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Current-induced vortex dynamics and pinning potentials probed by homodyne detection
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Using a homodyne detection scheme, we show that we can determine the polarity and chirality of a magnetic
voriex in an asymmetric magnetic disk as well as the resonance frequency and phase shift of the dynamic
vortex gyration excited by a spin-polarized current. From systematic phase measurements, we deduce the
relative contributions of the spin torque and the Oersted field, which is found to dominate the excitation. Local
pinning sites in the disk lead to an increased resonance frequency and a reduced amplitude. This allows us to
draw a map of the pinning sites and thus to characterize the full potential in the disk.

The dynamics of magnetic micron-sized elements with a
vortex configuration is currently attracting considerable
attention.!"® This spin structure is characterized by an in-
plane magnetization curling around a small (~10 nm diam-
eter) out-of-plane vortex core (VC).? It has four energetically
degenerate equilibrium states which are defined by the
chirality (the clockwise or counterclockwise rotation sense of
the in-plane magnetization) and the polarity (up or down
direction of the VC). The lowest-order dynamical eigenmode
of the vortex structure is a translational gyrotropic mode of
the VC.I%!! Tt was recently shown that this mode can be
resonantly excited using a small subgigahertz ac in-plane
magnetic ficld®® or by the injection of an ac in-plane spin-
polarized current* and at resonance, the VC gyrates on a
circular or elliptical orbit.>>7 In addition to displacing a VC,
pulsed or ac magnetic fields or currents can also switch the
VC polarity from up to down or vice versa®>® which opens a
new way to manipulate such a magnetic bit in a magnetic
memory where the information is stored in the vortex
polarity.'? Although the VC dynamics induced by an external
magnetic ficld is now well understood, the cxact nature of
the force exerted on the VC when excited by an in-plane
spin-polarized current has not been clearly identified.
Whereas first experiments were interpreted in terms of the
spin-transer effect only,*¢ it was claimed later that the cur-
rent’s Oersted field strongly contributes to the force on the
VC.” More recent experiments, on the contrary, determined
the effect of the Oersted field on the VC dynamics to be
negligible.!® In these previous experiments,”!? the VC dy-
namics was characterized using time-resolved magnetic im-
aging techniques that prevented systematic measurements,

In this paper, we use versatile transport measurements
employing the homodyne detection scheme'*!> to separate

the different forces exerted on the VC and thus identify the
relative contribution of the spin torque and the Oersted ficld
on the VC dynamics. Homodyne detection is a powerful tool
to characterize the dynamics of the vortex structure in a mag-
netic disk since it is very sensitive to the phase shift between
the excitation and the VC motion, which contains the infor-
mation on the acting forces. We show that the homodyne
signal can further be used to identify the full magnetic state
of the vortex structure (chirality and polarity) using a specific
geometry. Our measurements reveal furthermore that the dy-
namics of a VC driven by an ac current can be strongly
affected by local pinning sites. Using static external mag-
netic ficlds to shift the VC equilibrium position, this is then
utilized to draw a map of the pinning sites in the disk and
reconstruct the pinning potential.

The 1-um-diameter NiggFe,o (37 nm)/Ru(2 nm) disks is
fabricated by electron-beam lithography followed by sputter
deposition and lift-off [see scanning electron microscopy
(SEM) picture Fig. 1(a)]. A small notch is patterned on one
side of the disk to create a small asymmetry in the potential
for the VC. Ti(10 nm)/Au(110 nm) contacts with a coplanar
waveguide geometry are then defined for the high-frequency
current injection. X-ray magnetic circular dichroism photo-
emission microscopy experiments (XMCD-PEEM)!® [Fig.
1(b)] reveals a magnetic vortex structure at remanence in
agreement with micromagnetic simulations'” [Fig. 1(c)].

