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Abstract

Logic gate arrays are electronic devices delivering an output voltage which
is a function of one, two or more input voltages. Usually, such circuits are
made from CMOS subdevices (transistors) which provide an output function
defined by the layout of the device. Thus such logic gate arrays are not
programmable after the production and, moreover, they are volatile because
inputs and output lose the information after power shutdown. Here, we describe
the use of magnetic tunnel junctions for the preparation of alternative logic
gate arrays. These devices are nonvolatile, i.e. keep the inputs and output after
power shutdown, and they are field programmable, i.e. the output function can
be defined even ‘on the fly’ during the operation. Potential drawbacks such as
scalability and reproducibility will be addressed and possible solutions for these
problems will be discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Magnetoresistive devices [1-3] already find their applications as sensors for a magnetic field,
for example, for measurements of rotation angles or read heads in hard disk drives. Moreover,
the research also focuses on their use in biosensors within lab-on-chip systems [4, 5]. The most
important project is the development of the magnetoresistive random access memory [6, 7]
(MRAM). Several large providers of RAM circuits are currently testing the potential benefits
of these magnetic devices such as nonvolatile data storage, high speed for both reading and
writing, a large number of operation cycles and good scalability down to the deep submicron
level. Because this MRAM does not need the refresh cycles necessary for volatile memories,
the number of read/write cycles for computing purposes could be increased dramatically
compared to conventional RAM circuits.

A relatively new development as compared with MRAM or sensors is the use of
magnetoresistive devices in logic circuits [8—10]. The realization of a logic based on the
same principles and technologies as the—potentially universal—memory MRAM is of large
interest, because it opens the way to a common technology platform for both storing as well

0953-8984/07/165220+12$30.00 © 2007 IOP Publishing Ltd  Printed in the UK 1


http://dx.doi.org/10.1088/0953-8984/19/16/165220
mailto:reiss@physik.uni-bielefeld.de
http://stacks.iop.org/JPhysCM/19/165220

J. Phys.: Condens. Matter 19 (2007) 165220 G Reiss and D Meyners

I
} Vout

Figure 1. The simplest logic gate consisting of only one tunnelling cell (MTJ). The inputs are the
clockline and the wordline, and optionally a current-carrying line heating the cell. The output is the
voltage drop across the MTJ.
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Figure 2. The operation principle of the gate shown in figure 1(a) The Stoner astroid of a idealized
soft layer relevant for the switching with two perpendicular field pulses from the clockline and
the wordline. (b) and (c) The time dependence of the currents on the clockline and the wordline,
respectively, and (d) the output voltage Vo if only the combination of clockline and wordline field
can switch the magnetization.

as computing data. Moreover, magnetic logic gate arrays can be field programmable, leading
to field-programmable logic gate arrays (FPGAs). Such FPGAs are programmable ‘on the fly’
and thus open also a path to fast reconfigurable computing [11].

Generally, the concept of using magnetic tunnel junctions (MTJs) for logic operations
can be visualized as shown in figure 1: a current flowing through one (or more) magnetic
tunnel junction(s) causes a voltage drop V. Because the resistance of the MTJ depends on
the relative orientations of the magnetizations of the upper and lower electrode, this Vo, will
change when one of the electrodes switches its magnetization (indicated by the double arrow
in figure 1). Switching of the magnetization can be accomplished by several outer means. The
most simple is driving current through wires (wordline and clockline in figure 1) close to the
MT]J. These currents create a magnetic field which can switch the magnetization of the MTJ’s
soft electrode. Other possibilities are heating the MTJ so that also the hard electrode can be
switched magnetically.

