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Evolution of spin-wave modes in magnetic tunnel junction nanopillars
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We use spin-torque-driven ferromagnetic resonance to study the mode structure of spin waves in elliptically-
shaped MgO-based magnetic tunnel junction (MTJ) nanopillars with different aspect ratios (AR) of a semimi-
nor axes of <50 nm and semimajor axes of <100 nm. We find that only one quasiuniform precession mode
exists in the small AR samples, whereas, in the samples with large ARs, precession evolves into multiple
modes, i.e., a quasiuniform mode and an additional nonuniform mode are simultaneously observed. The
spatially nonuniform mode is a spin-wave mode localized in the edge regions, which can be well understood
by considering the pinning conditions at the lateral boundaries. The appearance of the nonuniform modes
results in the increase in the critical switching current density (J.) in MTJ nanopillars.
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MgO-based magnetic tunnel junctions (MTJs) have been
extensively investigated both because of their interesting
fundamental physical properties and because of their poten-
tial for applications in magnetic sensors, spin-torque- (ST-)
based memories, and microwave oscillators.!”® In order to
realize such devices, it is crucial to understand magnetization
dynamics in confined magnetic materials. Brillouin light
scattering,” magneto-optical techniques,'® ferromagnetic
resonance (FMR),'" and ST-FMR (Ref. 12) have been ap-
plied to study the magnetization dynamics in various mag-
netic nanostructures. Among them, ST-FMR enables the di-
rect study of the magnetization dynamic properties of an
individual nanoscale ferromagnet, such as magnetic damping
and spin-transfer torques.®’'>-1® However, most of the pre-
vious analyses assumed uniform equilibrium and were not
systematically correlated with the size and shape of the
samples. It is well known that the sample size and shape play
a significant role in magnetization reversal of confined mag-
netic structures but how they affect the magnetization dy-
namics such as precession mode is still poorly understood.
The effect of size on magnetization dynamics has been stud-
ied in arrays of dots!”!® and stripes.!” In these studies uni-
form modes and nonuniform modes were observed in large
area samples. Very recently, Helmer et al.?® reported the
quantized spin-wave modes in rectangular-shaped MTJ
nanopillars with different sizes. However, so far there has
been no systematic investigation of the shape variation in the
precession modes in nanoscale MTJs.

In this Rapid Communication we investigate the evolution
of the precession modes in MgO-based MTJ nanopillars by
using the ST-FMR technique. In this implementation,
elliptical-shaped nanopillars of various aspect ratios (ARs),
with semiminor axes of <50 nm and semimajor axes of
<100 nm, are chosen because elliptical elements have been
considered an interesting system for examining static and
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dynamic magnetic properties. One of the reasons why we
focus on nanopillars with such small dimensions is to mini-
mize the size effect on mode structures. We find that shape
variation in nanopillars has significant influences in the pre-
cession of magnetization, which can be of great help in the
design and performance of MTJ devices.

Our nanopillars are fabricated from stacks of composi-
tion PtMn(15)/CoFe(2.5)/Ru(0.85)/CoFeB(2.4)/MgO (0.96)/
CoFeB(1.8) (thickness in nm). The completed stack is an-
nealed for 2 h at 300 °C at 1 T. These layered stacks are
fabricated into elliptical nanopillars of eight sizes with vari-
ous ARs: 95X 65 nm?, 115X65 nm?, 135X65 nm?,
160X 65 nm?, 190X 65 nm?, 110X 50 nm?, 140 X 85 nm?,
170X 90 nm?2 nominally, hereafter called S1 to S8, respec-
tively, and the aspect ratio is defined as AR=L/S (L and S
are the length in the long and short axes of the elliptical
sample, respectively). Note that S1-S5 are designed to inves-
tigate the shape variation effect on precession modes and
S6-S8 are designed to study the size effect on mode struc-
tures. All samples have a tunnel magnetoresistance (TMR) of
around 150% and a resistance-area product of ~10 Q um?
in the parallel state. The TMR ratio, resistance at antiparallel
(R4p) and parallel (Rp) states, the coercivity (H,) of the free
layer, and the offset field (H,. the coupling field between
the free layer and the pinned layer) for various devices are
summarized in Table I. It can be seen that the H,. values of
the samples are consistent with the in-plane anisotropy, as
expected from the shape variation. These data indicate that
the samples have high-enough quality to support the further
analysis of the evolution of the mode structures. For ST-
FMR measurements, a microwave-frequency current (/) is
applied to a MTJ through a bias T and the magnetic field (H)
is applied in the in-plane hard-axis direction (the misalign-
ment of the field should not exceed 2°). The ST-FMR signal
(Vinix) is recorded by sweeping the magnetic field and fre-
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TABLE 1. TMR ratio, resistance at antiparallel (R4p) and paral-
lel (Rp), coercivity (H,) of the free layer, and offset field (H,,) for
various devices with different ARs. TMR ratio is defined as TMR
=100X (Ryp—Rp)/Rp.