The resonance of the VC is detected electrically using a
homodyne detection scheme detailed in Ref. 14. The homo-
dyne signal V. contains unique information about the dy-
namics of the VC and depends directly on the resonance
frequency fr, the amplitude of oscillation A(w) of the VC,
and the phase shift ¢(w) between the injected ac current and
the oscillating magnetoresistance. It can be expressed as
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FIG. 1. (Color online) (a) SEM image of a 1-um-diameter disk.
The angles used are indicated. (b) XMCD-PEEM image of a 1| um
magnetic disk. The gray scale visualizes the horizontal magnetiza-
tion direction (Ref. 16). (c) Micromagnetic simulation of the mag-
netic domain structure in a 1-um-wide notched magnetic disk. (d)
Vg as a function of the frequency for two different polarities of the
VC. Prior to the current injection, the orientation of the VC polarity
(up or down) was initialized using a strong (0.6 T) magnetic field
perpendicular to the plane of the magnetic film. Insct: schematic
picture of the measurement setup used for the homodyne detection
scheme (LA stands for lock-in amplifier).!4
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Vdc(w) =

with g the gradient of anisotropic magnetoresistance (AMR)
relative to the VC position.

For the measurement of V., a lock-in detection technique
was used' [see Fig. 1(d), inset]. Unless specified otherwise,
measurements are carried out at room temperature and for an
injected power of —2 dBm corresponding to a current den-
sity of J=1.3X 10" A/m? (rms).'® Figure 1(d) shows the
homodyne signal V. as a function of the injection current
frequency for two VC polarities. A clear resonance is ob-
served for both polarities around 280 MHz. In addition, the
shape of the homodyne signal depends on the polarity. This
can be simply understood from the fact that a VC with up
polarity will gyrate in the opposite sense to a VC with down
polarity.” This leads to opposite phase shifts with respect to
the current for the two different polarities resulting in the
observed opposite shapes. The polarity of the VC can thus be
directly derived from the shape of the homodyne signal.

The dependence of the resonance frequency fj on the VC
position in the disk can be studied by applying a small in-
plane magnetic field that leads to a VC displacement perpen-
dicular to the magnetic field direction. Figure 2(a) shows the
dependence of fi on the external magnetic field H applied
along the direction =90° [see Fig. 1(a)] that illustrates the
behavior observed for most angles. We observe: (i) for most
ficld values, a low fi (~250 MHz) and a small dependence
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FIG. 2. (Color online) (a) Filled symbols: fx as a function of the
magnetic field H applied along #=90° and for different cryostat
temperatures. Open symbols. fr for 0=90° deduced from micro-
magnetic simulations. (b) Filled symbols: f as a function of H for
0=-45° and #=75°. Open symbols. Corresponding micromagnetic
simulation. (c) fx (red curve) and amplitude of the VC oscillation
(blue curve) as a function of H for 6=15°. (d) Dependence of fx
with the injected power in the case of a pinned VC (H=1 mT and
H=2 mT) and for an unpinned VC (H=-1 mT and H=-2 mT)
measured at 4.3 K for 0=0°.

on H but additionally (ii) localized peaks with a much higher
fr- The low and nearly constant f is actually the behavior
expected from the quasiharmonic magnetostatic geometric
potential'' and can be reproduced well by micromagnetic
simulation [see open red symbols in Fig. 2(a)] but the peaks
in fr are unexpected. For certain angles such as 0=-45°
[Fig. 2(b), red squares], a different behavior is observed with
a stronger dependence of the low resonance frequency on H
and a clear asymmetry between positive and negative mag-
netic fields. This contrasts with the more symmetric behavior
observed for the other angles as, for example, for =75° in
Fig. 2(b), blue squares. For 0=-45°, thc VC is moved to-
ward or away from the notch and thus feels different poten-
tials depending on the field direction, whereas for the other
angles, the potential is approximately symmetric. This is
confirmed by micromagnetic simulations that reproduce the
observed dependence of fr on H (apart from the peaks at
around 0 and 9 mT due to pinning sites) [see Fig. 2(b), red
and blue empty symbols]. This asymmetric behavior can
now be used to detect the chirality of the vortex structure by
measuring f» for a small magnetic field along 6=-45°: the
VC will move in opposite direction for the two chiralities
resulting in a different f.

