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Magnetic vortex dynamics in the presence of pinning
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We have measured the frequency f; of the gyrotropic mode of a magnetic vortex formed in individual soft
ferromagnetic disks with diameters from 600 nm to 2 um. For low excitation amplitudes, we observe fluc-
tuations in f; as a function of applied magnetic field. The relationship between the applied field and the spatial
displacement of the vortex core from the center of the disk indicates that the fluctuations are due to a
distribution of nanoscale defects that pin the vortex core, which has a diameter of ~10 nm. In the limit of high
excitation amplitude, the gyrotropic frequency is independent of field, indicating that the core is depinned. In
this limit f5=/F;4.. Where f;4..; is the frequency predicted by analytical models and micromagnetic simulations
of ideal vortex behavior. We also find both experimentally and in simulations that the average frequency shift
(AS)={fmax—Sideary 15 independent of disk diameter. From this observation we argue that Af for a particular
fluctuation is proportional to the interaction energy Wp of the vortex core with a single nanoscale defect and
estimate the average energy to be Wp/e~2 eV for the defects in these sputtered permalloy films.
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I. INTRODUCTION

A magnetic vortex is often the ground state of soft ferro-
magnetic disks with micron scale diameters and thicknesses
~10 nm. The magnetization curls in the sample plane'? ex-
cept at the vortex center, in which the out-of-plane magneti-
zation is distributed over a core region that is ~10 nm in
diameter.>* The low-frequency dynamics of the vortex state
are dominated by the gyrotropic mode, in which the vortex
core moves in a circular orbit about its equilibrium
position.>"'2 For the ideal vortex, the frequency of the gyro-
tropic mode f; is determined by the static magnetic suscep-
tibility x,,, which is a function of the aspect ratio (diameter
over thickness) of the disk.>%?

The vortex core can be displaced from the center of the
disk by application of an in-plane magnetic field.'>'* In this
respect its quasistatic behavior is analogous to domain-wall
motion. Domain-wall motion is often accompanied by
Barkhausen noise,'> which is associated with pinning by de-
fects. In bulk materials!®~!® as well as in thin films,!*22 the
sizes of Barkhausen jumps are probabilistic, depending not
only on the random distribution of defects in the material but
also on the specific configuration of the domain wall. Obser-
vation of the Barkhausen effect has recently been extended
to individual domain-wall devices, where current- or field-
induced domain-wall motion occurs in magnetic wires with
widths ~100 nm and thicknesses ~10 nm.?* In all of these
systems, the probability for a jump to occur decays as a
power law in the size of the jump. The jump size can be
measured as the change in magnetization, or as the area or
volume swept out by the propagating domain wall. In prin-
ciple, the distribution of Barkhausen jumps gives informa-
tion about the underlying distribution of defects. However,
models relating the distribution of jumps to microstructure
are complicated by the self-organizing nature of the spatially
extended domain wall.!6-242

As in the case of bulk magnetic materials (three dimen-
sional), thin films [two dimensional (2D)], and wires (one
dimensional), it has been shown that intrinsic defects can pin
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the core of a magnetic vortex (zero dimensional) so that the
quasistatic motion of the core proceeds in a steplike
manner.'*?% In contrast to a spatially extended domain wall,
however, the pointlike nature of the vortex core suggests that
its pinning is not a collective phenomenon. This raises the
question of whether vortex-core pinning can be used to probe
the properties of single nanoscale defects. Such a capability
might provide a means to test microscopic models of impor-
tant macroscopic phenomena such as magnetic hysteresis. In
addition, an understanding of the role that vortex-core pin-
ning plays in the motion of domain walls in nanowires is
essential to  progress toward domain-wall-device
applications.?”

We have previously shown that the presence of intrinsic
defects influences the core dynamics, causing the frequency
of the gyrotropic mode to fluctuate unexpectedly with ap-
plied field as the vortex core moves among the pinning
sites.”® A similar influence on dynamics has been observed in
magnetic nanowires in which a vortex domain wall is pinned
either by a patterned notch?** or an intrinsic defect.3! Where
domain walls are present, however, it is not always possible
to separate domain-wall pinning from core pinning since pin-
ning of the domain wall also contributes to the shift in gyro-
tropic mode frequency.?? In this work, we present measure-
ments of the gyrotropic mode frequency of isolated vortex
cores as a function of applied field, which provides a means
of positioning the vortex core relative to individual pinning
sites. Disks were patterned from 50-nm-thick permalloy (Py)
films with different crystallographic grain sizes, with diam-
eters ranging from 600 nm to 2 wm. We find that the crys-
tallographic grain size is weakly correlated with the length
scale for the pinning landscape sampled by the vortex core
but does not influence the average magnitude of the fre-
quency shifts observed. Further, we show that the frequency
shift due to pinning is independent of disk diameter, consis-
tent with a model in which the frequency shift gives a mea-
sure of the strength of an individual pinning site. We con-
clude that the pinning interaction between a vortex core and
a single defect in our films has an energy =2 eV. These
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TABLE 1. Growth parameters for thin permalloy films.

Rate Thickness

Name Material Growth temp. (Ars) (A)
SG* Cu RT 2 300
Py RT 1 500
LGP Cu 200 °C 2 300
Py 200 °C 1 500
XLG Cu 250 °C 2 350
Py 200 °C 1 500

*Capped in situ with 25 A Al
bCapped with 500 A SiN after ex siru AFM.

observations constrain the possibilities for the physical
mechanism of pinning.