Nominal size Rup Rp  TMR  H, Huy
(nm?) AR (kQ) ((kQ) (%) (0e) (Oe)

S1 95 X 65 1.5 651 2.65 146 5 34
S2 115X 65 1.8 482 191 152 15 46
S3 135X 65 21 399 1.56 155 52 46
S4 160X 65 25 3.04 122 149 67 50
S5 190 X 65 29 243 098 148 98 47
S6 110X 50 22 6776 273 148 8 49
S7 140X 85 1.7 249  0.99 152 16 47
S8 170X 90 19 192 074 157 66 52

quency in the range of 4—10 GHz.'? Note that the rf current
is chosen to be as low as possible in order to minimize the
change in the ST-FMR line shape, yet high enough to obtain
sufficient signal-to-noise ratio. The magnetization precession
frequency is the quantity of interest in this study and the
amplitude can therefore be neglected.

Figures 1(a)-1(f) show contour plots of the frequency
spectra for representative samples (S1-S5) with various ARs
after subtraction of a background voltage. The two-
dimensional contour plots are generated from individual
spectra acquired at various frequencies. Note that the ampli-
tudes are normalized for comparison. The samples with
small ARs (S1-S3) exhibit a single precession mode (quasi-
uniform precession mode, M0), whereas for the samples with
large ARs (S4 and S5), a quasiuniform mode and an addi-
tional mode (nonuniform mode, M1) are observed, as shown
in Fig. 2(a). This effect is not due to random sample variation
because nominally identical devices show similar spectra as
shown in Figs. 1(b) and 1(f). It is also observed that, in S1,
no low-field component in MO is found due to the extremely
small coercivity of the free layer. In other samples mode MO
has a V shape with minima at both positive and negative
fields (the exact minima is not shown in our data due to the
frequency limit) and the minima are interpreted as corre-
sponding to the saturation of the free-layer magnetization
along the hard axis (only frequency in the high-field region is
considered in this study). On the other hand, the appearance
of mode M1 is very sensitive to the sample shape because it
is a localized spin-wave mode arising from spatial confine-
ment effects. The evolution of this spin-wave mode will be
discussed later on. This mode may originate from the inho-
mogeneity of the internal magnetic field caused by the de-
magnetizing effects brought about by the sample shape. The
absence of M1 in S2 and S3 is expected since the demagne-
tizing field and the resulting equilibrium in small AR is ho-
mogeneous. The appearance of M1 in S4 and S5 indicates
different demagnetizing fields exist in the free layer with
different resonance conditions.

All modes shift to higher frequencies at |H|>400 Oe and
the nonuniform mode (M1) disappear when further increas-
ing the field because edge-domain contributions are signifi-
cant mainly in the low-field region. It is interestingly found
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FIG. 1. (Color online) Contour plots of spectra for samples with
various aspect ratios: (a) S1:95X 65, [(b) and (f)] S2: 115X 65, (c)
S3: 135X 65, (d) S4: 160X 65, (e) S5: 190X 65, (g) S6: 110X 50,
(h) S7: 140x 85, and (i) S8: 170X 90 (nm?). The scale bar repre-
sents the normalized amplitude. The nonuniform modes are pre-
sented in (d) and (e) but the amplitude of M1 in (d) is relatively
weak compared to that of M0, and the dashed line in (d) is guide to
the eye for M1. The pairs S6 and S1, S7 and S4, and S8 and S5,
have similar area with different AR.

that at high field the frequency of MO shifts to lower frequen-
cies with increasing nanopillar ARs at a given field, as shown
Fig. 2(b). For instance, at H=+780 Oe, the precession fre-
quency decreases from 6.82 GHz for S2 to 6.28 GHz for S5.
This correlation could be related to the inhomogenous de-
magnetization.

