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Ferromagnetic resonance and damping properties of CoFeB thin films
as free layers in MgO-based magnetic tunnel junctions
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We have investigated the magnetization dynamics of sputtered Co4gFe oBog thin films in a wide range
of thicknesses used as free layers in MgO-based magnetic tunnel junctions, with the technique of
broadband ferromagnetic resonance (FMR). We have observed a large interface-induced magnetic
perpendicular anisotropy in the thin film limit. The out-of-plane angular dependence of the FMR
measurement revealed the contributions of two different damping mechanisms in thick and thin film
limits. In thinner films (< 2 nm), two-magnon scattering and inhomogeneous broadening are significant
for the FMR linewidth, while the Gilbert damping dominates the linewidth in thicker films (> 4 nm).
Lastly, we have observed an inverse scaling of Gilbert damping constant with film thickness, and an
intrinsic damping constant of 0.004 in the CoFeB alloy film is determined. © 2011 American Institute

of Physics. [doi:10.1063/1.3615961]

. INTRODUCTION

Magnetic tunnel junctions (MTJs) have been extensively
investigated for basic understanding of spin-dependent
phenomena and applications to magnetic random access
memory (MRAM), read heads in hard disk drives, as well as
spin-logic based devices.'™ Extremely large tunneling mag-
netoresistance (TMR) at room temperature has been pre-
dicted and demonstrated in MTJs using (001)-textured MgO
as a tunnel barrier.”® The ferromagnetic alloy, CoFeB in
certain composition, is the preferred magnetic free-layer
(FL) electrode material in the MgO-based MTlJs, because of
the highest TMR value attainable. CoFeB thin films can
grow smoothly on MgO barrier with minimal roughness.
Furthermore, a near-epitaxial relationship between MgO and
CoFeB can be achieved with proper post-deposition thermal
annealing.

Apart from high TMR values, it is also important to
understand the magnetic dynamics and to be able to tune the
damping properties of CoFeB, for realizing high speed spin-
tronic devices. For instance, the damping constant of a FL.
determines the critical switching current in a spin-torque-
transfer (STT) based device.”'® Small damping values are
essential in minimizing power consumption in STT based
MRAM. For TMR read heads, the thermal magnetic noise is
proportional to the damping constant of the FL, which
affects the signal-to-noise ratio of a read head.'' On the other
hand, to improve thermal stability,'* a large damping con-
stant is preferred in all metallic current-perpendicular-to-
plane giant-magnetoresistance (CPP GMR) read sensors.

Ferromagnetic resonance (FMR) is a versatile technique
and is widely used for studying magnetic anisotropy and
relaxation in thin films and multi-layers. There have been
several reports'>~'® on the dynamic properties of CoFeB thin
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films, but few discussions on the damping mechanism are
made. Especially lacking is the FMR study on realistic
CoFeB thin films used as FLs in MgO based MTJs. The envi-
ronment provided by the MTJ stacks cannot be decoupled
from the dynamical properties of the FLs. In this work, we
present a broadband FMR study particularly for the CoFeB
FLs used in MgO based MTJs. We will show the evolution
of damping property and linewidth broadening as we vary
the thickness of the CoFeB films in a wide range. As a result
of our work, we have uncovered both the intrinsic and extrin-
sic dynamical properties of the CoFeB FLs.

Il. EXPERIMENTAL DETAILS

Multiple samples of CoFeB free layer (FL) with the
structure  (thicknesses in nanometers) of MgO(2)/
CoyoFes0Boo (t=1-20)/Ta(5)/Ru(10) were deposited onto a
thermally oxidized Si wafer under ambient temperature
using magnetron sputtering with a base vacuum of
~2x 107° Pa. To best mimic the condition used in TMR
fabrication process, prior to experiment, all samples were
annealed at 310° C for 4 h in high vacuum with an applied
field of 4.5 kOe (357 kA/m) in the film plane to crystallize
initially amorphous CoFeB into a bcc(001) textured structure
as well as setting an easy axis for films. In addition, a series
of MTJ reference samples with the exact same free layer
structure (Full stack: Ta(5)/Ru (30)/Ta(5)/CosoFeso(3)/
IrMn(18)/CosoFeso(3)/Ru(0.9)/CosgFes0B,o(3)/MgO(2)/FL)
were deposited and examined using current-in-plane-trans-
port (CIPT) technique.'” TMR values are found to increase
gradually with FL thickness, from 150% for 1 nm FL to
about 200% for 20 nm FL as shown in Fig. 1. The high TMR
values over a broad thickness range of FL imply the good
epitaxial texture of CoFeB films and small interfacial rough-
ness between CoFeB/MgO. FMR spectra were taken at
National Institute of Standards and Technology (NIST)
Gaithersburg campus using a broadband coplanar waveguide

