can be written as [31]

H; cos20

2
“r -t TR
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where I'(H,es, 0) is the fitting function that changes with
the orientation of the external magnetic field (see the details
in [31]). Using this described theoretical model, a computer
program was written to fit experimental FMR data. The mag-
netic properties were determined by fitting the theoretical res-
onance field values to the experimental ones as a function of
angle.

(Hyes, O3 ) sin ™" )

TMS _
AHL™ =

RESULTS AND DISCUSSION

The effective magnetization, perpendicular anisotropy, and
damping parameters of magnetization have been obtained
by analyzing the angular dependent FMR spectra at differ-
ent temperatures of as-deposited and annealed Pt/CoFeTaB/Ir
(‘Ir-capped’) structure compared with the nominal structural
inverse Ir/CoFeTaB/Pt (‘Pt-capped’) thin films. The out-of-
plane angular dependence of the resonance fields (H,es) are
shown in Fig.2 for as-deposited and annealed Ir-capped and
Pt-capped thin films for two different temperatures of 123 K
and 273 K (room temperature). In the out-of-plane FMR ex-
periments, the direction of the applied field is rotated in the
plane perpendicular to the plane of a thin film sample. Using
the resonance conditions given in Eq.3, the experimental data,
measured at 273 K and 123 K, have been fitted (shown by
the solid lines presented in Fig.2) to determine the magnetic
parameters. It should be noted that the values of the perpen-
dicular anisotropy have been extracted as separate parameters
because the saturation magnetization values for these samples
have been obtained from the vibrating sample magnetometry
(VSM) measurements as the secondary technique (the results
are not presented in this work and available from correspond-
ing author [supplementary]). A very good agreement has been
observed between the measured resonance fields and fits in all
cases.
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FIG. 3. Temperature dependence of the in-plane FMR linewidth and resonance fields obtained at varying temperatures from 123 K up to room

temperature for the un-annealed and annealed thin film structures.

The increase in resonance field as the thin film is rotated
such that the applied field is perpendicular to the film plane
suggests that the demagnetizing field dominates over any per-
pendicular magnetic anisotropy, resulting in an easy-plane
anisotropy. The simulation results of the angular depen-
dent resonance field (red and blue solid lines in Fig.2) given
in Table I, confirm that there is a perpendicular magnetic
anisotropy (PMA) contribution to the effective magnetization.

The difference in resonance field between in-plane and per-
pendicular field orientation scales with the effective magne-
tization, as described by Eq. 4. Comparing datasets mea-
sured at room temperature and 123 K shows that effective
magnetization varies strongly with temperature for Pt-capped
thin films, and is more weakly temperature dependent for Ir-
capped thin films. In all cases the effective magnetization
increases as the temperature decreases, confirming that the
behavior is dominated by the saturation magnetization rather
than the perpendicular magnetic anisotropy term. The per-
pendicular anisotropy constant is negative for Ir-capped thin
films, so favoring in-plane magnetization. This is expected
since a CoFeTaB thickness of 10 nm is much greater than the
critical thickness where the demagnetization becomes much
stronger than the interfacial PMA [10].

The nominal Curie temperature of the CoFeTaB thin film
is around 100 K above room temperature. For the Pt-capped
thin films, the more strongly temperature-dependent magne-
tization suggests that the Curie temperature is somewhat re-
duced to only slightly above room temperature - possibly as
a result of diffusion of either Pt or Ir into CoFeTaB, further
diluting the magnetic constituents. Since Pt magnetically po-
larizes strongly [25], this is likely to be a result of Ir diffusion
into CoFeTaB during thin film growth. Incorporation of sig-
nificant amounts of Ir into CoFeTaB results in a positive per-
pendicular magnetic anisotropy, as is often found in such al-
loys. In these films, the perpendicular anisotropy is still insuf-
ficiently strong to overcome the demagnetizing field, and the
thin film remains preferentially magnetized in-plane. As the
temperature is reduced the anisotropy becomes slightly neg-
ative, preferring in-plane magnetization. The magnetization
increases slightly after annealing, accompanied by a reduc-
tion in the strength of the perpendicular magnetic anisotropy.
This suggests a thermally-driven diffusion of some Ir back out

of the CoFeTaB layer.

Fig. 3 shows the temperature dependence of the FMR
linewidth [(a) and (b)] and resonance field [(c) and (d)] for
measurements taken with the field applied in the plane of
the thin film. The resonance fields shift to the lower mag-
netic field with lowering temperature as the saturation mag-
netization increases. For Ir-capped thin films, this shift is
fairly linear in temperature, suggesting that the Curie tem-
perature is significantly above room temperature, whereas
for the Pt-capped thin films, the shift becomes more pro-
nounced at higher temperatures; indicating that the magne-
tization changes more drastically since the temperature ap-
proaches the Curie temperature of these thin films.