II. EXPERIMENTAL CONSIDERATIONS

Crystallographically textured films were grown on com-
mercially polished single-crystal sapphire (Al,O5) (0001)
substrates with a Cu buffer layer, utilizing a well-known tem-
plate for the textured growth of transition metals.>*> Sub-
strates were sonicated in baths of soap solution (Alconox),
deionized water, acetone, methanol, and isopropyl alcohol,?
and then transferred into a commercial sputtering chamber
with a base pressure lower than 3 X 1077 Torr. Films were
grown by dc magnetron sputtering at 100 W in 2.5 mTorr Ar.
Data will be presented for three films, which will be referred
to as small grained (SG), large grained (LG) and extra large
grained (XLG). Growth temperatures and other parameters
are given in Table I.

Atomic force microscopy (AFM) images taken in contact
mode over 1 wm square regions are shown in Fig. 1 for the
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FIG. 1. (Color online) [(a)—(c)] Atomic force micrographs of
unpatterned Py films grown at (a) RT, (b) 200 °C, and (c) 250 °C.
All images share the scale bar in (a). (d) Grain size versus growth
temperature determined by multiple Lorentzian fits to line cuts
through the AFM images (open squares). An estimate of grain size
is also obtained by counting the number of grains in the 1 um?
image (triangles). Error bars give the standard deviation for the
fitting procedure.
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FIG. 2. (Color online) (a) Wide-angle x-ray data for unpatterned
Py films grown at 200 °C. Separate rocking curves for the Cu and
Py peaks are shown in the inset on a linear scale. (b) SEM of disks
patterned by electron-beam lithography and dry etching. The disks
shown have nominal diameters of 800 nm, 1 um, and 1.5 wm.

three growth temperatures. Multiple, well-separated line cuts
through each image were analyzed using a multiple peak
fitting algorithm. The grain size for each film is given by the
peak separation, averaged over 75 or more peaks. The re-
sults, shown as squares in Fig. 1(d), indicate a substantial
increase in grain size for growth temperatures above 200 °C.
As a check of these values, we have counted the number of
grains N in the image area L’=1 um?”. The average grain
diameter L/ N is also shown in Fig. 1(d) and compares fa-
vorably to the results based on fits to the line cuts. The
roughness for each film was averaged over a 1 um? AFM
image using commercial AFM analysis software. The aver-
age roughness R, is defined as

| Nl
_2 Z(xiv ‘)_Z’ (1)
N, = |2 (x;.y)) - 2]

where 7 is the surface height, 7 is the average surface height,
and the sum is taken over N; X N; image pixels. The average
roughness is R,=5.7 A for the RT film and R4=5.6 A for
the 200 °C film. The much larger grain size of the 250 °C
film is accompanied by a large increase in roughness to R,
=2.24 nm. In every case, however, the roughness is more
than an order of magnitude less than the nominal thickness
(50 nm) of the Py layer.

The films were further characterized by wide angle x-ray
diffraction. For bulk Cu and Py, we expect (111) diffraction
peaks at 26¢,=43.4° and 26p,=44.3°, where 6 is the angle
between the film normal and the x-ray path. In addition,
Al,O5 should have a sixth order peak at 26=41.7°. These
peak positions are readily identified in Fig. 2(a), which
shows diffraction data for the 200 °C film. The close match
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of the observed lattice constants to their bulk values indicates
that the films are relaxed, despite the substantial lattice mis-
match with sapphire. Rocking curves for the 200 °C film
appear in the inset of Fig. 2. The Cu rocking curve shows a
characteristic bimodal distribution. The Py rocking curve, by
contrast, is single mode but broad, suggesting poor mosaic-
ity.

Prior to patterning by electron beam lithography (EBL), a
50-nm layer of SiN was reactively sputtered onto the permal-
loy films. The SiN is used in the dry etching process and also
acts as a capping layer for the high-temperature films, which
were not capped in situ. We use a bilayer resist process with
polymethylmethacrylate (PMMA) as the imaging layer and
polymethylglutarimide (PMGI) as the undercut layer. Fol-
lowing exposure in a Raith 150 EBL system, the resist is
developed in two steps to obtain the image mask (PMMA)
and the undercut (PMGI). Dry etching proceeds in three
main steps. First, approximately 50-nm Al is evaporated onto
the mask and the resist is lifted off. Next, fluorine-based
reactive ion etching transfers the Al pattern to the SiN. Fi-
nally, the SiN mask is transferred to the metal layer by Ar ion
milling. Since the SiN is optically transparent, it can be left
as a thick (~50 nm) capping layer. Figure 2(b) shows a
scanning electron microscopy (SEM) image of disks pat-
terned from the SG film.

We use time-resolved Kerr microscopy (TRKM) (Ref. 36)
to study the vortex-core dynamics in individual magnetic
disks. The sample substrate is polished to a thickness less
than 30 um and then positioned above the 30-um-wide cen-
ter conductor of a coplanar waveguide, as shown in Fig. 3(a).
This mounting technique facilitates the investigation of epi-
taxial samples since the usual alternative requires deposition
directly onto the coplanar waveguide (i.e., polycrystalline
metal). The sample is excited by a magnetic field pulse with
a temporal width less than 120 ps and amplitude 2-13 Oe
(estimate based on the magnitude of the current) oriented in
the plane of the disk. A linearly polarized laser pulse (dura-
tion 150 fs, A=810 nm) is focused through an oil-immersion
objective to a spot with a full width at half maximum
(FWHM) ~400 nm. Using the polar Kerr effect, we mea-
sure the pump-induced change in the z component of the
magnetization as a function of the time delay between the
pump and the probe. Typical data are shown in Fig. 3(b). The
Fourier transform of the time-resolved data in Fig. 3(c)
shows a peak near 5 GHz corresponding to azimuthal spin
waves as well as a sub-GHz peak corresponding to the gy-
rotropic mode.®”1” In the case of an ideal vortex, the fre-
quency of the gyrotropic mode is given by’

