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We report a method to switch both the circulation and polarity of magnetic vortices in a controlled
manner within a nanosecond utilizing micromagnetic simulations. The controllable switching is
achieved with the combination of two different types of magnetic ﬁeld pulses on submicron permalloy
disks with heptagonal shape. When a magnetic ﬁeld pulse of  100 mT is applied along one of the edge
directions of the heptagon, the circulation of the vortex can be manipulated according to the pulse
direction. When a pair of pulses with a few tens of mT in magnitude and relative delay of about 100 ps is
applied in orthogonal directions, the polarity can be further controlled without inﬂuencing the
circulation. The different magnitude of switching ﬁelds allows for the combination of both types of
pulses in the control of both the circulation and polarity of magnetic vortices. The switching mechanism
and the controlling parameters for disks with diameters of 500 and 700 nm are discussed.
& 2014 Elsevier B.V. All rights reserved.
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1. Introduction
Magnetic vortices have attracted much attention recently
because of the fundamental interest due to their unique spin
structures [1–3], as well as their strong potential applications in
microwave oscillators [4,5], magnetic storage, and logic devices
[6–10]. Recently, vortices are also proposed to create Skyrmion
crystal in combination with perpendicular ﬁlms [11]. A magnetic
vortex is characterized by an in-plane clockwise (CW) or counterclockwise (CCW) circulating magnetization (circulation, C) around a
nm-sized central core magnetized perpendicularly up-or down
(polarity, P), yielding 4 degenerate states. These four states allow
for storing 2 bit instead of the usual 1 bit of information in one
single unit. The special magnetization conﬁguration also minimizes
the stray ﬁeld of each unit thus the interaction between units. These
features make magnetic vortices appealing for nanomagnetism and
magnetic data storage. To store the information, a fast and controllable switching among these four states is required. The switching behaviour of magnetic vortices has been studied extensively
[10,12–44]. Methods include magnetic ﬁeld switching [10,12–33]
and current induced switching through spin transfer torques
[34–41]. These studies are mainly focused on the individual switching of either the vortex core [10,12–18,24,28,29,36–40] or the
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circulation [19–21,31,35]. The individual control of the vortex
circulation [19,27,31] and polarity [28–30] also has been experimentally demonstrated. Recently, a few studies were devoted to the
switching among the four states [25–27,32,34]. Ref. [26] proposed
utilizing two magnetic ﬁeld pulses with different magnitude for
switching the magnetic vortex polarity and circulation. Similarly,
Ref. [34] proposed switching the magnetic vortex among the fourfold degenerate states with perpendicularly polarized spin currents.
These two methods, however, require a pre-knowledge of the exact
initial states; therefore, they are not controllable switching. Utilizing
an interesting “pac-man” geometry, the simulations in Ref. [25]
show that it is possible to control the circulation by saturating the
sample along different directions, and the polarity with an additional magnetic ﬁeld sweeping within minor loops. The discussion,
however, is limited to static switching only. In contrast, a fast and
controllable switching is highly desired for applications in magnetic
logic devices and data storage.
In this paper, utilizing micromagnetic simulations, we report a
method to switch both the circulation and polarity of vortices
controllably within a nanosecond (ns). The method is different
from previous ﬁndings in that it is fast and does not require preknowledge of the initial state. By applying a ﬁeld pulse of
 100 mT in magnitude and sub-ns in width (w) along one of
the edge directions of heptagonal permalloy (Py) submicron disks,
the circulation can be manipulated according to the pulse direction. With a pair of orthogonal pulses of a few tens of mT in
magnitude, sub-ns both in width and in relative delay, the polarity
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can be controlled additionally by the ﬁeld sequence (either CW or
CCW) without inﬂuencing the vortex circulation. The different
magnitudes of the switching ﬁelds in these switching cases allow
them to be combined to control both the circulation and the
polarity. The mechanism for the manipulation of both the circulation and polarity and the controlling parameters for disks with
diameters of 500 and 700 nm is discussed. It is found that both the
circulation and polarity can be controlled in a wide region in the
width-magnitude phase diagram of the ﬁeld pulses, demonstrating the feasibility of the proposed method.

