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Effects of current on nanoscale ring-shaped magnetic tunnel junctions
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We report the observation and micromagnetic analysis of current-driven magnetization switching in nanos-
cale ring-shaped magnetic tunnel junctions. When the electric current density exceeds a critical value of the
order of 6X 10° A/cm?, the magnetization of the two magnetic rings can be switched back and forth between
parallel and antiparallel onion states. Theoretical analysis and micromagnetic simulation show that the domi-
nant mechanism for the observed current-driven switching is the spin torque rather than the current-induced

circular Oersted field.
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I. INTRODUCTION

In the experiments that demonstrated current-driven mag-
netization switching for spin valve pillars' or magnetic tun-
nel junctions (MTJs),> magnetic elements have been pat-
terned into elliptic or rectangular shapes. Undesired
properties such as a large shape anisotropy and a strong stray
field would place a severe limitation on these magnetic ele-
ments for ultrahigh density memory devices. The ring-
shaped spin valve or MTJ eliminates the stray field and en-
hances the thermal stability since the magnetization may
ideally form a vortex structure free of magnetic poles.’
Recently, the magnetic rings made of a single magnetic
layer®® and of spin valves® !> have been achieved. For the
current in the plane (CIP) of the layers, the measurement of
the CIP resistance of the spin valve probes the domain struc-
ture of the free layer.” For the current perpendicular to the
plane of the layers, the magnetization can be switched by the
current.!!"13 In these studies, the size of the rings ranged
from submicrometers to micrometers and the current-
induced Oersted field is the dominant mechanism in switch-
ing. To achieve the switching by the spin transfer torque,' it
is necessary to make the ring size of the order of 100 nm or
less. We had previously reported the fabrication and mea-
surement of ring-shaped magnetic tunnel junctions,'> where
the fixed layer is pinned by an antiferromagnetic layer.

In the present work, we have successfully made a series
of the ring-shaped MTJ structures with various ring diam-
eters and without an antiferromagnetic layer; this simpler
layer structure makes the analysis more straightforward. Our
micromagnetic simulation shows that the observed magneti-
zation switching is originated from spin transfer torques and
the current-induced circular Oersted field plays very minor
roles in switching. Although the desired vortex states have
not been identified in our experiments and simulation, the
definitive verification of the switching between onion states
(described in detail later) by the spin torque is encouraging
for a further exploration of the geometrically controlled mag-
netic states.

II. EXPERIMENTAL PROCEDURES

Multilayered MTJ films with the hard-ferromagnetic/
insulator/soft-ferromagnetic layer structure of Ta(5 nm)/
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Cu(20 nm)/Ta(5 nm)/CosoFesp(2.5 nm)/Al(0.6 nm)oxide/
CogoFey0Bog(2.5 nm)/Ta(3 nm)/Ru(5 nm) were deposited
on the Si(100)/SiO, substrate by using an ULVAC TMR
R & D Magnetron Sputtering System (MPS-4000-HC7) with
a base pressure of 1 X 107 Pa. The Al-oxide barrier was fab-
ricated by inductively coupled plasma oxidizing a 0.6 nm Al
layer with an oxidation time of 10 s in a mixture of oxygen
and argon at a pressure of 1.0 Pa in a separate chamber. Two
electrodes situated above and below the nanoring MTJ were
patterned by ultraviolet optical lithography combined with
Ar-ion beam milling.'®!” The active ring-shaped junction
area was patterned by electron beam lithography using a
Raith 150 scanning electron microscope (SEM) and reactive
ion etching. The nanoring MTJ pillar including the top resist
was then buried by SiO, deposition. Finally, the resist and
SiO, on the top of a nanoring were removed by using a
lift-off process before the top electrode was patterned in the
perpendicular direction.

The transport measurement was conducted via a standard
four-probe method. The tunnel resistance was measured by
applying a small current (10 wA) so that the magnetic state
of the ring is not disturbed.