27fo=ky/G. (2)
The gyroconstant
LM
G=2m—— (3)
Y

characterizes the vortex core, where L, is the thickness of the
disk, M, is the saturation magnetization, and vy is the gyro-
magnetic ratio. k, is a stiffness due to the magnetostatic
energy of the nonequilibrium spin configuration that results
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FIG. 3. (Color online) (a) Cartoon of the experimental setup
showing the microscope objective focused onto a single magnetic
disk, which is mounted on the center conductor of a coplanar wave-
guide. (b) Representative timescan showing short-lived high-
frequency spin waves and the long-lived low-frequency gyrotropic
mode. (c) Fourier transform of the time-resolved data showing a
spin-wave peak near 5.5 GHz along with the sub-GHz gyrotropic
mode. Data above 1 GHz are multiplied by 100 for better visibility.
(d) Cartoon of the vortex magnetization distribution, showing the
in-plane curling magnetization, along with the out-of-plane magne-
tization of the vortex core.

when the vortex core is displaced from its equilibrium posi-
tion. The stiffness is related to the magnetic susceptibility
xy=dM ./ dH, by’

mL.M>*E
= TEE @
Xm

where £ is a constant reflecting the boundary conditions. ;,
is approximately constant for low applied field H,<H,,,/2,
where H,,, is the annihilation field for the vortex core,?®
with a value that also depends on the boundary conditions.
The two most common cases considered are the “rigid vortex
model” in which the magnetization distribution is presumed
to be displaced rigidly in the plane, generating magnetic
charges at the boundary of the disk, and the “two-vortex
model,” in which the vortex deforms so that the boundaries
are pole free.’> (The latter situation can be approximated us-
ing the method of images with a second fictitious vortex
located outside the disk.) Regardless of the boundary condi-
tion, f; should be constant at low applied field.

During the time that the excitation field pulse (~100 ps
rise time) is applied, the sample magnetization experiences a
torque M(r) X h(r). The spatially uniform field pulse h(r)
=h,(1)y couples to the x component of the in-plane spins,
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FIG. 4. (Color online) (a) The x component of magnetization as
a function of position for a 2-um-diameter SG disk in (a) zero field
and (b) H=100 Oe applied in the x direction. The line of nodes
gives the Y coordinate of the vortex-core position. The panels are
split between experimental images on the left and micromagnetic
simulations on the right. (¢) Line scans measure Kerr rotation as a
function of sample position for a 2-um-diameter SG disk with the
zero crossing giving the location of the vortex core. Line scans are
shown for H,=0 (solid line), 50 (dashed), 100 (dash-dotted), 150
(small dashes), 200 Oe (dotted). The solid red curve (right-hand
scale) is a line scan of the reflectivity signal.

tilting the magnetization vector in the z direction (out-of-
plane). Since TRKM is sensitive to pump-induced changes in
M, the transient torque due to the excitation field produces a
sharp peak in the time-resolved signal that is visible at ¢
=0 ns in Fig. 3(b). By fixing the time delay at this peak in
the transient torque signal, we can image the spatial distribu-
tion of the x component of the magnetization. In the vortex
state the x components of the in-plane magnetization have
opposite sign above and below the vortex core, as in Fig.
3(d), so that their coupling to the y-directed pump pulse pro-
duces z components of magnetization with opposite sign.
Figure 4(a) shows a polar Kerr image of a 2-um-diameter
SG disk taken with the time delay fixed at the peak of the
pump pulse, demonstrating the expected contrast. The left
half of this image is data and the right half is a micromag-
netic simulation of the response convolved with a Gaussian
of FWHM 400 nm.>” An image taken in a field of 100 Oe
applied in the x direction is shown in Fig. 4(b). As expected,
the equilibrium position of the vortex core is displaced in a
direction perpendicular to the static field.!>»'* To determine
the equilibrium displacement Y of the vortex core from the
center of the disk, it is sufficient to obtain vertical line cuts
through the 2D images of Fig. 4. Typical line scans are
shown in Fig. 4(c) for the 2-um-diameter disk. The zero
crossing, which corresponds to the 2D line of nodes, gives
the Y coordinate of the location of the vortex core. To ac-
count for drift of the sample position between successive line
scans, the reflectivity signal is also monitored, allowing the
transient torque signal to be referenced to the spatial profile
of the disk.
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FIG. 5. (Color online) (a) Displacement versus field for four SG
disks with different diameters. Displacements are relative to the
zero field core positions. (b) Linear fits to the data in (a) give the
displacement susceptibility yy versus the disk diameter 2r,; for SG
disks (squares) and LG disks (circles). Also shown are values of yy
obtained from micromagnetic simulations (triangles). The solid line
is the analytical calculation based on the two-vortex model and the
dashed line is based on the rigid vortex model. Analytical calcula-
tions use M;=800 emu/cm’.

III. RESULTS AND DISCUSSION
A. Displacement susceptibility

We obtained transient torque data by the method of Fig.
4(c) for disks ranging from 800 nm to 2.0 um in diameter.
For small fields, the displacement Y is linear with field H,, as
shown in Fig. 5(a) for a set of SG disks. Linear fits to the
displacement curves give the displacement susceptibility xy
=dY/dH,. Typical values are yy=4.5*=0.3 nm/Oe for the
2 wum SG disk and 0.9 0.2 nm/Oe for the 1 wm disk. In
comparison, micromagnetic simulations give 3.9 and 1.1 nm/
Oe, respectively. Figure 5(b) shows the measured displace-
ment susceptibilities for both SG (squares) and LG (circles)
disks. The overall dependence of yy on disk diameter is ap-
proximately quadratic, in agreement with micromagnetic
simulations. The agreement with analytical predictions is
better for the two-vortex model (no magnetic charges at the
disk edges) than for the rigid vortex model, especially for
larger diameters.>!3