The appearance of unexpected peaks in fy indicates the
presence of local pinning sites of the VC with large curvature
due to the confinement resulting in a local higher resonance
frequency.>'” To confirm this picture, we use the amplitude
of the homodyne signal AR to deduce the amplitude A of the
VC oscillation with A~AR/g. The AMR gradient g was
derived from micromagnetic simulation. A correlation be-
tween fj and A is observed from systematic measurements
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FIG. 3. (Color online) (a) fz as a function of the external in-plane magnetic ficld H (color coded). Black color shows the absence of a
clear resonance in the homodyne signal in the subgigahertz range which also indicates a local pinning of the VC.?! (b) Trajectories of the VC
for several orientations of the magnetic field with [H| =10 mT as deduced from micromagnetic simulations. (c) f plotted in color scale as

a function of the VC position.

for different field amplitude H<<10 mT and directions: the
gyration radius is on average 7 nm for fr>300 MHz
(pinned VC) and 25 nm for f, <300 MHz (unpinned VC).
As an example we present in Fig. 2(c) the dependence of A
and fg on the magnetic field, for #=15° and a clear correla-
tion is observed. This picture is further supported by low-
temperature measurements (7=4.3 K) where many more
magnetic field values exhibit a high f when sweeping H
[see Fig. 2(a), blue curve]. The lower thermal excitation al-
lows the pinning sites with lower pinning energy to trap the
VC so that it is effectively pinned by much more pinning
sites. Additional information about the local pinning poten-
tial can be obtained from the power dependence of fy [Fig.
2(d)]. For the case of the unpinned VC with low fg
(~250 MHz), a small dependence of fy is observed in
agrcement with a quasiharmonic potential to first order. For
the case of the pinned VC with high f, a strong decrease in
[fr with the injected power is observed revealing the nonhar-
monicity of the pinning potential.?’

The strong increase in f» induced by local pinning of the
VC can be used to draw a map of the pinning sites in the
magnetic disk. This is done by first carrying out a systematic
measurement of fr as a function of the in-plane magnetic
field amplitude and direction [see Fig. 3(a)]. Using micro-
magnetic simulations, we then deduce for each applied in-
plane magnetic field the position of the VC in the disk.?
Figure 3(b) shows the resulting trajectories of the VC for
different magnetic field directions. A spatial map of f with
the VC position can now be drawn and hence the position
and relative strength of the pinning sites are shown
[Fig. 3(c)]. One can see that the pinning sites seem to be
randomly distributed and highly localized in the disk with an
average size on the order of ~20 nm. Contrary to previous
results,® the pinning sites are not due to the general grain
structure of the film in our case but more likely to random
local defects in the film. This can be explained from the large
amplitude of oscillation for the unpinned case, which is of
the order or larger than the mean grain size of our films as
deduced from atomic force microscopy (AFM) measurement
(=30 nm) so that only the strongest pinning sites here play
a role for our room-temperature measurements. This spatial
map of the resonance frequency can be used to reconstruct
the local magnetic potential in the film by numerical integra-

tion of the curve fx(X). As an example, Fig. 4(a) shows a
three-dimensional (3D) plot of the magnetic potential as a
function of the VC position of a strong pinning site localized
close to the center of the disk. Due to the local pinning, the
potential is strongly curved compared to the potential ex-
pected from the geometrical pinning, as can be seen in Fig.
4(b). Whereas the geometrical potential is well fitted by a
parabolic potential for the considered VC displacement
range, the pinning potential is markedly nonharmonic and
can only be fitted by a fourth-order polynomial. This can be
visualized in Fig. 4(b) by comparing the pinning potential
(blue points) to its parabolic part obtained from the curvature
at the bottom of the pinning potential (black line). Similar to
the potential obtained by Bedau et al.?® for a vortex wall
pinned in a notch, the measured potential lies below its har-
monic part and thus flattens off away from the origin.

