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Spin Hall effect clocking of nanomagnetic logic

without a magnetic field

Debanjan Bhowmik®, Long You™ and Sayeef Salahuddin*

Spin-based computing schemes could enable new functional-
ities beyond those of charge-based approaches’®. Examples
include nanomagnetic logic, where information can be pro-
cessed using dipole coupled nanomagnets’-'*, as demonstrated
by multi-bit computing gates®'. One fundamental benefit of
using magnets is the possibility of a significant reduction in the
energy per bit compared with conventional transistors"8145,
However, so far, practical implementations of nanomagnetic
logic have been limited by the necessity to apply a magnetic
field for clocking®". Although the energy associated with mag-
netic switching itself could be very small, the energy necessary
to generate the magnetic field renders the overall logic scheme
uncompetitive when compared with complementary metal-
oxide-semiconductor (CMOS) counterparts. Here, we demon-
strate a nanomagnetic logic scheme at room temperature
where the necessity for using a magnetic field clock can be
completely removed by using spin-orbit torques’®-22, We con-
struct a chain of three perpendicularly polarized CoFeB nano-
magnets on top of a tantalum wire and show that an
unpolarized current flowing through the wire can ‘clock’ the
perpendicular magnetization to a metastable state. An input
magnet can then drive the nanomagnetic chain deterministi-
cally to one of two dipole-coupled states, ‘2 up 1 down' or ‘2
down 1 up’, depending on its own polarization. Thus, infor-
mation can flow along the chain, dictated by the input magnet
and clocked solely by a charge current in tantalum, without
any magnetic field. A three to four order of magnitude
reduction in energy dissipation is expected for our scheme
when compared with state-of-the-art nanomagnetic logic.

The underlying physics of the clocking hinges on the recent dem-
onstration that magnetization of a thin ferromagnet can be effec-
tively controlled by charge current flowing in a heavy metal
sitting immediately under the magnet!®-22. Essentially, a current-
induced spin-orbit torque controls the magnetization, although
the exact nature of the torque is still being debated!'®?%. The hetero-
structure (Ta/CoFeB/MgO/Ta from the bottom) used here closely
resembles that described in the work of Liu and colleagues'®, so, fol-
lowing their convention, we shall henceforth refer to the phenom-
enon as the spin Hall effect. Within spin Hall physics, when an
in-plane current flows through a resistive bar made of f3-phase tan-
talum, electrons with spins of opposite polarities accumulate at the
opposite surfaces along the thickness of the bar!®!7? (Fig. 1a) and
could exert a torque on a magnet (CoFeB) sitting immediately on
top of the tantalum. The CoFeB, in this case, has perpendicular
magnetic anisotropy?%. The in-plane torque, if strong enough, can
bring its magnetization in-plane, where it is metastable. This is
reflected in a reduction in coercivity to zero? (Supplementary
Section 1). If the current is now turned off, the magnet, from this
metastable state, will randomly go to an ‘up’ or ‘down’ state, deter-
mined by thermal noise. The ability to drive the magnet to a

metastable state allows one to use it as an efficient clocking mech-
anism. For example, let us imagine a situation where there is a
chain of three nanomagnetic dots located on top of a tantalum
bar. Application of a current pulse (clock) through the tantalum
would drive the magnets in-plane (Fig. 1b). On removal of the
current, the magnets would orient themselves in their lowest
energy configuration, 2 up 1 down (14 1) or 2 down 1 up ({ 1),
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Figure 1| Spin Hall effect spin-torque-based clocking. a, In-plane current
flowing through tantalum along the x-direction (electrons along the
—x-direction) causes spin separation across the thickness of the tantalum
(z-direction). This results in accumulation of electrons with y-directed