2. Micromagnetic simulation method
The micromagnetic simulations are performed utilizing the
NIST OOMMF code [45], which is based on the Landau–Lifshitz
(LL) equation. Submicron Py disks with heptagonal shape are
considered. It has been demonstrated that the vortex state can
be stabilized in triangular, pentagonal and heptagonal magnetic
disks with appropriate aspect ratios. Moreover in a polygonal disk
with odd edges, it has been experimentally demonstrated that the
vortex can be controlled into either CW or CCW state according to
the applied ﬁeld direction [19,27]. In our simulations, heptagonal
disks with the circumscribed circle diameter of 500 nm and
700 nm are discussed. The thickness of the disks is ﬁxed to be
50 nm. The heptagonal shape is chosen because it is close to a
perfect circle but yet the asymmetry in the shape is still sufﬁcient
for circulation control. Typical material parameters of Py are used:
the saturation magnetization of M s ¼ 7:5  105 A=m, the exchange
constant of A ¼ 1:3  10  11 J=m, and the damping factor of
α ¼ 0:01. Magnetic anisotropy is neglected in the calculations.
The cell size in all the simulations is 2  2  10 nm3. We also
repeated the calculations with smaller cell size for a few simulations and found that the essential physics remained unchanged.

3. Results and discussion
3.1. General scheme of the approach
In the absence of external ﬁeld, the disks are in the vortex state.
Their polarities and circulations, however, are randomly distributed. Fig. 1 presents the proposed two-step approach to control
both the circulation and polarity within 1 ns. To control the
circulation, a pulse ﬁeld of  100 mT and sub-ns width is applied
along one of the heptagonal edge directions, which is deﬁned as
the x-axis shown in Fig. 1(a). As will be demonstrated below, the
pulse ﬁeld brings the disks close to saturation and after a few ns,
the remanent state relaxes to a vortex. Remarkably, the circulation
of the re-formed vortex is absolutely determined according to the
ﬁeld direction. When the ﬁeld is along the þ x/  x direction, a CW
ðC ¼ 1Þ/CCW ðC ¼ þ 1Þ vortex is obtained, respectively [shown in
Fig. 1(a)]. We note that a similar method has been used to control
the vortex circulation statically [19]. Here, we use a stronger ﬁeld
pulse to achieve the fast switching. Control of vortex polarity has
also been experimentally demonstrated with a rotating ac magnetic ﬁeld [28–30]. In our case, a combination of two slightly
weaker ﬁeld pulses along the x-axis and y-axis with a certain delay
as shown in Fig. 1(b) is used. With the pulse ﬁelds applied along
the þx and þy directions, the vortex core can be formatted to
pointing down ðP ¼  1Þ, independent of its initial conﬁguration.
On the contrary, the resulting vortex core is always pointing up
ðP ¼ þ 1Þ when the pulsed ﬁelds are applied in the þx and  y
directions. In short, the ﬁeld sequence and the end polarity form a
left-handed geometry. In our simulations, the ﬁeld strength used
for polarity control is chosen to be only a tenth to a quarter of that

Fig. 1. Schematic picture of the proposed two-step process for the control of the
vortex circulation and polarity in heptagonal disks. (a) Utilizing a high amplitude
magnetic ﬁeld pulse along the edge direction of the heptagon, the circulation can
be conﬁgured into CW or CCW according to the sign of the ﬁeld direction. (b) With
a pair of magnetic ﬁeld pulses applied along the x- and y-axes, the polarity of the
vortex will be determined according to the direction of the ﬁeld along the y-axis.