The FMR linewidth is a measure of the relaxation rate of
the magnetization and provides a convenient way to measure
the magnetic damping parameters. As seen in Fig.3(a) and
(b), the FMR linewidths are roughly independent of temper-
ature below around 230 K, and above this temperature, they
increase; slowly for Ir-capped films but more strongly for Pt-
capped films - again possibly as a result of the closer proxim-
ity to the Curie temperature in the Pt-capped films.

The effective magnetization is calculated by using Eq. 2
then the effective Gilbert damping parameter, «, is calculated
by fitting Eq. 6. The « value for the as-deposited Ir-capped
thin film at room temperature is 0.054. This relatively high
value for the effective damping is due to a combination of
relatively high intrinsic damping in CoFeTaB, which may be
anticipated as a result of the strong spin-orbit coupling in Ta,
and a contribution from spin-pumping into both the Ir cap-
ping layer and Pt underlayer. Annealing the Ir-capped struc-
ture results in a slight increase in the effective damping to
0.064 at room temperature. This may again be indicative of
some incorporation of strongly-spin-orbit-coupled Ir into the
CoFeTaB layer during annealing. In both cases the damping
reduces slightly as temperature decreases; this is consistent
with a decrease in the spin-pumping contribution to the ef-
fective damping as the spin-diffusion length in Pt and/or Ir
increases with reducing temperature [6].

The angular dependence of the peak-to-peak linewidth,
AH, as the applied field is rotated out of the plane is shown
in Fig.4. An important feature shown here is that, for the Ir-
capped thin film, the linewidth in the perpendicular geome-



Pt/CoFeTaB/Ir Pt/CoFeTaB/Ir Ir/CoFeTaB/Pt Ir/CoFeTaB/Pt
as-deposited annealed as-deposited annealed

273K 123K 273K 123K 273K 123K 273K 123K
Mo (emu/cm?®) - 677 - 550 - 1523 - 1194
Mes (emu/cm®) 350 450 345 468 110 340 150 370
H, (Oe) - 227 - 82 - 1183 - 824
AH (Oe) 120 50 100 60 - 40 - 30
Aby (degree) - - - - 0.02 0.02 0.012 -
A(Meg) (emu/cm?) - - - - 100 - 100 -
«a 0.054 0.039 0.064 0.047 0.1 0.1 0.087  0.05

TABLE I. Deduced magnetic parameters of the thin film structures. The g-factor is 2.2 for all thin films. The error bars of the values given are

of the order of 5%.
600 Pt/CoFeTaB/I Pt/CoFeTaB/l 600 Ir/CoFeTaB/Pt Ir/CoFeTaB/Pt
_ orela r L — orelal r — r/Corelal 4 — r/Corelal
500 - T=2713K as-deposited - T=273K annealed 500 - T=273K as-deposited - T=273K annealed
(a) (©) ©) T [€3)
> L 9 il 2 300 La=0.1 e
8 300 T 8 300 I T o= 0.087
~ | o=0.064 ~ L €
5 20 FZo0ss I Es 201 0 A6,=0.0120
L AH™S = 120 Oc - T™S _ L AB,; =0.02 Oe 1 ABy = 0. c
= e s S Ay Z1000¢| o 100 [AM ;=100 0c AHPY =0 Oe | AM, ;= 100 Oe AHMS =0 Oe
- ~. — c e juy
=T S 1 N . k=) —_— > <>
% 600 ——t f————f— ——t F——f——t— E 600 ————f—+——+—F—+—F— — 1t
o T=123K Pt/CoFeTaB/Ir T T=123K Pt/CoFeTaB/Ir o r T=123K Ir/CoFeTaB/Pt T T =123 K Ir/CoFeTaB/Pt
':j 500 - as-deposited T~ annealed 5 500 - as-deposited annealed
& 400 | ®) @ & 400 | ® T ®
= P I T
= B~ 300 - <
200
o =0.047 [a=0.1 T a=0.05
100 1-o:=0039 AHDS =500 | AHDYS =60 Oc 100 - A0, = 0.02 Oc AHTYS =40 0] AHDYS =30 Oc
oOF U o e P~ ' 0 = = e e R |
| | | L | L | | | L | | | L | L | L | L | L | L L | L | L | L | L |
90 -60 -30 0 30 60 -60  -30 0 30 60 90 90 -60 -30 0 30 60 -60  -30 0 30 60 90
Angle (degree) Angle (degree) Angle (Degree) Angle (Degree)

FIG. 4. Measured and fitted out-of-plane angular dependence of FMR linewidths AH,,, for as-deposited and annealed Pt-capped and Ir-capped
thin films at 123 K and 273 K. Closed circles represent the experimental data, and the solid lines show the theoretical fitting curves.