A scheme of operation of this simplest logic gate with only one MTJ is shown in figure 2:
because the switching condition of the magnetization of the soft layer is given approximately by
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the Stoner astroid (figure 2(a)), only the presence of both currents on the clockline and wordline
(figures 2(b) and (c)) causes switching if appropriate values for the currents are chosen. Thus
the output voltage V,, (figure 2(d)) will change only if both currents are present. If the MTJ
is switched by this procedure into the high resistive state (antiparallel magnetizations), then
Vour represents the logic ‘AND’ relation between the clock-current and the word-current. In
the reversed case of switching from the high to the low resistive state, the function is ‘NAND’.
Thus, in this simplest version, already two functions can be realized; by using the clockline
current also, clocked operation of this circuit is possible.

Suggestions for using magnetoresistive devices in logic circuits were made back in the
early 1960s, when ferrite cores were used to store and process information [12].

In 2000, Black and Das [8] suggested using magnetic devices showing spin-dependent
transport for a programmable logic. This concept was further elaborated by several groups
especially with MTJs as core devices. Prinz [3] showed that logic could be one part of a
complete scheme of magnetoelectronics. Richter et al [9] experimentally demonstrated a field-
programmable logic gate consisting of four MTJs. Ney et al [10] discussed a concept, where
only one tunnelling junction can form a programmable logic gate, if it is possible to also switch
the hard (fixed) magnetic electrode. This could be accomplished by, for example, using the
heating line sketched in figure 1.

Here, we concentrate on the first approach using a bridge-type circuit consisting of four
tunnelling junctions.

2. Experimental details

2.1. The basic film stacks for MTJ devices

In the MTJs used for logic, the basic film stacks consist of a seed and conduction
layer, a natural antiferromagnet for pinning the hard magnetic electrode and a single
ferromagnetic layer forming one tunnelling electrode or an artificial antiferromagnet, i.e. a
trilayer system ferromagnet/nonmagnet/ferromagnet which is coupled antiferromagnetically by
indirect exchange coupling [13]. On this electrode, the tunnelling barrier consisting of either
Al,O3 or MgO is prepared. This is one of the most crucial preparation steps for forming
MT]Js because the resistance depends exponentially on the thickness of the insulator, and the
tunnelling magnetoresistance (TMR) is critically affected by the properties of the insulator and
the interfaces.

After having prepared the barrier, the subsequent layers of upper electrode, conductor and
protection layer are deposited. The preparation was done in a commercial sputtering system
(Leybold CLAB) with 4 inch targets and oxidized Si(100) substrates with around 100 nm SiO,.
Generally, the layers are rather thin (between 1 nm and 20 nm), so the settings for the sputtering
power as well as for the Ar pressure were as low as possible. After preparation, the film system
was annealed and field cooled for one hour in a magnetic field of 1000 Oe and at a maximum
temperature of 275 °C for initiating the exchange bias between the natural antiferromagnet and
the ferromagnetic (hard) electrode.

In figure 3, we show the signal of the magnetooptical Kerr effect of a system
Ta6'5/Cu3°/Ta19/Cu8'2/Mn331r1710'6/C070F6302'3/A1203I'S/NigoFe204/Ta5, where the indices give
the composition (lower index) and the thicknesses in nm (upper index).

As can be seen in figure 3, the preparation procedure results in two magnetically well
separated electrodes. The exchange biasing of the hard electrode amounts to about 1300 Oe,
so that a well defined plateau is formed between the magnetic switching of the soft (upper) and
the hard (lower) electrode.
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Figure 3. The normalized signal from the magnetooptical Kerr effect of the MTJ stack described
in the text. The hysteresis at small field stems from the soft magnetic electrode, whereas the loop
from the hard electrode is shifted by 1300 Oe due to the exchange biasing with IrMn.
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Figure 4. The TMR major loop, i.e. the dependence of the resistance of an MTJ on the external field
corresponding to the MOKE curve of figure 3. The amplitude of the TMR is defined as AR/Ry..

This can be also seen on the TMR loop of this system shown in figure 4. Here, we
present a major loop, i.e. the field range is so large, that both electrodes are switched. The
TMR effect amplitude in this standard system amounts to around 42% resistance change upon
magnetization switching (note that the TMR is defined here as (Ry — Ry.)/Ry). This is a typical
value found for the combination of the ferromagnets Co7gFeso and NiggFe,o in tunnelling cells
with an Al,Oj3 barrier.