used for the circulation setting and the already initialized vortex
circulation therefore remains unchanged. So, with this designed
two-step approach, the circulation and polarity can be controlled
according to the directions of the type I and type II pulses without
pre-knowledge of the initial state.
3.2. Controllable switching of circulation
Fig. 2(a) shows the calculated temporal evolution of the inplane magnetization of vortex with CCW and CW (not shown due
to the similarity) initial conﬁgurations after applying a pulsed ﬁeld
of 100 mT in magnitude, and 0.9 ns in width along the þ x
direction. The diameter of the circle circumscribed around the
disk is 500 nm. With the strong ﬁeld pulse, the core is pushed out
of the disk. At t ¼ 0:9 ns when the magnetic ﬁeld is switched off,
the magnetization is almost parallel to the þ x direction, forming a
single domain state [panel II in Fig. 2(a)] independent of the initial
conﬁguration. With the given geommetry, the single domain state
is however unstable and the system needs to relax into the vortex
state. To reduce the demagnetizing energy, the moments near each
edge of the heptagonal disk will rotate towards the directions
parallel to the edges. Since there is a high energy barrier when the
moments are perpendicular to edge directions, the local moments
prefer to rotate with acute angles. In such a case, the local moments
near the four edges A, B, F and G shown in Fig. 2(b) form a CW
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Fig. 2. (a) Temporal evolution of the in-plane magnetization of vortex upon excitation by a ﬁeld pulse of 100 mT in magnitude, and 0.9 ns in width along þx direction. Each
arrow represents 400 unit cells. The disk has a circumscribed diameter of 500 nm and a thickness of 50 nm. (b) Sketched switching mechanism for the circulation control.
The bold arrows represent the orientation of the local moments in different stages of switching. (c) And (d) the calculated width-magnitude phase diagram of the magnetic
ﬁeld pulse for controlling the vortex circulation with disk diameters of 500 nm and 700 nm, respectively. Black squares/red crosses symbolize the successful/unsuccessful
control, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

conﬁguration and the moments near the C, D and E edges form a
CCW conﬁguration [panel III in Fig. 2(a)]. Naturally, the moments
near the 4 edges win the competition versus those near the 3 edges.
At the competition region, the moments near C and E edges ﬁrst

rotate towards their opposite directions and a domain pattern of a
multi-vortex state is formed [panel IV in Fig. 2(a)]. The further
relaxtion of this multi-vortex conﬁguration pushes the moments
near the left edge, D-edge, to rotate to the opposite direction [panel
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V in Fig. 2(a)]. As a result, a vortex state with CW circulation is
formed [panel VI in Fig. 2(a)].
From the simulated temporal evolution discussed above, we
can summarize the switching mechanism for circulation control as
a three-step process in Fig. 2(b). First, the magnetization is almost
parallel to the ﬁeld ( þ x) direction [red arrows in Fig. 2(b)]. Then,
after the ﬁeld pulse is swiched off, the moments near each edge of
the heptagonal disk rotate with acute angles towards the directions parallel to the edges, i.e., following the step ②in Fig. 2(b).
In such cases, the local moments near the 4 edges A, B, F and G
form a CW conﬁguration and the moments near the C, D, and E
edges form a CCW conﬁguration. Naturally, the moments near the
for edges win the competition versus that near the 3 edges and the
step ③ in Fig. 2(b) occurs. Finally, a vortex state with CW
circulation is formed. Therefore, with a sufﬁciently strong pulsed
ﬁeld along the þx direction, the circulation of the vortex can be
formated into a CW vortex, independent of its initial conﬁguration.
Similarly, the vortex can be turned into the CCW conﬁguration
with a ﬁeld pulse along the  x direction. Thus, a controllable
switching of circulation is achieved. To discuss the reliability of the
proposed method, we explored the phase diagram further for
different disk sizes. The results are shown in Fig. 2(c) and (d) for
disk diameters of 500 nm and 700 nm, respectively. The black
squares/red crosses symbolize successful/unsuccessful control,
respectively. As discussed above, the disks need to be almost
saturated in order to achieve circulation control. Therefore, it
requires a ﬁeld pulse of longer width to control the vortex
circulation if a weaker ﬁeld is applied. We ﬁnd that the required
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ﬁeld pulses can be shorter than 1 ns if the ﬁeld magnitude is
higher than 100 mT for both disk sizes. This gives large size
tolerance in real device design and fabrication. This demonstrates
that one can control the circulation with an in-plane ﬁeld pulse
within 1 ns providing that the ﬁeld magnitude is strong enough.
3.3. Controllable switching of polarity
During circulation switching, the polarity of the vortex changes
many times and the end-state polarity is difﬁcult to control due to
the strong magnitude of the ﬁeld pulse. The next step is to control
the polarity. Recently, vortex polarity switching either by the
in-plane single ﬁeld pulse or rotating ﬁeld pulses [10,12–
14,16,23,28–30] has been discussed extensively. In particular,
rotating ﬁeld pulses often lead to a selective switching [28–30]
of the polarity. According to the frequency, the excitation can be
classiﬁed as low frequency excitation, i.e., the gyrational vortex
mode, and high frequency excitation, i.e., the azimuthal spin wave
excitation. Due to its low frequency nature, the gyrational vortex
core motion often leads to a slower polarity switching. Also it has
been found that the polarity switches when the velocity of the
core reaches a critical value [16]. Similarly, we estimated the
critical velocity to be about 330 m/s with the parameters used in
our system. Interestingly, upon a rotating ﬁeld excitation, the
gyrational vortex mode can lead to selective switching [23,28].
The CW or CCW rotating ﬁeld and the end polarity after switching
form a left-hand geometry. High frequency azimuthal spin wave
excitation typically results in a faster switching. It can also lead to