III. EXPERIMENTAL RESULTS AND MICROMAGNETIC
ANALYSIS

Figures 1(a) and 1(b) show the SEM images of an array of
ring-shaped MTJs and of a single MTJ whose inner and
outer diameters are about 50 and 100 nm, respectively. The
magnetization state of a deep submicron-sized single ring
has two possible stable configurations at zero external mag-
netic field (remanent state): onion (O) and vortex (V), as
shown in Fig. 1(d). The onion states are metastable states;
they can easily be formed via the application of an in-plane
magnetic field. Each onion state has a pair of domain walls;
in the presence of a large uniaxial anisotropy, two domain
walls are pinned around the easy axis. If the anisotropy is
small, the magnetostatic interaction between two domain
walls tends to attract each other, forming a slightly asymmet-
ric onion state (not shown). The vortex state is the lowest
energy state and is more stable than the O state. However,
there is no simple experimental method available to produce
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FIG. 1. (Color online) The SEM images of the (a) array and (b) single magnetic tunnel junction rings. Schematically shown are the layers
of the (c) ring and (d) two stable magnetization patterns of one magnetic layer at zero magnetic field (remanent states): vortex (V) and onion
(O) states. Note that there are other equivalent states that correspond to the reversal of the polarity of the magnetization of the above two

states.

the V state. Our micromagnetic simulation'® shows that the
transition from the onion state to the vortex state does not
occur when one just sweeps the in-plane magnetic field from
a large positive value to a negative one for the samples with
only 2.5 nm layer thickness. Instead, the two domain walls
of the onion state rotate along the circumference until the
polarization of the onion state is reversed. We will discuss
the generation of the V state at the end of the paper.

A. Magnetic-field-driven switching

Figure 2 shows the tunnel resistance when we apply an
in-plane magnetic field along the easy axis of the ring. At a
large field, the magnetization of both rings are in the parallel
onion state and, thus, the resistance is lowest. When the field
is reduced, the stray field of the domain walls causes the
onion states of the upper and lower rings to rotate oppositely
in order to reduce the magnetostatic energy. Since the aniso-
tropy of the two layers is small, each onion state will oppo-
sitely rotate by 90° to form an antiparallel configuration and
the tunnel resistance becomes maximum. Further reversing
the magnetic field causes the onion states of the two layers to
become parallel again.

To reproduce the qualitative features of the above experi-
mental data, we perform a numerical simulation by taking
the following plausible assumptions. First, the several jumps
shown in Fig. 2(a) indicate the existence of pinning poten-
tials, and we model the pinning by simply including an in-
plane fourfold anisotropic field. Second, an interlayer cou-
pling between two rings is likely to exist for the ultrathin
Al,Oj5 insulator barrier. Thus, we have added a 60 Oe ferro-

magnetic coupling field, which is consistent with our previ-
ous experiments on similar junctions having elliptical
shapes.'® Third, the tunnel conductance G(H) is calculated
via the standard formulation of tunnel magnetoresistance as
follows:

GH)=G,~ QE_TG[’ f dxdy[1 - cos 6(x,y)], (1)

where G, (G,) are the conductance for the two magnetic
layers in parallel (antiparallel), A is the area of the ring,
O(x,y) is the angle between the local magnetization vectors

M,(x,y) and M,(x,y) of the top and bottom rings, and (x,y)
denotes the in-plane coordinates. Once the magnetization
states of the top and bottom rings are obtained via micro-
magnetic simulation, the conduction G(H) or the tunnel mag-
netoresistance R(H)=G~'(H) can readily be derived from
Eq. (1). As seen from Fig. 2(b), the simulated results repro-
duce the main shape of the experimental R-H curves.