try (dg = 0) is clearly smaller than that for the in-plane ge-
ometry (0 = 90). This indicates that there is a contribu-
tion to the damping due to the two-magnon scattering (TMS)
mechanism. Values extracted from fitting the angular depen-
dence of resonance frequency and linewidth are shown in Ta-
ble I. Several explanations can be suggested as to the ori-
gin of the variations in magnetization, anisotropy, and damp-
ing behavior on annealing; such as modifications of the sur-
face/interface roughness, interdiffusion and mixing, and in-
terfacial hybridization between the ferromagnet and adjacent
layers. All these are frequently found to be modified by an-
nealing.

For both un-annealed and annealed Ir-capped thin films,
the TMS contribution to the linewidth decreases as the tem-
perature decreases; with the decrease in TMS contribution
being greater for the un-annealed thin film. This suggests
that annealing acts to modify the structure at the Pt/CoFeTaB
interface. This is consistent with the increase in effective
Gilbert damping due to enhanced spin-pumping across an im-
proved interface. These thin films show a negligible contri-
bution from the inhomogeneous damping, demonstrating that
the magnetization and magnetic anisotropy are uniform within

the amorphous ferromagnetic layer.

For as-deposited Pt-capped thin films at room temperature,
due to the large amount of Ir diffusion into the ferromagnetic
layer, the effective Gilbert damping, «, is around 0.1 and there
is a contribution due to the magnetic inhomogeneity, primar-
ily in the magnitude of the effective magnetization; suggesting
the Ir is not uniformly distributed through the layer. The in-
terface structure is more uniform and the angular dependency
of FMR linewidth at room temperature indicates an absence
of TMS. At lower temperatures, there is an additional contri-
bution to the damping from TMS, a reduction in the contri-
butions from inhomogeneous damping, with the magnetiza-
tion becoming more spatially uniform, and surprisingly there
is no change in the effective Gilbert damping. After anneal-
ing, the damping parameter reduces slightly at room tempera-
ture, again consistent with a thermally-driven removal of some
Ir from the CoFeTaB layer. There is a similar contribution
from magnetic inhomogeneity and no TMS at room temper-
ature. At lower temperatures the TMS mechanism again be-
comes active, and the inhomogeneous damping contributions
become negligible. The effective Gilbert damping again re-
duces as the temperature is reduced, similar to the case for



Ir-capped structures.

For the Ir-capped thin films, there is a relatively small dif-
ference between the magnetic parameters of un-annealed and
annealed thin films in comparison to the differences between
un-annealed and annealed Pt-capped thin films. The effec-
tive magnetization of Pt-capped films is much lower than for
the Ir-capped films at room temperature. This is attributed to
Ir diffusion into the ferromagnetic CoFeTaB layer during the
deposition process. This Ir incorporation reduces the Curie
temperature and enhances both the effective Gilbert damping
and the perpendicular magnetic anisotropy constant.

CONCLUSIONS

In this work, the ferromagnetic resonance study of the mag-
netic properties of Pt/CoFeTaB/Ir and Ir/CoFeTaB/Pt trilayer
thin films has been presented. Analysis of angular and tem-
perature dependent FMR spectra revealed significant differ-
ences in their magnetic behavior depending on the deposition
order in the magnetic trilayer thin films. The detailed anal-
ysis of the angular dependent FMR spectra allows us to sep-
arate various contributions in the linewidth, such as the ho-
mogeneous broadening due to effective Gilbert damping (in-
cluding spin pumping effect), conventional inhomogeneous
broadening (non-uniformity in the magnetic properties), and
two-magnon-scattering (TMS) contributions to the magnetic
dissipation. For the Pt/CoFeTaB/Ir sample (i.e., the Ir-capped
multilayer) the static and dynamic magnetic behaviors have
weaker dependence on temperature and they are not modi-
fied essentially by annealing. However, for the Ir/CoFeTaB/Pt
(the Pt-capped multilayer), which differs only by reversal of
the deposition order, the essential effect of temperature and
annealing on the magnetic properties have been observed. For
the Pt-capped sample, significant incorporation of Ir into the
CoFeTaB layer is anticipated. The apparent effect of anneal-
ing is attributed to the decrease in the Ir concentration within
the ferromagnetic layer in the annealed sample. A strong
asymmetry in various broadening contributions between two
kinds of the studied multilayers supports this picture. For in-
stance, strong TMS contribution to FMR linewidth at room
temperature has been observed only in the Ir-capped thin
films. Thus, the analysis of temperature and angular depen-
dences of the FMR signals has revealed rather detailed infor-
mation on the microscale structure of the magnetic trilayers
studied in this work.
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