One may argue that the presence of mode M1 presented
above may come from size effect since it plays an important
role in determining the magnetic properties in nanoscale
magnetic structures. Three samples (S6-S8) are designed to
clarify how size variations under 200 nm affect the mode
structures, e.g., S6 has a similar area but different AR as S1,
and similarly for S7 vs S4, and S8 vs S5. Figures 1(g)-1(i)
show the contour plots of the frequency spectra for these
samples. It can be easily seen that the smaller AR samples
show a more quasiuniform precession behavior compared to
their larger AR counterparts with similar areas. For example,

1
95x65 1
115x65 |

135x65 1

Normalized V,
%
(2}
o
X
()]
(9]

Normalized V

[ H=+780 Oe (b) ]
" 1 " 1 " 1

-1000 -500 0 500 1000 4 5 6 7 8
H (Oe) f(GHz)

FIG. 2. (Color online) (a) A typical magnetic field-dependent
ST-FMR spectra showing quasiuniform process mode (MO) and
nonuniform mode (M1) of the sample S5. (b) Quasiuniform mode
(MO) frequency for the samples with different AR at H=+780 Oe.
Symbols are data and lines are fit to a combined symmetric and
antisymmetric Lorenztians (Ref. 13).
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FIG. 3. (Color online) Mode frequency versus field applied to
the hard axis of the samples for: (a) S1: 95X 65 nm?, (b) S3:
135X 65 nm?%, and (c) S5:190X65 nm?. Symbols are data and
lines are fits for Eq. (1) and only the high-field region is considered
in our study.

S7 exhibits only a quasiuniform mode, whereas S4 presents
two modes. Note that when the device size is relatively large,
the size effect may appear as shown in Fig. 1(i). These com-
parisons show clearly that shape variations have significant
effect on mode structures at a given area when the sizes are
less than 100 X 200 nm?. Therefore, in our elliptical devices
shape variations play a more important role than that of size
variations in the evolution of the mode structures. Different
mode structures indicate different inhomogeneities, which
are related to the different pinning conditions at the lateral
boundaries.

In order to better understand how the shape variations
affect mode structures, the dipole-exchange dispersion of the
spin-wave modes in the finite element is used in our
study?!-23

f=vQ2m {H H +2—Ak2
=Y ™ anis M

1 —exp(=kd) \ k2
+47TM<1—M>—;‘}
kd k
2A 1 —exp(-kd 12
X{H+—k2+4wM<l—L>] , (1)
M kd

where y/2m=2.8 MHz/Oe is the gyromagnetic ratio, H is
the magnetic field along the hard axis, H,,; is the in-plane
anisotropy, d is the free-layer thickness, A is the exchange
stiffness parameter [A=2.84 X 107® erg/cm? for 40 nm
CoFeB in Ref. 24, we compare their values of 47M (1.8 T)
with ours (0.9 T), the apparent reduction in the free-layer
magnetization in our case is sometimes attributed to the ef-
fect of patterning® and sometimes to the influence of the
dipole-dipole interaction between the nanopillar magnetic
layers, A=1.6X107% erg/cm? is found to be good for our
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FIG. 4. (a) The effective pinning parameters (An,) and (b) the
critical switching current density (J,) for various samples.