Fig. 3. (a) and (b) Temporal evolution of CCW vortex magnetization with P ¼ 7 1 after the excitation of a single pulse ﬁeld of 20 mT in magnitude, 300 ps in width. The ﬁeld
is applied along the þx direction. The polarity is singly switched by the pulse while the circulation remains unchanged. (c) and (d) Temporal evolution of CCW vortex
magnetization with P ¼ 7 1 after the excitation of a pair magnetic ﬁeld pulses (20 mT in magnitude, 200 ps in width) are applied along the þ x and þ y directions,
respectively. There is a 100-ps delay time between these two pulses. The ﬁnal states of both vortices are P ¼  1 with their circulation remaining unchanged. Each arrow in
(a)–(d) represents 400 unit cells. The disk has a circumscribed diameter of 500 nm and a thickness of 50 nm. The inserts on the lower right of panels IV of (a)–(c) present the
ampliﬁed images of the vortex and anti-vortex pair near the original vortex cores.
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a selective polarity switching if it is excited by rotating ﬁelds with
a ﬁxed frequency. The switching direction, however, depends on
the excitation frequency. It can switch the polarity either from
positive to negative or vice versa if different frequency is used [28].
The frequencies of the azimuthal spin wave modes, however,
depend on the detailed dimension of the disks. It may be difﬁcult
to adjust the frequency to satisfy all the disks in real devices.
Therefore, it is important to ﬁnd a new strategy to control the
polarity with high speed but less frequency dependence. In our
case, we use a pair of square magnetic ﬁeld pulses with about a
100 ps interval in orthogonal directions, described as the type II
pulses in Fig. 1. As will be presented below, we ﬁnd that the vortex
polarity can be switched controllably within 1 ns without inﬂuencing the vortex circulation.
As the comparison, we plot the simulated time evolution for
disks of initially different polarities and with both a single ﬁeld
pulse excitation and a pair of square magnetic ﬁeld pulses with a
100 ps interval in orthogonal directions into one ﬁgure. Fig. 3
(a) and (b) shows the simulated results for two disks with opposite
polarity upon the same single pulse ﬁeld excitation. For simplicity,
we plot the results for vortices with CCW circulation only. But the
results are essentially the same for vortices with CW circulation.
The initial polarities are along the þz and  z directions in Fig. 3
(a) and (b), respectively. We can ﬁnd that both disks switch their
polarities once when a square shaped single pulse magnetic ﬁeld,
20 mT in magnitude and 400 ps in width, is applied along the þ x
direction. The switching by such a single pulse results in a
reversed polarity with its initial one, however, not a controllable
switching towards the desired polarity. Fig. 3(c) and (d) shows the
simulated results for two disks with opposite polarity upon the
same pair of orthogonal, square ﬁeld pulses, described as type II
pulses in Fig. 1. One pulsed ﬁeld is along the x-direction, and the
other one is along the y-direction. The magnitude and duration are
set to be 20 mT and 200 ps, respectively. The ﬁeld pulse in the ydirection is 100 ps behind the pulse in the x-direction, i.e., the ﬁeld
pulses follow a CCW rotation. (We note that our additional
simulations show that a 200 ps long single square pulse, 20 mT
in magnitude and along the x-direction, is not sufﬁcient to switch
the vortex core.) We ﬁnd that the simulated results are signiﬁcantly different from those obtained with the single pulse ﬁeld
excitation. For the disk with initial positive polarity, Fig. 3(c), the
pulse pair switches the polarity to negative. With the same pulse
pair, the disk with initial negative polarity shown in Fig. 3(d),
however, does not switch its polarity; the polarity remains as
negative. Therefore, a controllable switch of polarity towards
negative is achieved. In addition, the switching in Fig. 3
(c) ﬁnishes within 520 ps, which is a fast process as required for
information processing. When the pulse pair is applied to a CW
rotation, i.e., one pulse ﬁeld is along the x-direction, and the other
one is applied 100 ps behind it and along the  y-direction, the
end polarity is always positive (not shown due to the similarity).
We also checked the cases for disks with CW circulation and we
found the results are independent of the vortex circulation. The
end polarity after switching only depends on the sequence of the
applied ﬁeld pulses. It is negative/positive for the CCW/CW pulse
pair, respectively, i.e., the rotating direction of the pulse pair and
the end polarity form a left-handed geometry. The switching
direction is the same as the switching caused by gyrational vortex
mode excitation with a rotating ﬁeld [28]. The switching speed in
our case, however, is much faster than that by the gyrational
vortex mode excitation only.
To further understand the switching mechanism, we plot the
trajectories of the vortex cores before the polarity switching in
Fig. 4(a)–(d). They are obtained from Fig. 3(a)–(d), respectively.
The cores’ trajectories upon single pulse excitation in Fig. 4(a) and
(b) are rather similar except that they form mirror symmetry with