B. Field dependence of the gyrotropic frequency

As discussed in Sec. II, the gyrotropic frequency fg is
proportional to 1/ y,,, which is independent of field at small
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FIG. 6. [(a)—(e)] Field dependence of the gyrotropic frequency
for five different SG disks with diameters ranging from 600 nm to
2 wum. Data obtained at pulse amplitudes of 5 Oe are shown as
closed squares. Data obtained on the 2-um disk at a pulse ampli-
tude of 13 Oe are shown as open squares. Plots are labeled with the
disk diameter. [(f)—(j)] Frequency data of (a)-(e) versus the dis-
placement Y= yxp X H,. Plots are labeled with the displacement sus-
ceptibility yy.

applied fields. We therefore expect only a weak dependence
of f; on static applied field.>*® In the present experiment,
time scans were taken by focusing the time-resolved Kerr
microscope to a point on the surface of a single disk at a
radius of 300 nm from the center. The Fourier transforms of
the time-resolved data at different values of H, were fit to
Lorentzians to obtain f; as a function of H,, shown for a
2-um-diameter SG disk in Fig. 6(a). For an excitation field
of hy(r)=13 Oe (open squares), f;=0.18 GHz, independent
of static field. This observed frequency compares favorably
with the value of 0.23 GHz obtained from the two-vortex
model and the value of 0.21 GHz obtained from micromag-
netic simulations. However, for a lower excitation amplitude
hy=5 Oe (closed squares), the frequency fluctuates irregu-
larly with field. These fluctuations are repeatable to within 50
MHz for a given disk and are independent of core polarity.
The fluctuations are observed in all disks but fluctuations for
neighboring disks are uncorrelated. Figures 6(b)-6(¢) show
the dependence of f; on static field for SG disks with diam-
eters decreasing from 2 um to 600 nm. As the diameter
decreases, there is an obvious increase in the field scale of
the quasiperiodic fluctuations.

Knowledge of the displacement susceptibility xy
=dY/dH, (see Fig. 5) allows for the conversion of each field
scale in Figs. 6(a)-6(e) to a corresponding vortex-core dis-
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FIG. 7. (Color online) (a) The average period of the gyrotropic
frequency fluctuations for disks with diameters ranging from 600
nm to 2 wm. Data are shown for XLG disks (blue triangles), LG
disks (black squares), and SG disks (red circles) Solid lines are fits
to the data, as described in the text. The displacement period AY is
the only fitting parameter. (b) Areal defect density n versus areal
grain density &.

placement scale in Figs. 6(f)—6(j). The frequency fluctuations
for each diameter have approximately the same period AY in
displacement of the core. In the Lorentz microscopy experi-
ment of Ref. 14, the core moves from defect to defect as the
magnetic field is varied. Likewise, in the present experiment,
we infer that the movement of the vortex core among point-
like pinning sites leads to fluctuations in the gyrotropic fre-
quency. Since different disks fabricated from the same film
have an identical areal defect density n, the observed fluc-
tuations are associated with a single length scale, the dis-
placement period AY=n"12.

To quantify this observation, the average field separation
(AH) between frequency peaks was obtained by counting the
number of frequency peaks in a given field range. A peak is
defined as a local maximum that is comprised of at least two
points and averages are taken over approximately 10 peaks
for each disk. (AH) is shown for each disk diameter in Fig.
7(a). Data are shown as symbols for five different disk diam-
eters patterned from SG (circles), LG (squares), and XLG
(triangles) films. Note that (AH) increases by approximately
a factor of 7 as the disk diameter decreases from 2 wm to
600 nm. We fit the data of Fig. 7(a) using

(AH) =(AY)/ xp, )

where yp is obtained from a second-order polynomial fit to
the micromagnetic simulations of Fig. 5. Fits to the data of
Fig. 7(a) give (AY)=24 nm for the SG sample, 34 nm for
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the LG sample, and 38 nm for the XLG sample. The good
agreement of the fitted curves with the data strongly supports
the hypothesis that the different periods (AH) for the differ-
ent disk diameters are associated with a single length scale
(AY) that is characteristic of the defect density in each Py
film. Using the values obtained for (AY), we infer the areal
density of pinning defects to range from ngg=1.7
X 10" cm™ to ny g=6.9%X10'° cm™. As shown in Fig.
7(b), increasing defect density 7 is correlated with increasing
areal density of grains & (decreasing grain diameter). This
trend is expected for pinning that is associated with grain
boundaries, which coincide with changes in microstructure
and trapped impurities. We note, however, that the linear fit
to the data reveals a substantial offset, indicating the pres-
ence of a large population of defects that are not associated
with grain boundaries.

C. Statistics

The displacement of the vortex core from one pinning site
to another is reminiscent of the movement of a section of a
domain wall that escapes from one pinning site and jumps to
another. The instantaneous reversal of the magnetization in
the region swept across by the domain wall appears as a
Barkhausen noise jump in a magnetization measurement. A
general feature of Barkhausen noise is a power-law relation-
ship between the size of a Barkhausen jump and the prob-
ability for the jump to occur. Power-law behavior is associ-
ated with the spatially extended nature of a domain wall'®?3
and is therefore evidence of the collective pinning of a large
system by a distribution of pinning sites. In contrast, the
magnetic vortex core probes a single defect at any given
location. Power-law behavior is therefore not expected for
the distribution of jump sizes for a vortex core. We take the
separation between frequency peaks AH as a measure of the
size of a jump since the core displacement is proportional to
applied field. Figure 8(a) shows a histogram of the distribu-
tion of AH from data sets for 1 and 2 wm SG disks, each
containing over 100 frequency peaks. Each data set consists
of nine different f; versus H, sweeps, each taken at a differ-
ent value of H,. The value of H, was increased by 10 Oe for
each sweep to ensure that a different region of the sample
would be probed. As before, peaks were identified as local
maxima comprised of at least two points. The observation of
a sharply peaked distribution for AH rather than power-law
behavior strongly supports the notion that pinning occurs as
an interaction between the vortex core and an individual pin-
ning site.