spins at the Ta/CoFeB interface, which offers spin Hall effect spin torque to
the magnetization (green arrow) of CoFeB. This spin torque drives the
magnetization of CoFeB from its easy axis in the out-of-plane direction to a
metastable in-plane state. b, When current passes through the tantalum bar
below the magnetic dots, magnetizations of all dots other than the large
input dot are driven in-plane to a metastable state. Current flows in the
—x-direction here, so electrons with —y-directed spins accumulate at the
Ta/CoFeB interface, resulting in the magnetizations of the dots being driven
to the —y-direction. When the current pulse is removed, the magnets go to
the dipole-coupled lowest-energy configuration.
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Figure 2 | Driving a perpendicularly polarized magnet to a metastable in-plane state by spin Hall effect spin torque. a, SEM images showing a Hall bar
structure with a square dot (side length 200 nm) at its centre. The dot comprises Ta (10 nm)/CoFeB (1 nm)/MgO (1 nm)/Ta (~10 nm), while regions
outside the dot are etched down to the bottom tantalum layer of the stack (see Methods). b, Anomalous Hall resistance R, (proportional to the out-of-
plane magnetization of the dot) is measured using the Hall bar structure, with a varying magnetic field applied out of plane. A square hysteresis loop is
obtained, which shows that the easy axis of the magnet is out of plane. ¢, Starting with the magnet initially in the up direction, 30 successive current pulses
of magnitude 1.5 x 107 A cm™2 are applied at O G. Rane is measured after every current pulse and plotted against the current pulse number. d, Histogram,
obtained from the results of the same experiment, showing that the magnet is either up (Ry e = 0.1€)) or down (Rye = —0.1 Q) after a current pulse, with
almost 50% probability. Accordingly, the spin Hall effect spin torque from the current pulse drives the magnet to a metastable in-plane state, from which

thermal noise directs it either to the up or down state.

due to dipole coupling. Now, if the input magnet can be designed in
such a way that it is not affected by the clock pulse, this will dictate
the final state of the three-dot nanomagnetic chain. If the input is
(1), the chain of three dots will go to ({1), and if the input is
({), the chain will go to (1{1). Thus, the last magnet in the
chain would be a function of the fixed input magnet, and infor-
mation would propagate along the chain. In this Letter, we demon-
strate that such a scheme is indeed possible.

We start by investigating an individual dot. All our devices were
fabricated from a stack of thermally oxidized Si (substrate)/Ta
(10 nm)/CoFeB (1 nm)/MgO (1 nm)/Ta (20 nm) (see Methods for
details). All measurements for this work were performed at room
temperature. Scanning electron microscopy (SEM) images of a
typical Hall bar structure with a magnetic dot (200 nm x 200 nm)
at the centre are shown in Fig. 2a. In this configuration, one can
probe the magnetization by measuring the Hall resistance corre-
sponding to the anomalous Hall effect (AHE)?. The anomalous
Hall resistance R, is proportional to the out-of-plane magnetiza-
tion of the dot. Figure 2b presents a typical measurement. The data
clearly show that the easy axis of the magnetic dot is in the out-of-
plane direction. We began with a vertically up direction for the mag-
netization. Next, a current pulse of magnitude 1.5 x 107 A cm™ >
was applied 30 times. The final state of the magnet was found to
be up (Ryyr=0.1) 17 times and down (R, = —0.1Q) 13
times (Fig. 2c,d). The near 50% probability of ‘up’ and ‘down’
states demonstrates that the current flowing in the tantalum is
indeed putting the magnetic dot into a metastable state from which
it is driven to up or down directions by thermal noise, in accordance
with the intuitive picture already presented. We have considered other

possible mechanisms to explain this result, including Joule heating
and the magnetic field (Oersted field) generated by current, and
have concluded that these two mechanisms are not dominant
factors in our experiment (Supplementary Section 8).