respect to the y-axis. The vortex cores precess along either CW or
CCW direction depending on their polarities, but the precessions
are coherent and do not change their directions. For the vortex
with initially positive polarity and excited with CCW pulse pair
ﬁeld, Fig. 4(c), the situation is similar except the precession path is
a little bit smaller than the paths shown in Fig. 4(a) and (b). In the
vortex with initially negative polarity and excited with CCW pulse
pair ﬁeld, Fig. 4(d), the situation is rather different. The precession
path is signiﬁcantly smaller than the paths of the other cases
shown in Fig. 4(a)–(c). With the zoomed image shown on the right
side of Fig. 4(d), we can ﬁnd that the core actually changes its
precession direction from CW to CCW and returns to CW again.
This is apparently different from the cases shown in Fig. 4(a)–(c).
On ﬁrst glimpse, the reverse precession direction is very surprising
as the precession direction is typically governed by the polarity
and it may suggest a polarity switching during the process. But we
did not ﬁnd any polarity switching during the whole process of
Fig. 3d. This surprising ﬁnding can be understood as the following.
In the presence of a magnetic ﬁeld, the vortex core precesses with
respect to the gyrotropic center but not the disk center. We found
that the reversed precession direction occurs from 100 to 300 ps,
which is coincident with the transition time from the ﬁrst pulse to
the second pulse. In this process, the gyrotropic center rotates in
the CCW direction as it follows the rotation of the ﬁeld pulse. With
the ﬁeld strength of 20 mT, we calculated the position of the
gyrotropic center which is deﬁned as the equilibrium vortex core
position under the given ﬁeld. The calculations show that the
gyrotropic center is about 60 nm away from the disk center, which
gives a rotation speed of over 900 m/s for the gyrotropic center
since it rotates 901within 100 ps. This speed is much larger than
vortex core velocity. In the whole process, the vortex core
precesses with respect to the gyrotropic center in CW direction
without violation of the common selection rule. The rotation of
the gyrotropic center with respect to disk center has a large speed
and is along the CCW direction. The combination of both gives a
reversed precession of the vortex core with respect to disk center
as shown in Fig. 4(d). With this, we can also understand the
signiﬁcantly different core trajectories shown in Fig. 4(c) and (d) as
well as the switching selectivity. In the case of P ¼ þ 1, Fig. 4(c),
the precession of the vortex core with respect to the gyrotropic
center and the rotation of the gyrotropic center with respect to
disk center are along CCW direction. The combination of these two
effects causes additional acceleration of the vortex core and the
core can reverse its polarity. For P ¼  1, Fig. 4(d), the precession of
the vortex core with respect to the gyrotropic center is along CW
direction which is opposite to the CCW rotation of the gyrotropic
center with respect to disk center. In such a case, the two effects
cancel each other and the polarity switching is hindered. Therefore, the end state always has the polarity of 1. Vice versa, the
end state will have polarity of þ 1 when the CW ﬁeld pulse pair is
applied. That is the end state always forms a left-hand geometry
with respect to the rotation sense of the pulse pair. Thus, a
selection rule is built. The polarity switching caused by the
gyrotropic motion is typically not very fast. Our simulations,
however, show that the switching with the pulse pair can occur
within 1 ns.
To understand the fast switching mechanism, we also plot the
corresponding time dependent vortex velocity and the separation
between the vortex core and the disk center in Fig. 4(e)–(g) and
(h)–(j). In addition, we ﬁnd that the vortex velocity oscillates
strongly as a function of time for all cases. Though the oscillations
are not harmonic, which suggests they have multimode origin, one
can estimate from the oscillation periods that they also contain
high frequency excitations in high GHz range. This observation
indicates that high-frequency azimuthal spin waves are excited.
The calculated separation between the vortex core and the disk
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Fig. 4. (a) and (b) Calculated trajectories of the vortex cores upon the excitation by a single pulse along the þ x direction. The trajectories are derived from the images shown
in Fig. 3(a) and (b). (c) and (d) Trajectories of the vortex cores upon the excitation by a pair of pulses applied in orthogonal directions derived from Fig. 3(c) and (d). The
motions of the vortices with positive/negative polarity are marked by red/blue colour, respectively. All the circulations of the vortices are CCW. (e)–(g) Calculated time
dependent vortex core velocity, (e) represents the case shown in (a), and (f) and (g) represent the cases shown in (c) and (d) respectively. (h)–(j) Calculated time dependent
separation between the vortex core and the disk centre, (h) represents the case shown in (a), and (i) and (j) represent the case shown in (c) and (d) respectively. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