In addition to the resonance frequency and the oscillation
amplitude, the homodyne signal contains unique information
about the phase ¢(w), which has not been previously used.
We find from systematic measurements that the shape of the
dc signal strongly depends on the position of the VC. As an
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FIG. 4. (Color online) (a) Pinning potential of the pinning site
marked with a white circle in Fig. 3(c), obtained by numerical in-
tegration of the curves fz(H). The VC position is calculated from
the center of the pinning site. (b) Blue curve: cut along the direction
0=0 of the pinning potential. Red curve: geometrical potential cal-
culated from the center of the disk and obtained by numerical inte-
gration of the baseline of fR(H) in Fig. 2(a). Black line: harmonic
part of the pinning potential as a function of the VC position, ob-
tained from the curvature of the pinning potential at the bottom of
the well.



example, we show in Figs. 5(a)-5(c) three Vgy(f) curves
characterized by different shapes and measured at the same
magnetic field amplitude (H=+6 mT), but at different
angles (0=-150°, 0=-75°, and 0=0°, respectively). These
different shapes indicate a strong variation in the phase shift
¢ with the position of the VC in the disk. To further quantify
these observations, we consider a simple one-dimensional
model where the dynamics of the VC is described by a modi-
fied Thicle equation with the force Fy due to the ac current
excitation included,'®'8

G XX+F,+F-aDX=0. 2)

Here F,, is the force due to the magnetostatic potential well
and the external static magnetic field, X is the VC position,
G=-Gpe, is the gyrovector with p==*1 the polarity, « is
the Gilbert damping, and D the damping tensor.'? The force
F; has two origins:'® (i) the force due to the spin torque
Fgr=-G Xu+pDu with u=puz/P/eMe, (M, is the satura-
tion magnetization, P the spin polarization, and J the current
density) and S the nonadiabatic factor; (ii) the force Fg, due
to the Oersted field along the x axis. This force can be ap-
proximated as Fo.=—cyGyue, with c==*1 the chirality and
v the ratio between the Oersted field force and the adiabatic
spin-transfer force.'® One can use this dynamical equation to
derive'>'® an analytical expression for the amplitude
of oscillation A(w) and the phase shift ¢(w). Assuming a
local harmonic and symmetric potential well, ¢(w) can be
written in a simple form: ¢(w)= 7+ e+ w) with 7, the
angle between the local AMR gradient and the direction of
the electron flow, e=arctan[p(yc—£y)] and S(w)
=arctan| p(wh— )/ 2ay0®] with By=BD/Gy, «y=aD/G,,
and wgp=27fy (see Appendix).

By fitting our experimental data using Eq. (1) and the
analytical expressions of A(w) and ¢(w), the relative phase
shift »=ny+ € and wy can be extracted from the V. (f) mea-
surements. Examples of fits are shown as red lines in Figs.
5(a)-5(c). As expected, the three curves V,.(f) in Figs.
5(a)-5(c) are characterized by different phase shifts 7=2.5,
7n=1.65, and 7=0.45, respectively, which account for their
different shapes. More information can be obtained from the
map of the phase shift # as a function of the magnetic field
that can be obtained from a systematic fitting of our experi-
mental results. As can be seen in Fig. 5(d), # continuously
varies from 0 to 271 as the magnetic field is rotated which
illustrates the local change in the AMR gradient orientation
no with the position of the VC in the disk. To confirm this
picture, we calculated 7, from micromagnetic simulations
for different magnetic field directions and amplitudes. As
can be seen in Fig. 5(e), the resulting map is similar to the
experimental phase shift but is rotated about 75° clockwise.
Such a shift indicates an additional phase shift of
e=arctan[p(yc—By)] due to the contribution of the Oersted
field and the nonadiabatic torque. By fitting the simulated
distribution of % with the experimental one, a phase shift
€=1.26+0.05 results leading to yc—By=3.1*=0.5. The pa-
rameter A3 is found to be of the order or a few times larger®?
than the damping constant a=0.01 in Nig,Fe,, so By
~0.03 with D/ Gy~ 3.3 and thus the phase shift is primarily
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FIG. 5. (Color online) [(a)-(c)] Blue lines: V. as a function of
the frequency of the injected current for H=6 mT and (a)
0=-150°, (b) #==75° and (c) #=0°. Red lines: from fitting using
Eq. (1), we determined the different phase shifts (a) %=2.51, (b)
7=1.65, and (c) 7=0.45. (d) Experimental phase shift 7 in color
scale as [unction of the in-plane magnetic field. (e) Simulated phase
shift 7, due to the angle between the direction of AMR gradient and
the current in color scale showing a 75° rotation compared to the
experimental phase shift.

