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FIG. 2. (Color online) Memory element which will produce a current when
read. To the left, the system is in the “1" state. The middle contact b is
placed just to the left of middle wide point of the device. A current between
a and b will carry the wall past the unstable equilibrium point. As it moves
towards the "0 state under the influence of a P, implicit in the device shape,
it will produce an output emf between b and ¢. No emf occurs if the system
is in the “0” state. The system can be switched between “0” and “1" by
passing a suitably directed current between a and c.

energy of a domain wall. The magnetic energy per unit area
of a wall o, = \fﬂ , where A and K are the exchange stiffness
and magnetocrystalline anisotropy, respectively. For a wire
of cross-sectional area A(z) the wall energy is U,.= 0, A(2),
there is a force F,.=—(d/dz)U,, along the z direction, and a
pressure
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A constant pressure P, and hence a constant emf £, given by
Eq. (2), correspond to a cross-sectional area A(z)=Age™
whence P,=o,./d and £=Cy(a,./d). With these expressions,
the maximum values of P,=og,/w=K and £=CyK corre-
spond to d=w, where w=\,/f?l<LL is the wall width. For Per-
malloy, with K== 10° J/m?, this gives £~3 uV, Larger val-
ues of P, and & possible when .A(z) changes more rapidly,
corresponding to smaller values of 4, require additional dis-
cussion and will not be dealt with here.

Consider, from the present perspective, the operational
principle of the basic “peanut” memory device® illustrated in
Fig. 2. The domain wall has two stable equilibrium positions
“0” and “1" and might be switched from one to the other
using an external current. Such a device can be made to give
a current output using the emf generated by the moving wall.
In such a design, the device is read by applying a current
between a and b. It is important that b lies just beyond the
point at which the wall energy has a maximum. If the wall
lies in position 1, it will be dislodged by this reading pulse,
and once it passes the halfway point, will induce an output in
the circuit connecting b and ¢. Clearly, there will be no such
current pulse if the wall is initially in position 0. Here the
pressure P,, switching current j,, and emf reflect the shape of
the bridge.

Current and power amplification might be achieved by
the device shown in Fig. 3. Now only the equilibrium situa-
tion O is truly stable. An initialization pulse or a suitably
magnetic field cycle latches the system in the metastable
equilibrivm position 1. A small short current pulse between «
and b causes the wall to leave 1 and the pressure P, implicit
in the design produces an emf and hence a large current
output in that part of the circuit which connects to b and ¢.
Isolation of input and output is afforded by the small distance
1 to b and again it is important that » lies just beyond the
point at which the wall energy has a maximum. The potential
seen by the wall is also illustrated in Fig. 3. A large gain
implies a small barrier, of height Ej, at an energy E, relative
to 0, and which is large compared to L. In fact, the power
gain g is limited by, and is approximately equal to,
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FIG. 3. (Color online) Power amplifier. The contaet b is again placed just to
the left of a wide point. Starting with the initial state, top left, a pulse
between @ and b moves the wall from “1” to b, i.e,, to a point at which there
is a pressure P, to the left. There is an emf between b and ¢ as the wall
moves between b and “0.” The final state is shown at the bottom left. To the
right is shown the energy profile of the device.
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The input pulse must raise the wall aver the barrier, i.e., must
give an energy E;, while the maximum energy which is given
to the external output circuit is evidently E,.

An advantage of the present devices is the macroscopic
nature of the domain wall. This reduces enormously the ef-
fects of thermal fluctuations. With the wall in position 1 of
Fig. 3 it might either tunnel or be thermally excited out of
this metastable equilibrium, For the sake of illustration imag-
ine that the cffective field due to the P, is 0.1 T or ~0.1 K.
Even if the wire only has 10? atoms in both perpendicular
directions there are 10* spins in a cross section and, for a
wall with a length of w~ 10® spins, it is implied that the
barrier height is 10°X 0.1~ 10° K which precludes the pos-
sibility of escape by both thermal excitation and tunnelling,
even at room temperature.

The present devices are inductive in nature, i.e., they
store energy in magnetic form. The emf given by Eq. (2)
reflects the exchange of this energy with the external world.
If the material losses were infinitesimally small, it would be
possible to construct dissipation-free circuits. In order to un-
derstand this, consider the memory device of Fig, 2 with the
wall at 1. Imagine a digital circuit designed to operate with
pulses of fixed duration 7 and that there is an input voltage
V., applied across the part ab. The resistance between ab is
R, The wall produces an emf &;, Eq. (2), which by the Lenz
law opposes V,;. There is some current i, between « and b
required to move the wall at the desired speed, vy and which
can be deduced from Eq. (1), 7, and the device geometry
(see below). The ratio of the dissipation i2,R,, 10 i, the
power delivered to the device is R=i,R,,/&; and indeed
vanishes as R,, goes to zero and otherwise is small if &; is
large. Since V, ,—E&=i,,Ry it follows V= &; when R<1.

Given the device dimensions, the resistivity p, and the
anisotropy constant K, the minimal pulse length 7', and hence
the maximum operating frequency, is determined. Take the
lengths {g,= €}, in Fig. 2 to be minimal, i.e., of order w. The
voltage drop i,,R,,== pjsw, Where j,;, is the current density
corresponding to i, From Eq. (2), vg=Cyj,p while from the
dimensions vo= {, /T=w/T. 1t follows R=pw?/CiTK
:;rydu"CgTK2 using &=CpK. For Permalloy with
~30nm and K==10° I/m?, requiring R=0.2 gives T=5
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X 107® s. However, since R = p! K2, high conductance, hard,
magnetic materials are best suited to the present purpose.
Permalloy is, in fact, engineered to be both extremely soft
and to have a high resistance. Clearly 7" will be many orders
of magnitudes smaller for a hard magnet of low resistivity.

The output from the basic memory devices might be
combined in such a fashion as to perform basic logical func-
tions. If the voltages are maintained at a certain level £, after
a number of steps in the logic chain the current transmitted to
the next stage in the cascade will be attenuated below opti-
mal levels. At this point the amplificr of Fig. 3 can be used to
restore the current levels, Unlike usual amplifiers, the energy
used in the amplification process is stored in the device by
the initialization, as described above. Assume R <1. The
operating voltage &; is reflected in the value of d associated
with both parts between 1b and b0. The time 7 and the input
current i,, determine ;. The energy input [ giﬂ,,S,-dszb
while the output current is determined by J'gibcé,-drﬁEa. The
emf &; is designed to be time independent whence, e.g.,
[iapEidt=i ,)ET defines the average current {(i,). The cur-
rent gain is then

(jbc‘) = & —g
(iﬂb) Eb '

i.e., corresponds (o the estimate made above.
The perpendicular anisotropy K | has been assumed neg-

(5)
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ligible. This is usuall?/ not the case for thin film wires,
Square or round wires, 9 and other methods, must be used to
reduce this anisotropy energy to a minimuin.

In sumumary, it is possible to construct low dissipation
magnetic memory and amplification devices which use in an
essential way the emf generated by a moving domain wall.
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