We next considered a system of three identical nanomagnetic
dots. Figure 3a shows three fabricated dots, which are 200 nm in
diameter and separated from one another by a distance of 30 nm.
The dots were placed away from the cross-centre area of the Hall
bars. In this configuration, the contribution to the AHE resistance
from each of the dots is different, so they can be probed individu-
ally””. The following notation is used herein and in Fig. 3b-f to rep-
resent the magnetization states of the three adjacent magnetic
dots—state of the nearest magnet, state of the middle magnet and
state of the farthest magnet—where the state of each magnet can
be up (1) or down (). The dot nearest to the cross-centre has
the maximum contribution to the AHE signal?” (Fig. 3b). When
the nearest magnet switches the change in R,y is 0.07 ), while
for middle magnet (middle arrow) the change is 0.04 ) and
for the farthest magnet (rightmost arrow) it is 0.015Q
(Supplementary Sections 2 and 10). If these magnets are now
driven to a metastable state, they are expected to go to a mutually
antiparallel state of 2 up 1 down’ ($}1) or ‘1 up 2 down’ ({ 1)
with 50% probability due to dipole coupling. To test this, a
current pulse of magnitude 3 x 10" A cm™? was applied at zero
external magnetic field to drive the three magnets in a metastable
state. Of 20 repeated measurements, the magnets proceeded to the
(141) state eight times and the (| 1) state five times (Fig. 3c,d)
(for details of the measurement see Supplementary Section 3).
The same experiment was performed next with the three magnets
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Figure 3 | Dipole coupling between adjacent magnetic dots. a, SEM image showing three circular magnetic dots of diameter 200 nm at a separation of

30 nm. b, Hysteresis loop (R versus out-of-plane magnetic field) showing three discrete jumps, each corresponding to one magnet switching between up
and down. Green arrows: direction of magnetization of each dot. The dot farthest from the cross-centre (rightmost arrow in each set of three arrows) has the
lowest contribution to Ry, whereas the one that is closest (leftmost arrow in each set of three arrows) has the highest contribution?’. ¢, Starting with all
three magnets initially down, a current pulse of magnitude 3 x 10" A cm™2 is applied 20 times at a field of O G. The Rape of the final state after each current
pulse is plotted against current pulse number. Bold lines are drawn through the expected final states, ‘2 up 1 down’' (41) and ‘2 down 1 up’ ({ 1), which
we obtain 13 out of 20 times. The other seven times indicate states where adjacent magnets are parallel to each other. These are the error bits, represented
by crosses. d, Histogram, obtained from the results of the same experiment, showing the dominance of mutually antiparallel aligned states: (1]1) eight
times and ({ 1) five times. This is a result of dipole coupling between adjacent dots making these two states the lowest-energy configuration. e, When the
same experiment is repeated with all magnets initially up, the (1] 1) state is formed ten times and the (| 1) state five times. f, When the same current
pulse is instead applied in the presence of a 20 G field, with the magnets initially all in the up state, they always go to the (1]1) state. Similarly at —20 G,
the current pulses drive them to the (| 1) state. Thus, the bias magnetic field controls the final state of the magnets. Either of the states (1] 1) and ({ 1)
is stable unless another large current pulse or a magnetic field (higher than the coercivity of the dots, ~300 G), is applied.

initially in the upward direction. Of 20 trials, on ten occasions the
final state was (1J1) and on five occasions (1) (Fig. 3e). The
slight deviation from 50% probability may be due to the small
sample size (in terms of number of repetitions) and also due to
errors that could arise in dipole coupling, which has been
extensively studied?.

The same experiment was repeated, but in the presence of a bias
magnetic field. When the current pulse was applied with a 20 G field
along the up direction, the magnets always went to the 2 up 1 down’
state (1] 1). Similarly, when the current pulse was applied at —20 G,
the magnets always went to the 2 down 1 up’ state (1) (Fig. 3f,
Supplementary Fig. 4a,b). Thus, the external magnetic field breaks
the symmetry of the system and causes the magnets to prefer one
configuration over the other, depending on the polarity of the mag-
netic field. The fact that the current in tantalum can drive the three-
dot chain into a metastable state from which a magnetic field input
can deterministically drive it to one of two dipole-coupled states
clearly demonstrates that the spin Hall current can be used as an
efficient clocking scheme for nanomagnetic logic.

