PERGAMON

Solid-State Electronics 44 (2000) 1099-1104

SOLID-STATE
ELECTRONICS

Magnetoelectronic latching Boolean gate
Mark Johnson, Brian R. Bennett *, Philip R. Hammar, Michael M. Miller

Naval Research Laboratory, Code 6876, 4555 Overlook Avenue, SW, Washington, DC 20375-5347, USA
Received 20 September 1999; accepted 2 November 1999

Abstract

We present a magnetoelectronic device family with the unique characteristic that the “family” is composed of a
single device that can perform any of several Boolean functions, with the function dynamically determined during the
operation by the manner in which the device is addressed. As the device operates in a latching mode, it also performs a
nonvolatile storage function. Integration of logic and memory is achieved, so that memory and processing functions can
be dynamically apportioned. © 2000 Elsevier Science Ltd. All rights reserved.
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Nomenclature

H magnetic field, Oe

H, magnetic coercivity, Oe
M magnetization, G

magnetic field in the z direction, Oe
current, A

Hall voltage, V

magnetic field in the x direction, Oe
feature size, nm

change in Hall coefficient, Q

R series resistance, Q

o inductive constant, Oe/A

Rp sheet resistance, Q/C

~ X

>~ xS
jus)

1. Introduction

In the dominant transistor based logic families,
complementary metal-oxide-silicon (CMOS) and tran-
sistor—transistor logic (TTL), a single Boolean gate is
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“hard wired” in the form of a particular combination of
several field effect transistors (FETs) or bipolar transis-
tors. By contrast, a single resonant tunneling diode
(RTD) can be used as an exclusive OR (XOR) gate (see
e.g. Ref. [1]) and thereby shows promise for faster gate
operation and increased packing density. A single device
that could perform multiple Boolean operations would
offer greater utility and even higher densities.
Applications of magnetoelectronic devices (electronic
devices that incorporate a ferromagnetic component)
have included analog sensors [2] and digital storage cells
[3-5], utilizing the sensitivity to magnetic fields and the
nonvolatility of the bistable, hysteretic state of a ferro-
magnetic element, respectively. However, other proper-
ties of magnetism can also be exploited: The functional
form of the magnetization M(H) of an ideal micro-
structured ferromagnetic element is symmetric about
zero magnetic field, H = 0, is multivalued for fields H
smaller than the coercivity, |H| < |H.|, and has a zero
slope for larger fields, |H| > |H.|. Using these properties,
we introduce a magnetoelectronic logic family that offers
unprecedented flexibility. It permits logic operations to
be continuously programmed and reprogrammed at the
most basic, cellular level, that of a single Boolean pro-
cess, and on the time scale of a single clock cycle. As our
prototype devices also demonstrate a nonvolatile mem-
ory function, large-scale integration of logic and mem-
ory on the same chip is automatically achieved and,

. All rights reserved.
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further, memory and processing can be dynamically and
continuously apportioned.

2. Sample preparation and experimental procedure

Magnetoelectronic devices are well suited to digital
applications because of the intrinsic bistability of fer-
romagnetic films. To perform digital logic, a device with
appropriate binary input and output characteristics is
needed. The bistable magnetic states must correlate with
logical LOW and HIGH (binary “0”” and ““1”) electronic
states, i.e. the levels of transmitted voltage or current
pulses.

Appropriate output characteristics are provided by
the ferromagnet-semiconductor nonvolatile gate (also
called the hybrid Hall effect device) [6-9], a bilayer
structure composed of a semiconductor channel and a
single, electrically isolated, ferromagnetic element. An
atomic force microscope (AFM) image of a prototype
device is shown in Fig. 1A. In this false color image, the
ferromagnetic element F is red, the mesa structure of a
high mobility InAs/GaAlSb heterostructure is brown,
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Fig. 1. Ferromagnet-semiconductor nonvolatile gate: (A)
AFM false color image — the ferromagnetic element is red, the
semiconductor mesa is brown, the buried SQW is purple, and
regions made electrically insulating by focussed ion beam irra-
diation are green. (B) Schematic top view. (C) Cross-section
view showing magnetic fringe field B generated at edge of F,
which has a large component B, in the vicinity of the SQW
(purple).