center in Fig. 4(h) and (i) show a large deviation of the vortex core
from the disk center before the polarity switches. The deviations
are much larger than the case without switching shown in Fig. 4(j).
The ﬁnding of a relatively large deviation of the vortex core from
the disk center demonstrates the existence of the gyrational vortex
mode. In fact, from the Fourier analysis of the unipolar square
pulse of sub-ns width used here, we ﬁnd that the spectrum
contains both low frequency and high frequency components.
Therefore, it is not surprising to ﬁnd the excitations of both the
low frequency gyrational vortex mode and the high frequency
azimuthal spin waves. Moreover, they are excited by rotating
ﬁelds. As discussed above, the gyrational mode excitation alone
cannot explain the fast polarity switching found in our case. We
also notice that the velocity of the vortex core exceeded the
estimated threshold velocity of 330 m/s before polarity switching
(Fig. 4(e) and (f)) and even for the case without polarity switching,
Fig. 4(g). This again proves that the switching is not caused by the
gyrational mode excitation only. If the polarity switching were
caused by the high frequency azimuthal spin wave excitation only,
one would expect that the switching direction would be reversed
when we change the excitation frequency. To check this, we tuned
the pulse width to change the frequency. As presented in Fig. 5,
when we changed the pulse width over a wide range, the switching direction remained unchanged. Therefore, we can conclude
that polarity switching in our case is caused by the combination of