As was done in Fig. 6, we have used the displacement
susceptibility xp to convert the field scale of Fig. 8(a) to the
displacement scale of Fig. 8(b). For both 1 and
2-um-diameter SG disks, the distribution of jump sizes AY
overlaps closely. This strengthens the observations of Fig. 7
since not only the mean magnitudes of core jumps but also
their distributions are nearly equivalent for different disks
fabricated from the same film.

D. Imaging pinning defects

By applying orthogonal in-plane magnetic fields, it is pos-
sible to move the vortex core to any point in the disk. The
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FIG. 8. (Color online) Statistics extracted from data sets con-
taining over 100 frequency peaks, obtained from 1- and
2-pum-diameter SG disks. (a) Histogram showing the distribution of
the field separation AH between frequency peaks. (b) Probability
distribution for the jump size AY for 1- and 2-um disks, obtained
from (a) using the relation AY=yy X AH.

core thereby functions such as a nanoscale scanning probe,
as the local value of the gyrotropic frequency is used to map
the pinning potential. We have used this approach to scan
1-pum-diameter disks using a pulse amplitude of =7 Oe.
Magnetic fields in the x and y directions are varied in steps
of 5 Oe over a range of 100 Oe, which leads to a core
displacement over a 110X 110 nm? spatial region. Figures
9(a)-9(c) show the spatial distribution of pinning sites for
1-um SG, LG, and XLG disks. The field scale is multiplied
by the displacement susceptibility yy to obtain the length
scale bar, which is the same for all six panels of Fig. 9. The
gyrotropic frequency is represented by a color scale and pin-
ning sites appear as pointlike regions of high contrast sepa-
rated by a matrix of lower-frequency unpinned behavior. We
have previously confirmed that reversal of the vortex chiral-
ity rotates the image by 180° since the direction of core
displacement depends on chirality.”® From the areal density
of peaks, we confirm that the density of pinning defects is
consistent with the results of Fig. 7(b). The representative
AFM images of Fig. 1 are shown in Figs. 9(d)-9(f) at a
magnification that corresponds to the spatial range of Figs.
9(a)-9(c). Although the density of pinning sites decreases
with increasing grain size, we have already noted that there
does not appear to be a simple correlation between crystal-
lographic grain structure and the spatial density of pinning
sites. In particular, comparison of Figs. 9(c) and 9(f) indi-
cates that the density of defects is much higher than the
density of crystallographic grains. The peaks in Fig. 9(c) are
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FIG. 9. (Color online) [(a)—(c)] Contour maps of the gyrotropic
frequency f as a function of static field applied along both in-plane
directions for 1-um-diameter SG, LG, and XLG samples, respec-
tively, obtained at a pulse amplitude of =6 Oe. f; is mapped to a
color scale so that pinning sites (high frequency) appear as points of
high contrast. [(d)—(f)] Representative atomic force micrographs of
unpatterned SG, LG, and XLG samples. The magnification of (d)—
(f) was chosen so that the length scale bar in (e) applies to all six
images.

approximately the same width as those in Figs. 9(a) and 9(b)
but are separated by a greater distance from one another.
Although it would be desirable to extract the functional form
of the vortex/defect interaction, the displacement susceptibil-
ity xy drops significantly when the core is close to a defect,
making this difficult. We can, however, estimate the effective
range r, of the pinning potential, assuming that xy ap-
proaches its average value as the vortex moves away from
the center of the defect. For all three grain sizes, the effective
range estimated from the FWHM of the frequency peaks is
~20 nm, which is of the same order as the core diameter.
This value will be used in Sec. III H in order to estimate the
vortex/defect interaction energy.

E. Depinning threshold

In Sec. Il B we noted that core dynamics in the high-
amplitude regime are field independent, consistent with mi-
cromagnetic simulations and analytical theory for the ideal
vortex. However, the transition from the low amplitude to
high amplitude regime is not well understood.?® In this sec-
tion, we examine more closely the depinning transition for
several of the frequency peaks of Fig. 10(a), which uses the
same method as Fig. 9 to show the distribution of pinning
defects near the center of a 2-um SG disk. Several locations
in field space, which maps to real space according to xp
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FIG. 10. (Color online) (a) Contour map of f versus H, and H,
for a 2-um-diameter SG sample, obtained at a pulse amplitude of
hy=6 Oe. (b) Gyrotropic frequency versus the amplitude /2, of the
excitation pulse. Data were obtained at fixed locations in field
space, as indicated by the symbols shown in (a). (¢) Cartoon of the
potential well with magnetostatic energy W expanded to second
order in vortex-core displacement R?=X?+Y?. The stiffness k de-
pends on the location of the core. (d) Numerical solution for the
model shown in (c). The gyrotropic frequency obtained from simu-
lations of Sec. III F is shown as a function of excitation amplitude
for different temporal pulse widths 7 of 200 ps (squares), 400 ps
(circles), and 1.6 ns (triangles).

=3.9 nm/Oe, are marked with symbols. For each of these
locations, data were acquired as a function of the excitation
field amplitude #,.