We note that there are several subtle features that are not
reproduced by the simulation. First, the gradual increase in
the resistance at low field observed in the experiment indi-
cates the gradual rotation of the domain walls; the origin is
likely from the competition between magnetostatic interac-
tions of the two rings and the pinning potentials.”’ Second,
there are small sudden jumps in the resistance at low fields
between the parallel resistance and the onset of the gradual
increase to the antiparallel resistance. The reason might be
due to the misalignment among the easy axes of the two
layers and the direction of the magnetic field. If we consider
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FIG. 2. (Color online) (a) The room-temperature tunnel resistance as a function of the magnetic field for a ring-shaped MTJ whose outer
diameter is 100 nm. (b) Calculated normalized tunnel resistance OR/OR,,. Where 6R=R(H)-R,, oR,,=R,~R,, and R, and R, are the
resistances for the parallel and antiparallel aligned onion states of the top and bottom rings. The parameters in micromagnetic simulation are
specified as below: the uniaxial anisotropy of FeCo is 50 Oe and that of FeCoB is 0, the saturation magnetizations of FeCo and FeCoB are
1130 and 1000 emu/cc, and the interlayer coupling field is 60 Oe. (c) In addition, an in-plane fourfold anisotropic field of 90 Oe is applied

to mimic the pinning potentials.

that the easy axes of the two layers make an angle 6, a large
field would make the onion states of the two layers parallel.
As the field reduces to a smaller value, a transition occurs
where the two onion states tend to return to their respective
easy axis, i.e., form approximately an angle 6. Note that this
irreversible jump depends on the location of the pinning po-
tential. We show in Fig. 3 the R-H characteristic of a similar
ring, where the major and minor hysteresis jumps occur in
several magnetic fields. Interestingly, the inserted minor loop
contains only one small jump. These uncontrolled subtle fea-
tures indicate the imperfection of the ring structure.

B. Current-driven switching

Next, we show the tunnel resistance by sweeping the cur-
rent at zero magnetic field. The data were recorded as fol-
lows. Before each resistance measurement, a current pulse
with amplitude 7 and width of 200 ns was applied. The re-
sistance is then measured by using a low readout current of
10 nA that will not disturb the magnetic state formed after
each current pulse. By repeating the above process for an
increasing or decreasing amplitude of /, we obtained the full
R-I loop in Fig. 4. One notices that the two values of the
resistance are very close to the values in Fig. 2(a), which
indicates that the magnetization of the two layers are two
onions states with parallel (low resistance) and antiparallel
(high resistance) configurations. The critical switching cur-
rent from antiparallel (parallel) to parallel (antiparallel) states
is about 1.1 mA, which corresponds to the current density of
about 6 X 10® A/cm?.

Two competing mechanisms are responsible for the
switching of the magnetization by the current. First, the cur-
rent induces a circular magnetic field that may affect the
magnetization states. However, our data suggest that the
current-induced magnetic field cannot be the dominant
mechanism for the switching: (1) for the current /=1 mA,
the maximum Oersted field at the outer boundary of a
100-nm-diameter infinitely long cylinder is less than 40 Oe;
this Oersted field is clearly an overestimation since the field
would be smaller for our ring structure. Simulation indicates
that one needs at least several times larger current density to
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FIG. 3. (Color online) The room-temperature tunnel resistance
as a function of the magnetic field for a ring-shaped MTJ whose
outer diameter is 200 nm. Inset: The minor hysteresis loop.
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FIG. 4. (Color online) The tunnel resistance as a function of the amplitude of the 200 ns pulsed current density at zero magnetic field.
(a) Experimental results at room temperature. Simulation results of the R-I loop: (b) the precessional states near the critical current density
and (c) the switched state for the current exceeding the critical value. (d) The same set of parameters as in Fig. 2 in addition to the damping
parameters of 0.01 and 0.015 for the top and bottom magnetic rings are used for the simulation. (e) The simulated R-I curve after the pulsed

current is turned off.