As a demonstration of a complete system, we next fabricated a
three-dot chain of nanomagnets (500 nm x 500 nm) together
with an input magnet. The dots were spaced by 30 nm. The input
magnet was large (a few micrometres on each side) and ~30 nm
away from the first magnet in the three-dot chain (Fig. 4a). In the
AHE measurement, a larger change in R, at smaller switching
field corresponds to the switching of the large input magnet,
while smaller jumps at a higher switching field (Fig. 4b) must
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arise from the smaller magnetic dots, because the switching field
reduces with increasing size of the dots (Supplementary Section 5).
This allows us to probe the input magnet and the three-dot chain
separately. To prepare the input state, we applied a current pulse
in the presence of a 20 G magnetic field in the up direction
(Supplementary Section 6). This put the large input magnet in the
up direction, which acted as an input to the chain. From Fig. 3e,
this condition should drive the three-dot chain to the 2 up 1
down’ state (1] 7). On the other hand, if the input is strong, then
the up state of the input magnet should drive the three-dot chain
to a 2 down 1 up state’ ([ 1]). To test this, we started with all
magnets in the upward direction. Application of the clocking
current pulse in the presence of a 20 G field then caused the
input magnet to remain upward while the other three magnets
proceeded to the 2 down 1 up’ configuration (Fig. 4c). Similarly,
application of a current pulse at —20 G with all magnets initially
down resulted in the input dot remaining down and the other
dots going to the 2 up 1 down’ configuration (for details of the
measurement see Supplementary Section 7). We repeated the
experiment five times each for the input magnet up and down
and observed the same result (Fig. 4d,e). It is important to note
that the 20 G magnetic field has only been used to prepare the
input state and is not fundamentally necessary for the operation
of the logic scheme. In a practical implementation, the input
magnet will be the output of a previous stage and can be electrically
isolated from the magnetic chain so that the clock current does not
flow through it.
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Figure 4 | Information propagation along a chain of magnetic dots. a, SEM image showing three square magnetic dots of side length 500 nm at a
separation of 30 nm, next to a larger dot (each side a few micrometres in length). This large magnet acts as the fixed input bit. b, R, measurement of the
device shows two different types of jump: a larger change in Ry (0.4 €)) corresponding to the bigger input dot and three smaller jumps (0.08 ) each)
corresponding to the three smaller dots. ¢, A current pulse of magnitude 2 x 107 A cm ™2 is applied at 20 G on the device with all magnets initially up. The
input magnet (magnetization direction indicated by the big green arrow) remains up while the other magnets (small green arrows) go to the ‘2 down 1 up’
state, thus following the input magnet. When a current pulse is applied at —20 G with all magnets initially down, the input magnet remains down and the
other magnets go to the ‘2 up 1 down' state. d,e, Histograms, obtained from multiple runs of the same experiment (Fig. 4c), showing that the ‘2 down 1 up’
state is always achieved when the input magnet is up and the ‘2 up 1 down’ state when the input magnet is down. Thus, the magnetization state of the input

magnet controls the final state of the other magnets.

The current amplitude needed for our experimental demon-
stration of clocking was ~2 mA with a tantalum wire of width
1 wm and thickness 10 nm. This is significantly lower (more than
100 times lower) than the current needed (760 mA) in the only
on-chip demonstration!! of magnetic field-based clocking for a
much smaller magnet (60 nm x 90 nm). The current needed in
our scheme scales linearly with the width of the magnet, making
the clocking scheme scalable. More importantly, the current
needed to clock the magnet scales with the thickness of the tanta-
lum. In an optimized structure for a 60 nm x 90 nm magnet
where the width of the tantalum wire is the same as the magnet,
the current amplitude could be reduced to 120 pA. The current
amplitude can be further decreased by reducing the thickness of
the wire?2. Even with idealistic approximations for magnetic field
clocking, the current needed in spin Hall clocking can be projected
to be roughly 100 times lower than magnetic field clocking (for
discussion see Supplementary Section 9).