Figure 10(b) shows the gyrotropic frequency f versus h,.
The excitation field was varied by increasing the voltage bias
applied to the Auston switch that launches the current pulse
into the coplanar waveguide. The amplitude of the current
pulse was measured at the 50 () input of a high-speed oscil-
loscope. The peak field at the sample position was then cal-
culated based on the geometry of the coplanar waveguide.
For four of the five curves in Fig. 10(b), f; decreases pre-
cipitously at a particular value of 4,. We interpret this sharp
decrease in f; as depinning at a threshold excitation field /.
At low excitation amplitude, the vortex core remains within
the range of a particular pinning site. As the amplitude of the
excitation field increases so does the radius of the orbit of the
core about its equilibrium position. When the radius of the
core’s orbit exceeds the range of the pinning potential, the
core is depinned and f; decreases to the frequency predicted
by the analytical model of gyrotropic motion.’ Note that /.
for the data indicated by circles is only ~1 Oe. For this
location, indicated by the circle in Fig. 10(a), the vortex core
is already depinned, since the pulse amplitude used to obtain
the data of Fig. 10 was =6 Oe. On the other hand, for the
frequency peak that is indicated by diamonds in Fig. 10(a),
we do not observe a corresponding depinning transition in
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Fig. 10(b). In this case the largest excitation amplitude
achievable in the present setup establishes a lower limit Ay
>8 Oe for the expected depinning transition. It is possible
to depin all of the defects in the 2-um disk; however, this
requires increasing the pulse amplitude into a regime where
changes in the pulse shape make it difficult to characterize
the amplitude response of the system.

F. Analytical model

The vortex core is pinned by the position-dependent en-
ergy of the core rather than by the collective effect of many
defects acting on the entire vortex. This is consistent with the
sharply peaked distribution of step sizes in Fig. 8(a). We
believe that the energy associated with the in-plane spins
outside of the core is nearly independent of the core position.
Although small fluctuations of the in-plane anisotropy en-
ergy from grain to grain have been proposed as a mechanism
of vortex pinning,'* a mechanism that is associated with the
energy of the in-plane spins in the vicinity of the core would
seem to be inconsistent with the pointlike contrast in Fig. 9
as well as with the sharp depinning threshold of Fig. 10(b).
Here, we propose a phenomenological model in which the
position-dependent energy of the core itself gives rise to the
observed pinning phenomena.*40

For the ideal case, vortex core dynamics are governed by

the Thiele force equation>*!42
6x R _r-p& =F(1) (6)
dt a7

where D is a damping constant and F(r) is the time-
dependent driving force. It has been shown that solutions of
the Thiele equation provide a good description of the gyro-
tropic mode in permalloy disks.®” Except for the higher fre-
quency, the vortex gyrotropic motion in the pinned case ap-
pears to be qualitatively similar to the unpinned regime. We
therefore consider the possibility that Eq. (6) also describes
the gyrotropic motion of pinned vortex cores but with differ-
ent effective constants G=Gy+AGp, k=ky+Akp, and D
=D +ADp. In each definition, the subscript M indicates the
usual contribution due to the magnetostatic properties of the
entire vortex while the subscript P refers to a contribution
due to pinning of the core. The damping time for the gyro-
tropic mode exceeds the maximum experimental time delay
of 12.5 ns, making it difficult to measure D precisely. We do
not observe a correlation of D with the gyrotropic frequency
fc and we therefore assume ADp=0. In order to consider the
effect of pinning on the gyroconstant G, it is helpful to con-
sider the more general expression

G=- %J d*r[V e X V]sin 0, (7)
Y

where 6 and ¢ are the polar and azimuthal angles corre-
sponding to the direction of M. There are two important
features of the gyrovector that make it only weakly depen-
dent on the pinning potential. First, for any simple vector
field that is tangential at the edge of the disk and vertical at
the center, G=27L_M /7y and will not depend on details of
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the vortex core size and shape. A second and more subtle fact
is that for any defect that reduces the magnetization locally,
the center of the vortex core will be located at the defect in
order to minimize the dipolar energy of the vortex. Since the
gradient V@ vanishes at the center of the core, such defects
will therefore leave the value of the gyrovector unchanged. It
is likely that any defect large enough or strong enough to
modify the gyrovector significantly would also lead to anni-
hilation of the vortex core and complete suppression of the
gyrotropic mode. Experimental evidence that G is approxi-
mately constant will be presented below and so we will as-
sume that AG,=0. Given these observations we will model
the frequency shift due to pinning using an effective spring
constant k=ky,+Akp, as illustrated in Fig. 10(c) and assume
that the gyroconstant is unchanged.

To implement this model, we have numerically solved the
coupled differential equations

GY -kX-DX+F (1) =0,

-GX-kY-DY=0, (8)

where the x-directed driving force F (t)=M wéRpL.h (1)
arises from Zeeman energy that is due to the y-directed ex-
citation field hy(t)=hfv) exp(=2.73#*/ 7). The Gaussian excita-
tion profile has a temporal FWHM 7. For our experimental
setup 7=200 ps. At each time step of the numerical integra-
tion, the value of k is updated according to the test

if R<rP, then k=kp+kM,

else k=ky.

The results of numerical integration are shown in Fig.
10(d) for Akp=1.5ky and rp=10 nm. The factor of 1.5 was
chosen to match the observed shift in frequency upon depin-
ning. Results are given for three different values of the tem-
poral width 7 of the excitation pulse. In each case, the model
reproduces the sharp frequency shift upon depinning, sug-
gesting that the well-defined threshold fields A, of Fig. 10(b)
arise from highly localized, well-separated defects. Ay ap-
pears at lower pulse amplitudes as 7 increases from the ex-
perimentally realistic value of 200 ps to a value of 1.6 ns due
to the fact that longer pulses have more spectral power at the
natural frequency f; of the system. Other than shifting Ay,
the depinning behavior observed in the frequency response is
qualitatively independent of pulse width.