reverse the polarity of the onion state. More specifically, we
find from micromagnetic simulation that without the spin
torque, the circular Oersted field is able to rotate the domain
walls of the onion state by only a few degrees. (2) The mea-
sured critical current density, shown in Fig. 4(a), is approxi-
mately the same for different sizes of rings (not shown),
while the Oersted-field-driven reversal'3 would be strongly
size dependent. Thus, we propose that the spin transfer
torque is the dominant factor for the observed switching.
We have performed micromagnetic simulation by explic-
itly taking into account both the spin torque and the induced
Oersted field. We model the spin torque on m; via a;m;
X (m; Xm;),?! where a; is proportional to the current. Fig-
ures 4(b)—4(e) show the simulation results. We note that both
the observed [Fig. 4(a)] and simulated [Fig. 4(b)] R-I loops
do not show distinct steps (see Fig. 2); this indicates that the
current-driven switching is relatively insensitive to local pin-
nings as compared to the field-driven switching. We attribute
this feature to the spin transfer torque: the switching current
density /. is proportional to Hyg+27wM,, where Hy is the
anisotropy field and M, is the saturation magnetization.'*
Since 27M | is much larger than Hy and pinning potentials,
the critical current is thus not sensitive to the local defects.
We also notice that the simulation shows a gradual change in
resistance just before switching near the parallel (antiparal-
lel) resistance at positive (negative) currents, while the ex-
perimental switching between parallel and antiparallel resis-
tances is abrupt. This discrepancy is due to an artifact, in
which the simulation was carried out with a constant current
density. When the current is near the switching current, one
of the layers is in a stable precessional state (this stable pre-

cessional state is a signature of the spin torque) [see Fig.
4(c)]. Experimentally, the resistance was measured after the
pulsed current was switched off. Therefore, the measured
states returned to the parallel onion states. If we turn off the
current after a certain time during the simulation, the loop
will not change gradually because the precessional states will
return to either the parallel or antiparallel state, [see Fig.

4(e)]-

C. Discussions and summary

The quantitative analysis of the spin torque effect in MTJ
involves a number of key parameters. The critical current at
finite temperature is given by?>??

kyT*

E, I ln(tpf0)> )

where I, is the intrinsic (zero temperature) critical current,
T* is the temperature, E; is the energy barrier separating the
antiparallel and parallel onion states, 7,=200 ns is the pulse
width of the current, and f,~10° s~ is the attempt fre-
quency. It is expected that the temperature will be signifi-
cantly higher than the room temperature when the bias volt-
age is of the order of 1 V.>* The energy barrier depends on
the detail of the magnetostatic interaction as well as the de-
fects of the ring structure.?>?¢ Furthermore, the recently pro-
posed perpendicular spin torque also contributes to the en-
ergy barrier.””?® The uncertainty of these parameters makes
the quantitative comparison very difficult, if not at all impos-
sible. We show in Fig. 5 the critical current as a function of
the temperature. The significant reduction of the critical cur-

L:Q%l— )
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FIG. 5. (Color online) The temperature dependence of the dc
critical current density for a ring-shaped MTJ whose outer diameter
is 100 nm.

rent at high temperatures implies the importance of the ther-
mally assisted switching.

While our initial motivation for the study of the ring
structure is to create and switch vortex states that are robust
against thermal fluctuation, we are unable to create such
stable vortex states in the present experiments. A plausible
interpretation is that the vortex states are topologically dif-
ferent from the onion states, and one needs to annihilate two
magnetic domains of the onion state to create a vortex state.
For our ultrathin rings, one would require a large out-of-
plane rotation to convert the onion to the vortex states and,
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thus, it is energetically prohibited. One possible way to ini-
tialize a vortex state is to utilize a circular magnetic field
generated by the current, but the required current density is
too high. Other methods, for example, applying a large out-
of-plane field along with a moderate current, might be more
suitable for the initial formation of the vortex states. It is an
experimentally challenging problem to manipulate well-
controlled vortex states in ultrathin rings. We defer this study
in the future.

In summary, we demonstrate that the magnetization of the
ring-shaped MTJ can be switched by a current. The current
density of the order of 6 X 10% A/cm? is sufficient to switch
from one onion state to another. This work opens a possibil-
ity for creating high-density magnetic elements with en-
hanced thermal stability and reduced power consumption.
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