© 2011 American Institute of Physics
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FIG. 1. TMR as a function of CoFeB FL thickness for the reference MTJ
samples. Error bar denotes the fitting uncertainties during each CIPT
measurements.

as a function of sweeping field for a set of microwave fre-
quencies (3 to 30 GHz) with applied field parallel and per-
pendicular to the film plane. Field modulation and lock-in
techniques were used to obtain conventional field derivative
of the sample absorption. The resonance signals were found
to be Lorentzian-like at all frequencies. Fitting of signals
gives the resonant field (H,,,) and the peak-to-peak linewidth
(AH). In order to investigate the linewidth broadening mech-
anism, we measured the angular dependence of FMR spectra
by varying applied field from in-plane (0, =0°) to out-of-
plane (0, =90°) for a fixed frequency. Sample alignment is
performed by recording resonant field as a function of sam-
ple stage angle with a 15° span near in-plane at 1° intervals.
The stage position where the minimal resonant field is
obtained is defined as “in-plane”.

lll. RESULTS AND DISCUSSION

We first present data taken at in-plane configuration.
Figure 2(a) shows the frequency dependence of resonant field
in our samples with the magnetic field applied in sample
plane. The CoFeB film properties for each thickness were
determined by fitting H,.; versus frequency curve to Kittel
formula 2 = (%)ZH (H+M.;) using My and gyromag-
netic ratio y as fitting parameters, assuming negligible contri-
butions from in-plane anisotropy field H, (H is normally
about 20 Oe) and in-plane demagnetization factor (sample
size is around 5 mm). The fitted y value is found to be a con-
stant of 29.0 = 0.3 GHz/T across different samples. The
effective magnetization is defined as M = Mg — H,%, where
My is the saturation magnetization and Hy is the perpendicu-
lar anisotropy field. Figure 2(b) plots out the extracted effec-
tive magnetization M, against film thickness. It can be seen
that M4 can be fitted linearly to the inverse of CoFeB film
thickness. The constant and the slope represent the bulk and
surface contributions to anisotropy, respectively. From
Fig. 2(b), the bulk saturation field My is extracted to be about
1.8 T. Separate vibrating sample magnetometry (VSM) mea-
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FIG. 2. (Color online) (a) Field dependence of resonance frequency for
CoFeB films with different thicknesses. (b) Effective magnetization as a
function of 1/tcoges. The arrow denotes the critical thickness below which
the magnetic easy axis to be out-of-plane. Inset: Out-of-plane hysteresis
curves for samples with 1 nm (filled) and 7 nm (open), respectively.

surement reveals that saturation magnetization of CoFeB is
about 1.7 T, and remains constant within the thickness range
of our films. Perpendicular surface anisotropy constant is
found to be K,=1.03+0.02 mJ/m* (1.03 erg/cm?). This
number is slightly smaller than to what was reported in a sim-
ilar structure (1.3 mJ/m? and 1.8 mJ/m?, respectively).'*!3
Furthermore, it is noticed that M4 decreases to zero at around
t=0.78 = 0.02 nm, below which the surface anisotropy will
overcome demagnetization field and cause the magnetic easy
axis to be out-of-plane. This is also confirmed by direct VSM
measurements with field applied out-of plane. The inset of
Fig. 2(b) shows the magnetization as a function of out-of-
plane field for 7 nm and 1 nm thick samples. For the thicker
sample, a large field of 1.7 T is required to saturate the mag-
netization, whereas for the thinner sample, only 0.5 T is
required. Such reduced saturation field is the indication of
induced perpendicular anisotropy.

Our result is consistent with recent reports that a
perpendicular MTJ device was realized when the CoFeB free
layer thickness (with proper capping layer) was reduced to

14,15



033910-3 Liu et al.

the thin film limit. The origin of induced perpendicular sur-
face anisotropy is not well understood and is initially
believed to be related to hybridization of Fe 3d and O 2p
orbits at Fe/MgO interface. It was found out later that Ta/
CoFeB interface also makes a key contribution.'> The criti-
cal thickness to observe full perpendicular anisotropy from
our sample (0.78 nm) is found to be smaller than what is
reported in Refs.'*'> (1 nm to 1.5 nm). The relatively
smaller K value in our samples may be responsible for this
difference. CoFeB is indeed an excellent FL. material, not
only for the high TMR value attainable in the MgO based
MTIs, but also for its versatility in creating in-plane and out-
of-plane easy axis upon a variation of thickness.