G. Role of the gyroconstant

In general, the amplitude of the motion of the vortex core
increases sharply upon depinning, as in Ref. 28. For pulsed
field measurements, the amplitude of the core’s orbit also
depends on the temporal width of the excitation pulse. This
can be understood within the model of Sec. III F, which in-
cludes four forces. The driving force F,(r) due to Zeeman
energy and the restoring force —k)R due to magnetostatic
confinement act mainly on the bulk of the disk while the

pinning force —AkpR and the gyroforce G X R act on the
core. Assuming the vortex core is massless (i.e., it does not
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change its shape), there is no force term proportional to the

acceleration of the core. The instantaneous speed R therefore
depends only on the rise time of the excitation pulse. For
short pulses (relative to the gyrotropic period), such as those
in our experiment, this instantaneous speed is large, so that
the gyroforce is large relative to the other forces. In this
regime, the amplitude of the subsequent gyrotropic motion is
determined primarily by the gyroforce and is relatively in-
sensitive to the strength of the pinning potential.

To confirm these statements, we note that for an excitation
pulse along the y direction, the driving force due to Zeeman
energy is in the x direction. The gyroforce G X dR/dt, how-
ever, is perpendicular to the instantaneous velocity and will
therefore be primarily in the y direction, parallel to the exci-
tation pulse. The force due to pinning will act as a restoring
force oriented toward the center of the pinning site. The re-
gime of short pulse duration should therefore be character-
ized by initial core motion directed parallel to the excitation
field pulse, as observed in Ref. 7. We are able to confirm an
initial displacement parallel to the pulsed field by combining
two timescans taken on the same 2-um SG disk. One times-
can is obtained with the microscope objective displaced
along the y axis of the disk, giving the ¥ component of the
motion of the vortex core. The other timescan is taken with
the objective displaced along the x axis, giving the X com-
ponent of motion. The curve in Fig. 11(a) shows the Y signal
versus the X signal, which gives the trajectory of the core.
The data are filtered by a moving average over a time scale
of 400 ps in order to eliminate the contribution due to spin
waves. It is clear that the initial motion of the core has a
large component parallel to the y-directed field pulse. The
small loop that appears after =160 ps is probably due to the
residual contribution of unfiltered spin waves. The initial dis-
placement parallel to the pulsed field is a general feature
obtained on multiple disks. Similar behavior is seen in Fig.
11(b), which shows a micromagnetic simulation of a 2 um
X 50 nm disk, excited by a 10 Oe, 150 ps pulse in the y
direction. We conclude that our experiment is in the short-
pulse duration regime, in which the initial response of the
core is dominated by the gyroforce.

H. Average frequency shift

We have modeled the effect of pinning as an interaction
between the vortex core and a defect that increases the stift-
ness k of the effective potential. We argued above that the
change AGp in the gyroconstant due to pinning is negligible.
If this is true then the frequency shift Af; due to pinning
should be proportional to the pinning stiffness Akp. This
leads us to a direct estimate of the vortex/defect interaction
energy, since Wp=1 /2Akprf,, where rp is the effective range
of the harmonic pinning potential. Before estimating Wp, we
present the experimental justification for taking AGp=0. Be-
ginning with Eq. (2) the variation in gyrotropic frequency
due to variations in stiffness and gyroconstant is

s, = ~ut ke Ky )
Gy+AGp Gy
where Akp and AGp account for the effects of pinning within
the Thiele model, as described above. We expand Eq. (9) to
first order in AGp
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FIG. 11. (Color online) (a) Experimentally observed trajectory
of the vortex core, constructed from two timescans that were taken
with the objective displaced first along the y axis and then along the
x axis of the disk. (b) Simulated trajectory of the vortex core, con-
structed from simulated timescans obtained at x=2 nm and y
=2 nm relative to the center of the disk.

Ak ky + Ak
2 ~ =P AGPM

10
Gy G3, (10)

We note that k,,, the stiffness due to the magnetostatic en-
ergy of the disk, depends on disk diameter, while G,, does
not. Therefore, the relative contributions of Akp and AGp to
the frequency shift in Eq. (10) can, in principle, be extracted
from the dependence of Af; on disk diameter. Experimen-
tally, we define the frequency shift Af; as the difference
between a local maximum in frequency f,,., and the gryotro-
pic frequency f;4.; of an unpinned vortex core. The average
of the frequency shifts for a given disk is

1

<AfG> = E (fmax _fideal) = (fmax> _fideal’ (1 1)

N

peak

where N, is the number of peaks. Frequency peaks are
selected by the criteria of Sec. III H. Figure 12(a) shows the
distribution of frequency maxima f,,,, extracted from gyro-
tropic frequency versus field data for 1-um (open squares)
and 2-um (closed squares) SG disks.
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FIG. 12. (Color online) (a) Histogram of the distribution of fre-
quency maxima for SG disks of 1-um and 2-um diameters. (b) The
average frequency peak (fi. (red circles) is the average of the
frequency maxima for each disk in (a). The ideal gyrotropic fre-
quency fizeq (black squares) is estimated from experimental data.
Error bars on (f),.q) give the standard deviation while error bars on
fidear give the standard error. The average frequency shift (Af)

=(fmax) —fidea: (blue triangles).