After the preparation of this basic film stack, additional insulators and conducting films
are deposited in order to create the wordlines and clocklines as sketched already in figure 1.
For small tunnelling junctions in the range below 300 nm, we used instead of the single
Co7oFes30>? hard electrode an artificial antiferromagnet CossFess>/Ru®®/CossFeys>®.  This
reduces drastically the stray field of the hard layer which leads to a shift of the soft layer’s
hysteresis.

2.2. Preparation of logic gate arrays

The preparation of sub-um logic gates with four MTJs as shown in figure 5 requires a series
of relatively sophisticated e-beam processes [13]. First, the MTJs are patterned followed by
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Figure 5. Schematic circuit of a field-programmable logic gate array consisting of two input MTJs
and two reference MTJs. The value of the current driven through all MTJs is I,, as shown. The
output Vo is the voltage difference between the input and the reference chain.

the preparation of the upper contact lines of the MTJs. Then, the clocklines and wordlines are
prepared with insulating 100 nm thick SiO, separating both the contact lines of the MTIJs
as well as the clockline and wordline. After that, the complete structure is covered by a
TaOy protection layer (5 nm). The chips with four nominally identical logic gates are then
cut and wire bonded in a conventional chip socket. In our layout, each MTJ can be also
characterized individually in order to evaluate variations of the resistance and the TMR within
one gate.

Examples for the result of this procedure are shown in figures 6(a) and (b): a complete logic
gate consisting of four electrically connected MTJs as already shown in figure 5 (figure 6(a))
and one individual tunnelling cell with a size of about 200 nm x 100 nm (figure 6(b)). Provided
all lithography steps are successfully done, the properties of the MTJs do not change with
respect to their expected resistance and TMR within the margins found already on extended
samples.

3. Properties of the logic gates

3.1. Programmed logic operations—proof of principle

For the logic operations, current pulses are passed through the wordlines on two of the MTJs,
which create a magnetic field able to switch the soft electrode of two MTJs connected in
series. In figure 7, we show the resulting resistance of this chain as a function of the applied
current pulses in the two wordlines (Iw; and Iy, in figure 6(a), respectively). The resistance
changes according to the switching of the individual MTJs soft layers between a maximal value
with both MTJs being in the high resistive state Ry to a mixed state (Ry/Ry), the minimum
resistance value (R /Ry ), the next mixed state (Ry/Ry) and then back to the original state
(Ru/Ry). If one identifies resistance values smaller than, in this case, 320 k2 with logic
0 and larger than 340 k2 with logic 1, then this corresponds to an ‘AND’ function relating
the two (wordline) inputs. This would be then the non-programmable operation of only two
MTJs. For programming the function, the two other MTJs (connected also in series) are
necessary.
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Figure 6. (a) SEM image of a complete field-programmable logic gate made by several subsequent
e-beam lithography steps. The locations of the (buried) magnetic tunnel junctions are indicated
by black ellipses. I, is the value of the current running through the upper (input) and the lower
(reference) MTIJs. I, is the common clock-current and Iwj_4 are the word-currents for switching
the MTJs. (b) SEM image of the smallest single tunnel junction employed in the FPGAs. The shape
is elliptic, about 200 nm x 100 nm.

This mode of operation (as sketched in figure 5) is demonstrated in figure 8: here two
functions (NAND and NOR) have been implemented by setting the two reference MTJs in
figure 5 to the states (Ry/Ry) for the NAND function and (R /Ry) for the NOR.