due to the effect of the Oersted field. Using a value of spin
polarization of P=0.7 in Py,* this leads to an estimation of
the Oersted field of about 43*1 Oe rms for J=1.3
X 10'"" A/m?, Our analysis of the phase shift distribution
thus allows us to clearly separate the contribution of the spin
torque and the Oersted field effect, which accounts in our
experiments for up to 75% of the force exerted on the VC.
This conclusion is supported by 3D electromagnetic simula-
tions we carried out for our specific geometry. As expected,
the amplitude of the transverse component of the Oersted
field varies rapidly in the thickness of the magnetic disk
with, respectively, 10 Oe and —3.4 Oe at the top and bottom
edges of the disk for J=1.3x10"" A/m? This means that
there is a general offset of around 3.3 Oe of the Oersted field
as compared to a fully homogeneous current distribution in
the disk. The simulations show that this Oersted field origi-
nates from the vertical currents at the permalloy/gold inter-
face due to the geometry of the contact and the difference in
conductivity, as well as an inhomogeneous current distribu-
tion in the disk.

In conclusion, the resonant excitation of a magnetic vor-
tex core in a magnetic disk by a high-frequency current is
characterized. A fast electrical detection of the resonance is
obtained by using the rectification of the ac current induced
by the oscillating vortex core (homodyne technique). We
show that in our asymmetric disk, the polarity and the chira-
lity of the vortex state can be determined from the homodyne
rectification signal, which also yields the amplitude and the
phase shift of the oscillating VC. The analysis of the phase
shift distribution in the disk allows a clear discrimination
between the contribution of the adiabatic spin torque and the
Oersted field which is the main force driving the VC dynam-
ics in our disk. The dominating Oersted field can explain the
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earlier observation that the current induced VC switching
occurs at current densities far below the threshold current
density predicted for pure spin torque induced reversal?’
Our measurements show furthermore that local pinning sites
in the disk lead to a distinct signature in the homodyne signal
with increased resonance frequency and this is used to obtain
a spatial map of the pinning sites in the disk. The observed
strong influence of the local pinning sites on the VC dynam-
ics may play an important role for any device based on the
manipulation of nanoscale confined magnetic object such as
a VC or domain wall. Our efficient method of characteriza-
tion in conjunction with structural investigations such as
high-resolution electron microscopy may open a path to the
identification of the defect types and resulting materials im-
provement for devices with reliable dynamical switching.
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APPENDIX

1. Analytical expression of the dc voltage

The dynamics of the vortex core is described by a modi-
fied Thiele equation where the force Fy due to the ac current
excitation is included,!0-24-26

G XX+F,+F —-aDX=0. (A1)

Here F,, is the force due to the magnetostatic potential well
and the external static magnetic field, X is the vortex core
position, and G=Ggpe, 1is the gyrovector with
Go=2mtM¢l ys (M, is the saturation magnetization, yg the
gyromagnetic factor, 7 the thickness of the disk, p==*1 the
polarity, « the Gilbert damping, and D the damping
tensor).!? The current-induced force Fy is the sum of two
terms: (i) the force due to the spin torque**?® Fgp=—G Xu
+pBDu with u=pugJP/eM e, (P is the spin polarization and J
the current density) and B the nonadiabatic factor; (ii) the