Figure 12(b) shows (fi.x) (closed circles) as a function of
disk diameter for the SG disks. Values for f;;, (black
squares), estimated from the experimental data, are shown
for reference. The values for f;,,,; were obtained by averag-
ing the minimum frequency values in the data sets of fre-
quency versus field. These values compare favorably to re-
sults from micromagnetic simulations. (Af) (blue triangles),
the difference between the average peak frequency and the
ideal frequency, is approximately independent of disk diam-
eter. Equivalent behavior was observed for the LG and XLG
disks. Evidently the term in Eq. (10) that depends on disk
diameter contributes negligibly to the frequency shift Af.
We conclude that AGp~0 so that

Akp
Afg= 12
fom 3 (12
and
Wp: WAfGGMr% (13)

We showed in Sec. III D that typical values of rp are
~20 nm. From Eq. (3), with typical values for Py, we esti-
mate  Gy,=1.4X10" ergsscm™. Finally, with Af;
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FIG. 13. (Color online) Results of micromagnetic simulations.
(a) Gyrotropic frequency fiz.4; of an ideal (unpinned) vortex (closed
squares) and f,;, of a vortex with its core pinned by a defect (open
squares) that is defined by a single 5X5X 50 nm?® cell of reduced
magnetization M ,;,=400 emu/ cm?. The frequency shift due to pin-
ning, AfG=fpin=Ffidea is sShown using closed triangles. (b) f,;, of a
pinned vortex as a function of AM ;=M —M,,,. The solid curve is a
fit to a second-order polynomial. (c) Energy as a function of the
displacement X from the center of the disk for an ideal vortex
(closed squares) and a pinned core (open squares). f; as a function
of X for the ideal vortex (horizontal solid line) and pinned core
(solid circles).

~(0.20 GHz we have W,~3.5X 1072 ergs=2.2 eV.

It is significant that there appears to be an approximate
upper bound for each diameter, which is only a factor of two
higher than the unpinned frequency. In the context of the
present argument, this limits the pinning energy associated
with the defects, which in turn constrains the possibilities for
the size and nature of the defects. Unfortunately, however,
we have no specific information that would allow us to dis-
tinguish among possible origins such as local reductions in
the saturation magnetization M, or the exchange constant A.
In the remainder of this paper, we will restrict our discussion
to the simple case of a local reduction in M, which is an
experimentally confirmed origin of strong pinning, including
the extreme case of vortex core annihilation in disks pat-
terned with a focused ion beam.*?
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I. Micromagnetic simulations

The foregoing results demonstrate that the frequency shift
(Af) is independent of disk diameter, suggesting that Af de-
pends only on the properties of the pinning defect and, in
particular, on the pinning energy W,,. For insight into the
relationship between Af and W,,;,, we perform micromag-
netic simulations using the LLG code.?’ Disks are defined on
a 2D grid, with thickness 50 nm and diameters ranging from
0.5 to 2 um. The cell size is 5X5X 50 nm?>. The magneti-
zation is M ;=800 emu/cm’ and the exchange constant is
A=13X%107% ergs/cm. A pinning defect is defined by
changing the magnetization M, of a single cell at the center
of each disk. As shown in Fig. 13(a), the simulated frequency
of the gyrotropic mode for a defect-free disk (open squares)
scales inversely with disk diameter, as expected.s’6 For a disk
with a single cell defect magnetization of M,
=400 emu/cm?, the same inverse dependence on disk diam-
eter is seen (closed squares) but with a frequency shift Af
that is nearly independent of disk diameter (triangles), con-
sistent with the experimental results in Fig. 12(b). In Fig.
13(b) we show the pinning frequency as a function of the
difference AM =M ,—M,;, between the magnetization M,
of the defect and the saturation magnetization M, of the rest
of the disk. Since the magnetostatic energy is quadratic in
M,, the strength of the pinning defect increases linearly at
small AM, with a quadratic term for larger AMs.

Figure 13(c) shows the magnetostatic energy in a 500-nm
disk as a function of the displacement of the vortex core
from its equilibrium position, with (open squares) and with-
out (closed squares) a defect (single cell with M,
=400 emu/cm?) in the center of the disk. The core displace-
ment is varied by application of a static field. The vortex
gyrotropic frequency is obtained from the simulated response
to an experimentally realistic Gaussian field pulse of ampli-
tude 10 Oe and temporal width 150 ps applied in the sample
plane. The horizontal line in Fig. 13(c) indicates the gyrotro-
pic frequency for an ideal vortex. When the vortex core is
centered on the defect, its frequency is shifted upwards rela-
tive to the ideal case. The width of the frequency peak com-
pares to the region over which the pinned and unpinned en-
ergies differ. The amplitude and width of the frequency peak
compare favorably with our experimental observations. Fi-
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nally, we note that the pinned frequency curve has wings that
dip slightly below the ideal line before approaching it again
at large distances from the defect. Similar features are often
observed experimentally but their interpretation is compli-
cated by the close proximity of neighboring frequency peaks.
These features are likely related to the out-of-plane magne-
tization distribution of the vortex core itself. In particular, the
demagnetizing field from the central peak of the core mag-
netization distribution induces a ring of oppositely directed
out-of-plane magnetization surrounding the core center. This
feature is observed in micromagnetic simulations but has
been observed experimentally only in the deformation that
precedes core reversal.** Gyrotropic frequency data for a
well-isolated defect might therefore be used to verify this
feature of the vortex magnetization distribution.

IV. SUMMARY

In summary, we have demonstrated that pinning associ-
ated with intrinsic defects has a profound influence on the
dynamics of magnetic vortices. For small excitation ampli-
tudes, the field dependence of the gyrotropic mode frequency
is governed by the density and strength of individual pinning
sites. With increasing amplitude, a threshold excitation field
is reached, beyond which the vortex core is depinned from
the defect. We have shown that the average frequency shift
due to pinning is independent of disk diameter. This obser-
vation provides a means for estimating a vortex/defect inter-
action energy of approximately 2 eV. The ability to extract
quantitative information about the vortex/defect interaction
suggests further uses of vortex core dynamics as a sensitive
probe of magnetic microstructure. In particular, the ability to
characterize individual defects would allow for the testing of
microscopic models of macroscopic phenomena such as
Barkhausen noise and magnetic hysteresis.
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