Substrate

and ion-damaged regions that are electrically insulating
(described below) are green. As seen in the cross-section
view (Fig. 1C), F is fabricated on insulator /; and is
electrically isolated from the carriers in the InAs single
quantum well (SQW, purple) which is grown on insu-
lating buffer layer 7,. The bistable, in-plane magnetiza-
tion M of F can be oriented to the left or right (Fx)
corresponding to the binary values “1” and “0”, re-
spectively. The magnetic film F functions as a source of
locally strong magnetic fields that act on the carriers in
the SQW. When M is oriented to the left as in Fig. 1C,
there is a region of field with a large component —B,
directly under the edge of F, ! and a Lorentz force on a
positive bias current [ results in a positive Hall voltage
Vu sensed in the transverse arms of the cross (Fig. 1A).
When M is reversed and points to the right, the local
field changes sign and the Lorentz force causes a nega-
tive Hall voltage to appear at the transverse sensors. The
peak magnitude of B, under the edge of F is several kOe
and B. decays to negligible magnitude on a length scale
of order 100 nm [6-9]. An external in-plane field H, used
to orient the magnetization A/ causes no Lorentz force
on the carriers and does not directly affect the output.

In our prototypes, the high mobility heterostructure
is grown by molecular beam epitaxy (MBE) and consists
of: 3 nm InAs/25 nm Aly¢Gay4Sb (/; in Fig. 1C)/15 nm
InAs/200 nm AlyGag4Sb/3 pm AISb (4, in Fig. 1C)/
semi-insulating GaAs (0 0 1) substrate. Doping of the
InAs layer was achieved by an arsenic soak in the middle
of the 25 nm AlycGag4Sb barrier. This technique in-
creases the sheet carrier density in the InAs layer by a
factor of 3-4, with the likely source of electrons being
As-on-Al antisite defects [10,11]. After a micron-scale
Hall cross is fabricated by photolithography and a mesa
etch, the F layer is fabricated by photo- or electron
beam-lithography and liftoff. The prototype of Fig. 1A
demonstrates device scaling with the minimum feature
size f = 500 nm. The F film was e-beam deposited from
a single charge of NiggFe, in a vacuum of 10~® Torr to
a thickness of 16 nm, and an e-beam lithography was
used to pattern the element with dimensions ¢ = 500 nm,
b =2.2 pm (refer to Fig. 1B). The entire chip was then
passivated with an 80 nm thick coating of SiO,, and a
focussed ion beam was used to narrow the dimensions of
the Hall cross by cutting trenches that penetrated the
InAs layer (Fig. 1A), leaving a cross with arm width
¢ =700 nm.

The bipolar Hall output voltage is linear with bias
current for the experimental range of 50 pA to 2 mA and
is given by ¥, /I = AR, for the bistable states £M. A
small geometric asymmetry in the fabrication of the

! We adopt the convention that B refers to magnetic fields
generated by F, H refers to externally applied magnetic fields,
and we use the units Oe and G interchangeably.
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voltage arms, shown as a lithographic offset d in Fig. 1B,
adds a small series resistance R’ to the sense circuit. In a
device with R’ = AR, the LOW and HIGH output
states take the convenient values 0 and 2AR,, repre-
senting “0”” and ““1”, respectively.

The binary states of a ferromagnetic film are corre-
lated with logical LOW and HIGH input levels by in-
ductively coupling the magnetization to digital electric
current pulse in an integrated “‘write wire.” A micron
scale prototype was fabricated in the manner described
above, and a thin, patterned Au wire was added as an
additional level. In the false color AFM image of Fig. 2,
the overlayed Au wire is yellow. When a positive (neg-
ative) current 7, flows in the write wire, a positive
(negative) magnetic field H, beneath the wire and par-
allel to the axis of F orients the magnetization to the left
(right) resulting in the binary state “1” (“0”). The
magnitude of H, is directly proportional to the ampli-
tude of current [,, H = al,, with « an inductive coupling
constant, and is weakly dependent on the distance be-
neath the wire. In our micron scale prototypes, a current
of about 100 mA in a 12 pm wide write wire resulted in a
50 Oe field.