Notably, in nanomagnetic logic, the dominant mechanism for
energy dissipation is Joule heating (I°R loss). Much of the resistance
R arises from the long interconnects that bring the clock signal to
the magnets. Most parts of these interconnects could be made of
a low resistivity metal such as copper. The higher-resistivity tanta-
lum necessary to generate the spin Hall effect could be restricted
to being used only under the magnet and a few tens of nanometres
on either side of it. Thus, when going from conventional field-
clocked to spin Hall current-clocked nonmagnetic logic, there
should only be, at most, a several-fold increase in resistance.
On the other hand, there is a more than four-order-of-magnitude
reduction in I°. Therefore, overall, a reduction in energy dissipation

62

of three to four orders of magnitude is expected for the demon-
strated scheme compared with conventional nanomagnetic logic.
We have estimated the overall energy dissipation in our scheme
following the methodology proposed by Nikonov and colleagues?.
This methodology takes into account not only the intrinsic device
but also the external circuitry. Because the logic architecture in
our scheme is similar to that in conventional nanomagnetic logic,
we could directly use the same assumptions made for the driving
circuitry for nanomagnetic logic, as in ref. 29. The calculation
needs one to assume a feature size, a pulsewidth for the clock
signal, the current amplitude and the resistivity of the wire. The
last two can be taken directly from our experiment, and the first
two need to be estimated. Supplementary Section 11 provides
details of the assumptions made for the calculation, and their
rationale, as well as comparative charts. Compared with the
results published in ref. 29, such a reduction in energy dissipation
could make the demonstrated scheme comparable to CMOS cir-
cuits. Importantly, the reduction in current and thus energy dissipa-
tion could be further lowered by using other metals that have
demonstrated larger spin Hall angles, such as CuBi*.

To summarize, we have demonstrated that a chain of nanomag-
nets can be clocked by a charge current using the spin Hall effect in
such a way that an input magnet can dictate how the signal propa-
gates through the magnetic chain. Each magnet acts as one inverter,
and the magnetic chain acts as a set of three cascaded inverters. The
architecture needed to implement logic using this scheme is identi-
cal to that used in conventional field-clocked nanomagnetic logic,
but where the field generating the clocking lines is replaced by
spin Hall metal. However, the fact that no magnetic field is
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needed significantly reduces energy dissipation in the clocking,
which has previously proved to be a fundamental bottleneck in
nanomagnetic logic schemes. For robust implementation, design
solutions will have to be found to reduce the error probability
associated with dipole coupling to acceptable limits?.

Methods

The stack comprising thermally oxidized Si substrate/Ta (10 nm)/CoFeB

(1 nm)/MgO (1 nm)/Ta (20 nm) was first processed into Hall bars by
photolithography and argon ion milling. The Hall bars contained the entire thin-
film stack, with the region outside the Hall bars etched down to the insulating

Si substrate. A dot pattern of 8-nm-thick titanium, which acts as an etching
mask, was fabricated on the Hall bar by electron-beam lithography. Argon ion
milling was also used to etch the stack in the region outside the dot patterns, down to
the bottom tantalum layer. The dots therefore comprised Ta (10 nm)/CoFeB

(1 nm)/MgO (1 nm)/Ta (~ 10 nm), and the regions of the Hall bar outside the
dots were etched down to the bottom tantalum layer.

For anomalous Hall resistance measurement, current was applied using a d.c.
and a.c. current source and the Hall voltage was measured using a nanovoltmeter
in the usual way. The same current source was used to apply current pulses for
clocking. A unipolar current pulse with a duration of 1 s was used for all
measurements. The polarity of the current pulse was positive for all data unless
explicitly stated otherwise. A negative current pulse has the same effect as a positive
current pulse of the same magnitude for clocking experiments, because the magnet
will be driven to its metastable in-plane state from its out-of-plane direction by
both positive and negative current pulses (Supplementary Fig. 1c), and there is
no in-plane magnetic field present to cause deterministic switching. Only in
Supplementary Figs le,f and 8b-e were both positive and negative current pulses
applied, and the magnetization switching was determined by the polarity of the
current pulse. All measurements were carried out at room temperature.
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