Next, we focus on the dynamical properties of CoFeB as
a FL. We have measured the in-plane linewidth (AH) as a
function of FMR frequency (f) for various CoFeB thicknesses,
as shown in Fig. 3(a). A clear increase in AH is observed
upon reducing thickness. For samples thicker than 2 nm, AH
increases linearly with f over the entire experimental fre-
quency range. However, for samples with thickness equal to
or thinner than 2 nm, AH becomes increasingly nonlinear
with f at higher frequencies. Such a nonlinear behavior is
related to two-magnon scattering, which comes from coupling
between the uniform FMR mode and the degenerate spin
waves, leading to an additional magnetic relaxation channel.°
Our data suggests that two-magnon scattering is increasingly
significant as the CoFeB thickness is reduced, particularly,
below 2 nm. Therefore, if used as in a perpendicular MTJ, the
two-magnon scatterings in the thin CoFeB FL will play an
important role in the dynamics at high frequencies.

It is known?' that the dispersion relation for spin-waves
will have a positive initial slope when a field is applied per-
pendicularly to the film plane. The FMR frequency falls to
the bottom of the energy band and, therefore, there are no
magnons degenerates with the uniform procession. Conse-
quently, in the perpendicular configuration, two-magnon
scattering is suppressed. In Fig. 3(b), we present AH versus f
data measured with the applied field perpendicular to the
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films for 1 nm and 2 nm samples. Clear linear dependence
on frequency is observed for both samples, except some
deviations from linearity at low frequency ranges, which
results from insufficient field to fully saturate the magnetiza-
tion. More importantly, when compared to the in-plane line-
widths for the same samples at the same frequencies (Fig.
3(a)), these perpendicular linewidths are smaller, confirming
the absence of two-magnon scattering. It is also noticed that
inhomogeneous broadening AH,, (defined as zero-frequency-
intercept of linewidth) increases with reducing thickness.
This may be related to anisotropy dispersion. Such disper-
sion is thickness dependent and accounts for a large contri-
bution to the damping below 2 nm.

In order to further understand the linewidth broadening
mechanism, we measured FMR spectra by varying the angle
0, between the applied field and film plane. Figure 4 shows
the dependence of AH on 0, for CoFeB films with thick-
nesses of 1 nm and 4 nm, at a fixed frequency of 10 GHz and
7 GHz, respectively. For the 1 nm sample (Fig. 4(a)), AH
slowly increases as the external field tips out of sample
plane, reaching a peak at around 6, =70°, but then quickly
decreases to a minimum in the perpendicular configuration
(0,=90°). The significant increase of AH at intermediate
angle is related to the magnetic dragging effect, where mag-
netization is not parallel to, but instead lags behind the exter-
nal field direction due to demagnetization field. The
linewidth (uAH =8 mT) in perpendicular configuration is
smaller than that in the parallel configuration (LAH =11
mT) because of the absence of two-magnon scattering, which
is consistent with data from Fig. 3. For the 4 nm film
(Fig. 4(b)), however, AH increases monotonically with field
angle, reaching a maximum at 0, =90°. Such a peak of AH
at 0,=90° is an experimental artifact due to a combination
effect of large M4 for our thicker samples and probable
small misalignment of the sample stage at 90°.

The measured resonance linewidth consists of Gilbert
damping (AH,,), two magnon scattering (AH»,,), and an in-
homogeneous broadening (AH,). Gilbert damping is a
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FIG. 3. (Color online) Dependence of FMR linewidth AH on frequency obtained in (a) parallel and (b) perpendicular configurations for different CoFeB

thicknesses.
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FIG. 4. (Color online) Angular dependence of AH for samples with thickness of (a) 1 nm and (b) 4 nm, respectively. Square lines indicate the experimental
data. Solid lines show two components of total AH, which are due to Gilbert damping, and two-magnon scattering, respectively. The vertical bar at AH = 90°
in (a) denotes the contribution from an angle-independent inhomogeneous broadening term. The inset in (b) is an enlarged view in the vicinity of AH =0°. The
parameters used for the calculations are shown in the figure. The peak at 90° in (b) is due to misalignment.