3. Results and discussion

For the prototype of Fig. 2, F was e-beam deposited
from a single charge of Fey;Cog9 in the presence of a
growth field of about 200 Oe oriented along %. The
thickness was d = 60 nm, and the rectangular shape with

Fig. 2. AFM image of ferromagnet-semiconductor nonvolatile
gate with integrated write wire. In this false color image, the
ferromagnetic element F is red, the semiconductor mesa is
brown, electrically insulating regions of the mesa are dark
green, and the write wire is yellow.

transverse dimensions a = 1.5 um, b=7.5 um was
achieved by optical lithography and liftoff. After pro-
cessing, Van der Pauw measurements determined
that the room temperature carrier density was
1.8 x 10'2 cm~2, the mobility was 22,000 cm? V-!s7!,
and the sheet resistance was Ro = 150 Q/0. A small
lithographic asymmetry of b~ 70 nm resulted in an
offset of R = AR,,. The quasistatic output characteristic,
measured with a steady-state bias current and an ex-
ternally applied field /., is shown in Fig. 3A (all data are
for room temperature). The coercivity of F is H. = 90 Oe,
with full saturation magnetization (zero slope in the
R, (H) loop) achieved at about 200 Oe. The nonvolatile,
nonpowered condition is H, = 0, and the bistable device
states correspond to the two remanent magnetization
states with levels LOW =0 Q and HIGH = 8.5 Q. The
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Fig. 3. Quasistatic hysteresis loop, R, (H), of an integrated
device: (A) Full hysteresis loop, as H, is swept from —380 Oe to
+380 Oe and back. The two remanent states, R, (0), are marked
HIGH and LOW. (B) Dotted lines, hysteresis loop measured
for field sweep from —150 to +150 Oe and back (note change of
scale from (A)). Symbols: response to the following quasistatic
field sweeps. Starting from the HIGH remanent state, open
circles represent increasing field magnitude and closed circles
represent decreasing magnitude. Green symbols: 0-150 Oe and
back. Red symbols: 0 to —50 Oe and back. Yellow symbols: 0 to
—100 Oe and back. All data are for room temperature.
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difference between LOW and HIGH is slightly less than
the full output swing 2AR, = 12.5 Q.

Further measurements confirmed details of the
R, (H) loop as shown in Fig. 3B (note the change of scale
from Fig. 3A). Open circles are used for increasing field
magnitude and closed circles for decreasing magnitude.
Starting at the HIGH state, when the external field is
quasistatically swept to 150 Oe and back to H, =0
(green symbols) the R, (H) response reversibly traces the
upper portion of the loop and returns to the HIGH
state. Similarly, a quasistatic field sweep from H, = 0 to
—50 Oe and back (red symbols) results in a reversible
trace that returns to HIGH. However, when the field is
swept from H, =0 to —100 Oe and back (yellow sym-
bols), a hysteretic loop is traced and the value of R,, is set
to LOW.

As the dynamics of magnetization reversal in mi-
crostructured ferromagnetic elements occur on a time
scale of ns or less [12], the magnetic manipulations de-
scribed in Fig. 3 could also be achieved using current
pulses applied to the integrated write wire, and then the
result is a magnetoelectronic Boolean logic operation.
The sketch of Fig. 4A is a schematic representation of
the prototype device of Fig. 2. Binary input pulses may

C Readout

be applied simultaneously to input terminals A and B or
to a control terminal C and thereby transmitted down a
write wire. A Boolean logic process requires only two
clock steps for completion and the result is then latched
so it can be read out at any later time. This operation is
demonstrated with the data of Fig. 4C using individual
pulses. The Hall device is biased with a steady-state dc
current (0.1 mA) and the readout voltage is recorded, as
current pulses are applied to the input write wire ter-
minal (refer also to Fig. 2).