force FOe:—-%WX—Z due to the Oersted field with Wz the Zeeman
energy associated with the Oersted field Hg,. If we assume
an homogeneous Oersted field Hg, along the x direction [see
Fig. 1(a)], W, can be approximated for small VC displace-
ment from the disk center Yey by W= —cuoM nRtHg Y
with ¢= £ | the chirality, R the radius of the disk, and ¢ the
thickness of the magnetic film.2” The force Fg, can thus be
written as Fo,=cuoM mRtH.e,. As Hg, is proportional to
the current density, we can write Fo.=~cyGoue, with
y=—poM TRtHo./ Gou a dimensionless parameter that de-
scribes the amplitude of the Oersted field force relative to the
adiabatic spin-transfer force. In the following, we assume
that the local potential well W,, due to the magnetostatic,

exchange and Zeeman energy is harmonic and with radial
symmetry'"?” and can be expressed as W,,=3kr2 with r the
distance of the vortex core from its equilibrium position X,
for a given external magnetic field and k the local stiffness of

the potential. F,, thus reads as F m:—-ag('" =—kr with
T =X—X0.

By projecting Eq. (Al) on the x and y axes, Vg can be
written for a small amplitude of oscillation and an exciting

current I(z)=1,, cos(wt),®

I

g=|0AR/3X] is the gradient of AMR relative to the VC po-
sition X and 7, the angle between e, and the direction of the
AMR gradient g. The amplitude of oscillation in the (x,y)
plane X(w) and Y{w) can be expressed as'’

X(@) == Co[~ (0p = &’)g + €™ (Bo— cy= )],
(A3)

[cos(7)Y(w) — pX(w)sin(zp)]. (A2)

Y((‘)) = Cm{(a)[z( - w2)(ﬂo - CY)q + a*wz[a()(ﬂ() - c’)’) + 1]}

(A4)
with
Uy
C,= : AS
(1 + Q) (wh~ 0?)? + (& w)?] (A5)
and
aD A BD kD
On = “"‘", —3 "‘—" =1 '_‘,
0 Gy 0 G, q Go
P | o = 299
K v1+ 013’ 1+ 01(2)
Equation (A2) can be written in the form,
8lac
Vie= E2A(w)cos] ()] (A6)
with A(w)=V(X?+Y?) and o¢(w)=n+8w) with &)
=arctan(pX/Y).
One can write &{w) as
S= "72I + arctan(~ pY/X) (A7)
. - +1
Bo—cy+ a*w:"'“%(ﬁg C)z/)
T ctan (wR I )q
=——par
27" | 200 (By=cy=ay)
(wp = w?)q
(A8)
For y> B, «, this expression can be simplified as
olw) = ny+ €+ Slw) (A9)
with
&= arctan[— p(By - c )], (A10)
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We used Eq. (A6) in combination with Eq. (A9) to fit our
data.

For the fitting procedure, we use the following relation for
the damping tensor:!>2%2°

D 1 R

—=1+=In| —

Gy 2 \ &
with R=500 nm the radius of the disk and 8;=~5 nm the
radius of the vortex core. We use in addition «=0.01,

P=0.7 for permalloy® and assume B=2«. For the fitting,
g, =1+ € and wp were used as free parameters.

2. Micromagnetic simulation

Micromagnetic simulations were performed using the
software OOMMR.!” The shape of the disk used for the simu-
lation was drawn from a SEM image of the disk. The reso-
nance frequency of the gyrotropic mode for each value

of the magnetic fleld was obtained by first moving
slightly the vortex core out of its equilibrium position and
then letting it relax toward equilibrium. The resonance fre-
quency was deduced from the Fourier transformation of the
magnetization during the relaxation process. Standard mag-
netic parameters of permalloy were used for the simulation
with M,=800x 10* A/m and A=13X 10712 J/m.

3. Additional informations on the experimental setup

The homodyne signal was measured using a lock-in de-
tection technique: the high-frequency current is modulated
with a 7 kHz square wave and injected into the high-
frequency part of the bias tee [see Fig. 1(d), inset]; Vy is
measured with a lock-in amplifier connected to the dc part of
the bias tee and phase locked to the modulation signal. The
current density was deduced from the resistance increase in-
duced by the Joule heating when injecting the microwave
power. We corrected for the frequency-dependent power re-
flection and losses so that the current density in the structure
is constant for all frequencies.
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