study], and k2=ki+k§, as discussed in Ref. 23, we choose
discrete wave vectors k such that k,=(n,+An,)7/L and k,
=(n,+An,)7/S. Here the mode numbers (n, and n,) are in-
tegers starting at 0 and An, (An,) is a pinning parameter
determined by the boundary conditions for dynamic magne-
tization at the pillar edges (for instances, An,=0 corresponds
to totally unpinned, whereas An,=1 describes complete
pinned). For simplicity, we will consider the x component
(along the long axis of the elliptical sample) at the high-field
region (|H|>400 Oe) in our study, i.e., An,=0. Figure 3
shows some examples of Eq. (1) fits to frequency by using
An, and H,, as fitting parameters. It can be seen that this
fitting procedure gives high-quality results. These fits allow
us to extract the H,,;; values of the free layers. For S1 with
small AR (1.46), H,,;;~210 Oe, while for S3 with middle
AR (2.08), H,,;;=305 Oe, and for S5 with larger AR (2.92),
H,,;;=~450 Oe. All these data are in agreement with the H,
values of the free layer obtained from the resistance-field
loops as shown in Table I. Through these fits we can estimate
the pinning conditions. We find that the effective pinning is
considerably related to the AR and device size as shown in
Fig. 4(a). When the AR are small (=~2.2) and the device
size is also small, and the effective pining at the boundary is
relatively weak, consistent with the results in Ref. 20. In this
case, the demagnetizing field in these pillars is almost qua-
siuniform and thus only one quasiuniform mode can be de-
tected as shown in Figs. 1(a)-1(c), 1(g), and 1(h). When the
AR is large (>2.2), the effective pinning and the inhomoge-
neous demagnetizing field are strong, which accounts for the
evolution of a spin-wave mode of dynamic magnetization
precession.”® It can also be seen that at a given size the
samples with large ARs (S4 and S5) have stronger pinning
than that of the samples with small ARs (S7 and S8), which
indicates that shape variation plays a significant role in the
evolution of spin-wave modes in our case.

The presence of spin-wave modes implies the existence of
nonuniform magnetization, which is expected to significantly
affect the magnetization dynamics. One result of this effect is
linewidth (Af) broadening. Indeed, a slight increase in Af is
observed in S4 and S5 compared to that of S1-S3. But we
find that the effective damping (a,yy) is largely unaffected by
size and ARs, and we find it to be agffZO.OIS, which is a
little larger than that in Refs. 13, 14, and 24. This can be
understood by considering that the thickness in our case is
thinner than in their cases, consistent with other previously
reported values over this thickness range.?’

In addition, our data strongly suggest that the nonuniform
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magnetization precession may influence the critical current
density (J,.) in current-induced switching. The pulse current-
induced switching measurements similar to the previously
reported”® are implemented to verify this issue. We measure
the switching probability (P,) at different pulse current with
a 10 ns width. During the measurements a magnetic field
equal to H,, of each sample is applied along the easy axis of
the sample surface. We extract the critical switching current
1P (IP74P) corresponding to P,=50% in switching free-
layer magnetization from antiparallel (parallel) to parallel
(antiparallel) states. The average critical current density is
defined as J,=(|I2" 7P| +|I"74F])/A, where A is the device
area. Figure 4(b) represents the J,. values for corresponding
samples, showing that J.. increases significantly with AR and
size, which is consistent with the effective pinning as shown
in Fig. 4(a). We believe that this increase in J. is related to
the presence of the nonuniform modes. The presence of spa-
tially nonuniform, high-order spin-wave modes would nec-
essarily require additional energy to switch the net magneti-
zation. The distribution of different spin-wave modes would
introduce interference, alter the local conductivity and dy-
namically redistribute the current inside the sample. Further-
more, the coherent switching dynamics, expected for a uni-
form magnetization, can no longer be sustained when there is
a spatial inhomogeneity. Practically, high J. values mean that
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a high energy per write is needed, while, of course, reducing
the energy per write is desirable in spin-torque based
memory applications. Another critical challenge for ST
memory is the enhancement of thermal stability. For in-plane
free-layer magnetization, thermal stability is dependent on
shape anisotropy, which increases with increasing AR. Opti-
mizing these two critical parameters (minimizing write en-
ergy while maintaining thermal stability), our results show
that, at a given area, samples with AR=2.0 are promising
for ST-based memory.

In summary we have investigated the evolution of spin-
wave modes in elliptically-shaped MgO-based MTJ nanopil-
lars. The magnetization precession structure is sensitive to
the effective pinning at the boundary, which increases with
increasing aspect ratio for a given area. The appearance of
the nonuniform mode results in the increase in the J, values.
These findings are important for the design and optimization
of MTJ devices, such as ST-based memory and magnetic
microwave oscillators.
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