We begin by following the same sequence of Fig. 3C:
a “reset” pulse of amplitude 150 Oe applied to terminal
C sets the initial state of the device to HIGH. A pulse of
—50 Oe is insufficient to switch the state of the device,
and it remains in the HIGH state. After a reset pulse
ensures that the initial device state is HIGH, a pulse of
—100 Oe (¢t = 75) traverses the hysteresis loop and the
device switches to LOW. By identifying a —50 Oe pulse
as “unit” write current —I,, associated with the binary
“1,” we recognize the above sequence as a demonstra-
tion of a Boolean NAND operation, 4 - B: A single unit
current pulse —I, (“1”’) applied to either terminal A or B
is insufficient to switch the device and the state remains
HIGH (“1”), but two unit current pulses applied
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Fig. 4. (A) Schematic representation of integrated device of Fig. 2, with input terminals A-C, and separate terminals for bias and
readout. (B) FET components that could be used to make a CMOS compatible cell. (C, D) Steady-state response to input bias pulses

that demonstrate: (C) 4-B, A+ B; and (D) 4 - B, A + B.
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simultaneously to terminals A and B, with net magni-
tude —27,, successfully switch the device and the state
changes to LOW (“0™).

Continuing the progression, after a reset pulse sets
the device state to HIGH (¢ = 100), a —200 Oe pulse
(t = 125) also traverses the loop and the device switches
to LOW. By identifying a —100 Oe pulse as a unit write
current —/],, we recognize this to be a demonstration of
a Boolean NOR operation, 4 + B: A current pulse of
unit amplitude 7, applied to either terminal A or B, or to
both terminals A and B, changes the device state to
LOW (“07).

The inverse operations AND and OR result by
changing the polarity of the input write pulses, as
demonstrated in Fig. 4D. After a reset pulse of —150 Oe
sets the initial device state LOW (““0”), a single pulse of
unit amplitude of, = 50 Oe fails to change the device
state, and it remains LOW (“0”). After another reset
pulse ensures the initial device state to be LOW, two
simultaneous pulses with net amplitude 27, (¢ = 75)
traverse the hysteresis loop and set the device to HIGH
(“I”’). This is a Boolean AND operation, 4 - B. Finally,
if the unit amplitude is renormalized to «/j, = 100 Oe,
this step shows that a single pulse /|, applied to either
terminal A or B switches the device to HIGH (1). The
200 Oe pulse (+ = 175) shows that two pulses with net
amplitude 2/, also result in setting the device to HIGH
(“I”’). This is a Boolean OR operation, 4 + B.

Remarkably, this single magnetoelectronic device can
perform any of the four Boolean operations in only two
clock cycles, and the function to be performed is deter-
mined instantaneously by the way the device is ad-
dressed: The normalized value of I, has one of two
values and either of two polarities.

An equivalent mode of operation is even simpler. A
control pulse applied to terminal C, simultaneously with
the input pulses applied to A and B, determines the
function of the device. If a zero amplitude pulse is ap-
plied to C, unit pulses I, at A and B are required to
switch the device state, and it operates as an AND gate.
If a unit amplitude pulse I, is applied to C, then a single
unit pulse at either A or B is necessary and sufficient to
switch the device state. The 150 Oe pulse (¢ = 125) in
Fig. 4D confirms that simultaneous pulses applied to
A-C, with a net write current of 3/, also switches the
device state, confirming operation as an OR gate. By
changing the polarity of the control pulses at terminal C,
the device function can be set to be a NAND or NOR
gate. Once again, a single magnetoelectronic device can
perform any of four Boolean functions in only two clock
cycles, and the function is programmatically controlled,
instantaneously, by a single control pulse.

A demonstration of device operation using control
pulses is shown with the data of Fig. 5. Each of seven
operations begins with a reset pulse at input C. In the
next clock cycle, a “0” or “1” control pulse is applied to
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Fig. 5. Demonstration of gate operation using control pulses.
In each of the seven operations shown, a reset write pulse is
applied to terminal C during the first clock cycle. In the second
cycle, a control write pulse is applied to C, input write pulses are
applied to A and B, and the result is latched. The output is read
out at some later time by applying a read bias pulse to the Hall
device and detecting LOW or HIGH voltage levels. In these
data, the time delay before readout was varied from a few s to
100 h. “A Input,” “B Input” and “C Input” are in units of Oe,
“Bias” is in units of mA.