both the low frequency gyrational vortex mode and the high
frequency azimuthal spin wave modes. The low frequency gyrational vortex mode may control the switching direction while the
adding of high frequency azimuthal spin wave modes may be
responsible for the high switching speed. This combination gives a
unique, fast and controllable switching of vortex polarities. In
addition, we also tried to explore the threshold characteristics but
did not ﬁnd any, consistent with the switching being of multimode
origin.
In Fig. 5, we explored the phase diagram for the polarity
control. For the successful manipulation, the strength of the pulse
pair needs to be adjusted to switch one type of polarity only once
and leave the other polarity unchanged at the end. Therefore, both
the lower and upper boundaries are expected for the successful
control. These boundaries for the one time core reversal with
single pulse ﬁeld have been previously discussed by Xiao et al., for
Fe disks [13]. The pulse pair can offer more ﬂexibility to control the
switching as more parameters can be adjusted. For simplicity, we
set the amplitude and width of these two orthogonal ﬁeld pulses
to be the same and the delay time to be half of the pulse width in
all of the simulations for polarity control. Fig. 5(a) presents the
calculated pulse width vs. magnitude phase diagram for the disk
with 500 nm in lateral size. The black squares symbolize the
successful control while the red crosses represent the unsuccessful
control, respectively. We can ﬁnd that there are indeed two
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Fig. 5. Calculated phase diagram of the magnetic ﬁeld pulse pair for controlling the vortex polarity with disk diameters of 500 nm (a) and 700 nm (b). Black squares/red
crosses represent the successful/unsuccessful control, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

boundaries for one-time core reversal when the magnitude of the
pulse ﬁeld is above 21 mT. The dependences are different for both
boundaries. The lower boundary is less ﬁeld-dependent while the
pulse width for the upper boundary increases strongly with
decreasing ﬁeld magnitude, yielding more space for the control
at the low ﬁeld region. For ﬁelds o20 mT, only a lower boundary
is found. This is due to the stronger ﬁeld dependence of the upper
boundary and it exceeds 600 ps. A similar phase diagram is
obtained for the disk of size 700 nm, Fig. 5(b). Both phase
diagrams show that there are broad regions that can be used for
the control of polarity with orthogonal double pulses within 1 ns,
demonstrating the reliability of the proposed method. In particular, there is substantial overlapping region in the ﬁeld range of 12–
16 mT allowing for the polarity control in the phase diagrams of
these two different sizes, leaving a large size tolerance in the
device design and fabrication.
The magnitude of the ﬁeld for polarity control is a factor of 4 to
10 times smaller than that used for circulation control and has no
inﬂuence on the circulation. Therefore, the combination of both
types of ﬁeld pulses can lead to arbitrary control of the four-fold
degenerate vortex states. We note that the demonstration of the
feasibility was obtained with a 2  2 array with each disk having
different initial states. To save calculation time, the phase diagrams
were explored for a single disk only. But the results were crosschecked with different initial states to ensure their generality. Our
calculations show that the inﬂuence of the adjacent disks is
negligible when the center-to-center distance between disks is
41.5 times the disk diameter. We also note that a heptagonal
shape is required only for the control of the circulation. Control of
circulation is not limited to heptagonal shape disks, but requires
only that the shape be asymmetric. We also performed the
calculations with the edge-cut, circular disks similar to those used
in Ref. [33]. The results are essentially the same. On the other
hand, controllable switching of the vortex polarity is independent
of the shape of disk. When we change the shape of the disk to
circular or square, the polarity of the vortex can be controlled in
good agreement with previous ﬁndings though ac pulse ﬁelds
were used in those experiments [23,28].

4. Conclusion
In summary, we have demonstrated a method to controllably
switch both the circulation and polarity of magnetic vortices in
heptagonal disks within a nanosecond. The method combines two

different types of ﬁeld pulses. When a magnetic ﬁeld pulse of
 100 mT in magnitude and sub-nanosecond width is applied
along one of the edge directions of the heptagon, the circulation
of the vortex can be manipulated according to the pulse direction.
Utilizing a pair of pulses, (a few tens of mT in magnitude, subnanosecond both in width and in relative delay) in orthogonal
directions, the polarity of the vortex can be further controlled
without inﬂuencing the already conﬁgured vortex circulation. The
different magnitude of switching ﬁelds allows for the combination
of both types of pulses to control both the circulation and the
polarity. Through the combination of these two different types of
magnetic ﬁeld pulses, the vortex can be set unequivocally to any of
the four-fold degenerate states. The ﬁndings are of great importance in the vortex based applications such as data storage,
microwave oscillators and magnetic logic devices.
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