measure of the microscopic mechanism by which the
absorbed microwave energy is dissipated from the spin sys-
tem to the lattice, and it is proportional to frequency, i.e.,
AH;, = 4nfu/ V/37Z. Where o is the Gilbert damping con-
stant, and = is a numerically calculable function of the exter-
nal applied field H, the effective magnetization M4 and the
magnetization direction 0,,, provided o is known from fre-
quency dependence of linewidth.”> With the knowledge of
AH,;, and AH,, angular dependence of two-magnon scatter-
ing contributions can then be separated from total measured
linewidth as shown in the solid blue lines in Fig. 4(a).
Clearly a broad valley centered around 0, =90° is observed
for AH, ,, which is a reflection of the critical angle for 0,
above which two-magnon scattering contribution is sup-
pressed. Our result is consistent with prior demonstrations>°
that as long as magnetization angle 0,, relative to film plane
is less than 7/4 (equivalent to 0, =72° in our system), the
degeneracy of finite spin wave vector and FMR mode, and
hence two-magnon contribution to linewidth, always exist. It
is apparent from Fig. 4(a) that inhomogeneous broadening
(including both AH, ,, and AH,) exhibits significant contri-
butions for 1 nm thick film: At 0, =90°, AH, (vertical bar)
contributes about 50% of the total linewidth, and at 0, =0°,
the Gilbert damping, inhomogeneous broadening and two-
magnon damping all contribute comparably to the linewidth.
While for 4 nm sample, our data shows that Gilbert damping
is the dominant source, and its angular dependence follows
that of total linewidth quite well when away from 0, =90°
(Fig. 4(b)). Enlarged view near 0, =0° region indicates a
small constant offset of about 1.2 mT. This offset is the same
as that zero-frequency offset (AH,) from in-plane data.

We now turn to the thickness dependence of Gilbert
damping constant o for CoFeB films as shown in Fig. 5.
Because of various extrinsic contributions to linewidth for
films with different thicknesses, we evaluated o directly from
the linear fit of AH versus f in perpendicular configuration for

films with t <2 nm. While for thicker films (t > 2 nm), « was
obtained from in-plane data due to the negligible contributions
from AH,y; and AH,. The o value roughly follows 1/tcopep in
a linear fashion, decreasing from above 0.008 with tcopes =
1 nm to about 0.004 with t =10 nm, and saturating with a fur-
ther increase of thickness. Such finite size effect in damping
(enhancement of o at thinner films) cannot be due to surface
roughness induced two-magnon scattering, whose effect has
been analyzed and removed by taking out-of-plane measure-
ment. Mizukami ez al.> attributed the damping increase in his
Ta/NiggFe,o/Ta structure to the reduction of saturation mag-
netization M with NiggFe, thickness. This argument does not
support our data since VSM data shows that My is constant
over the thickness range of our samples within experimental
uncertainty. The increase of damping value using Ta capped
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FIG. 5. (Color online) The plot of Gilbert damping constant o with respect
to CoFeB thickness. Solid line is the linear fit on 1/tcopeg-
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layer has been reported and is attributed to spin pumping
effect.'”?**> Spin pumping is an phenomena where spin cur-
rent generated by the precession of magnetization in ferromag-
netic layers is injected and relaxed in adjacent normal metal
(NM) layer, causing an additional damping term. Depending
on the relaxation time inside NM, this effect can be significant.
The large enhancement of Gilbert damping has been observed
in various systems with Pt capped layer.>** Ta is known to
have relative poorer spin scatter efficiency compared to Pt
(spin diffusion length for Ta is about 10 nm), and hence has
less pronounced spin pumping effect. The signal-to-noise ratio
for our experiments, however, is sufficient to observe a clear
damping increase. The linear decrease of « in Fig. 5 may
come from the reduced moment with decreasing thickness. It
is noted that there is a slight deviation from 1/tcor.p behavior
at thinner film region in Fig. 5, suggesting additional origin. It
is known that finite size effects in damping can exist even for
layers where no spin pumping is present.”® To some degree,
such nonlocal background size effect in damping can be com-
parable to or even larger than spin pumping. The enhancement
of damping in our experiment is probably due to combination
of spin pumping and background size effect. Further experi-
ments with control samples available are needed to isolate
each individual contribution. Nevertheless, our result suggests
that the damping constant can be tuned by varying the mag-
netic film thickness with the proper selection of cap layer. The
intrinsic damping for our CosoFe40B;o film is therefore only
0.004. Such small o value of CoFeB, along with large TMR
values is apparently advantageous for reducing spin-torque
induced critical current for STT-MRAM.

IV. CONCLUSIONS

In summary, we have studied the magnetization dynam-
ics of sputtered CoygFeyoBg thin films used as FLs in MTJ
stacks by broadband FMR spectrometer. We saw a strong
thickness dependence of the effective magnetization and
observed a large surface perpendicular anisotropy with film
thickness below 2 nm. Out-of-plane angular dependence of
FMR linewidth indicates large contributions from two-mag-
non scattering and inhomogeneous broadening for films thin-
ner than 2 nm, and in thicker films (>4 nm), linewidth can
be well described through the Gilbert damping. The
enhanced Gilbert damping constant with reduced CoFeB
thickness is probably caused by spin pumping and nonlocal
background size effects.
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