C and, simultaneously, input values of “0” or “1” are
applied to terminals A and B. The result is formed and
latched during this second cycle, and can be read out at a
later time by applying a bias pulse. Here we use 1.2 mA
read bias pulses applied to the Hall device so that the
Hall output voltage levels are 0 = 0.2 mV for LOW and
10.4 + 0.3 mV for HIGH. The data of Fig. 5 represent
these Boolean operations: AND (4 =1, B =0); AND
(4=1,B=1;0RA=1, B=0);OR(4=0, B=0);
OR (4=1, B=1); NOR (4 =0, B=1); and NAND
4=1, B=0).

We have used a low frequency measuring apparatus
and pulses with duration of order 100 us. However,
magnetization reversal in microstructured ferromagnetic
elements occurs on a time scale of a few ns or less [12] so
that processing speeds of order 1 GHz can reasonably be
expected. Another feature of the ferromagnet-semicon-
ductor nonvolatile gate is inverse scalability: device
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characteristics improve as the device dimension shrinks.
The micron scale prototype of Fig. 2 (with F dimensions
1.5 pm by 7.5 um) had a coercivity of 90 Oe, and a
current pulse of magnitude 100 mA in a 12 pm wide
write wire corresponded to al, = 50 Oe. A prototype
device with dimensions 500 nm in width and 2.2 pm in
length and with comparable output characteristics had a
coercivity of 50 Oe. A current pulse with amplitude 12
mA in a 2.5 pm wide write wire would correspond to
o, = 25 Oe. For a metallized write wire with resistance
R = 1 Q, the power consumption of this device would be
the order of 0.1 mW for both writing and reading (as-
suming 1 mA bias and a device impedance of
Ro ~ 100 Q), and the quiescent power would be zero.

Like the RTD, the ferromagnet-semiconductor
nonvolatile gate does not presently have enough gain for
fanout (i.e. the ability to drive subsequent devices linked
in a chain). However, the device has shown voltage
output levels of order 0.1 V [6-9], adequate for inte-
gration with transistor based devices. For example, the
design of the fully restored CMOS logic family uses n-
channel and p-channel FETs at the output stage of each
Boolean gate to set the output LOW and HIGH voltage
levels to Vss and Vpp, respectively. Similarly, the
magnetoelectronic Boolean gate of Fig. 4A can be
combined with a pair of FETs (Fig. 4B) to yield a cell
with the flexibility of continuously dynamic address-
ability and with fully restored CMOS output levels. >

While we have demonstrated the four basic Boolean
operations, other functions are readily accomplished.
For example, the exclusive OR (XOR) operation can be
performed with two magnetoelectronic gates in series,
with the output of one driving the read bias of the sec-
ond. Unlike the RTD which has narrow margins for
input voltages, an appropriately chosen value of input
current [, could tolerate a large variation, +20%.

The data of Fig. 5 also demonstrate the write and
read operations of a magnetoelectronic nonvolatile
memory cell. A recent nonvolatile storage cell based on a
ferroelectric device [14] has comparable readout dis-
crimination, but suffers a retention loss of a few percent
per hour. Our ferromagnet-semiconductor nonvolatile
gate devices have shown no measurable retention loss
after 100 h. A typical storage cell prototype has area
18/2 and essentially uses the same design as the ad-
dressable Boolean gate. Thus, the prospect exists for
fabricating high density arrays of high speed devices,
with a particular logic or storage function determined
dynamically and programmatically for each device.

2 The conventional approach to “field programmable logic”
involves high level blocks of hard-wired devices and ““program-
ming” times of order 1 ms to 1s (see e.g. Ref. [13]).

4. Summary

We have introduced a magnetoelectronic device
“family” composed of a single device that can perform
any of several Boolean functions, with the function dy-
namically determined during the operation by the man-
ner in which the device is addressed. The device also
performs a nonvolatile storage function so that inte-
gration of logic and memory (on chip) is automatically
achieved. With an array of devices, memory and pro-
cessing functions could be dynamically apportioned.
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