As can be seen from figure 8, the programming action changes the output of the logic
gate array from one Boolean function to another. Because the programming action consists
of magnetically switching the soft electrode of one of the reference MTIs, this is as fast
as transferring the input from the current pulses to the resistance state of the input MTJs.
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Figure 7. Resistance of the series of two (input) MTJs upon switching. Here, hard switching was
employed, i.e. the two word-currents Iy > shown in the lower part were chosen large enough for
switching the MTJs without clock-current. The resistance takes the distinct values corresponding to

the states Ry /Ry, Ru/RL, RL/RyL and Ry /Ry, of the MTJs.
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Figure 8. Output voltage Vo, of a complete FPGA (compare figure 5) upon changing the reference
MTJs from the state Ry /Ry to Ry /Ry corresponding to a programmed ‘NAND’ and ‘NOR’,
respectively. The function is verified by switching the input MTJs with appropriate word-currents
and clock-currents. The shaded area marks the gap necessary between Vi, corresponding to logic

1 and 0. Note that in this case the gap amounts to only 5 mV.

Moreover, the state of the logic gate array (i.e. inputs and output) are stored in a nonvolatile

manner in the MTJs.

3.2. Scalability

One major precondition for the applicability of this concept for logic devices is the scalability
of the field-programmable logic gate arrays down to sizes common for microelectronic
devices (100 nm range) while simultaneously maintaining operability, i.e. reasonable magnetic
switching properties as well as homogeneous resistance and TMR.

As already shown in figure 6(b), working tunnelling cells with an area of 0.02 um?
have been realized [13]. The requirements for logic, however, are more stringent than for
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Figure 9. Probability distribution of the high and low resistive states (area—resistance product) of
a large number of tunnelling cells. The shapes are close to Gaussian distributions. In this case, the
variances are around 4% in both cases, allowing for a distinct region between the two distributions.

Table 1. Standard deviations of several physical properties of the investigated magnetic tunnel

junctions.

Property Standard deviation (%)
Size 6.9

Low resistance Ry, 5.5

Area resistance product 6.4

TMR from magnetic switching 2.1

TMR from rotation measurements 1.9

storing devices like MRAMs. Because, in the proposed layout, four MTJs are compared, their
resistance and TMR values must be equal within a very small tolerance. Because the area
of sub-100 nm patterns generated lithographically varies by already 5% (depending on, for
example, the quality of the e-beam lithography machine and the resists), the accuracy for the
electronic and magnetic properties of the MTJs themselves must be as good as possible.

In figure 9, we show the results for the variances of the resistance for the tunnelling
cells with Al,O3 barriers in the low and high resistive state, respectively [14]. In table 1,
we summarize results obtained for a variety of properties averaged over a large number of
tunnelling cells. All variances are in the range 5%—7%, where in our case the lithography
accounts for roughly 5% of the deviations. For completeness, we also included values for the
TMR measured by rotating the magnetization of the soft magnetic electrode. These values are
usually slightly larger than those found by just switching the magnetization between nominally
parallel and antiparallel states. In accordance with previous findings, this points to a slight
‘ripple’ in the exchange pinning direction of the hard magnetic electrode, which in this case
amounts to about +2°.

In summary, the scalability seems to be guaranteed with respect to the MTJs themselves,
but a variation of the properties in the range of £5% seems to be unavoidable if the sub-100 nm
range is entered.

For the scalability, the most crucial point is the current needed in the clocklines and
wordlines for switching the magnetizations. These currents amount to some milliamperes,
and they do not scale down when the MTJs are made smaller. Thus the width of these lines
must be around 1 um, which severely hinders downscaling of the complete logic gate arrays.

8
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Figure 10. The minimum TMR effect amplitude for a reliable high-yield production of working
FPGAs with a 4-0 criterion (i.e. Y = 4 in equation (2)). The area below the curve leads to
intolerably large numbers of FPGAs with too much overlap between the output voltage states
corresponding to logic 1 and 0.

3.3. Criteria for variances in magnetic FPGAs

As already mentioned in section 3.1, a gap between the output states of Vo is necessary in
order to enable the electronics subsequent to the logic gate array to distinguish unambiguously
between V,, being logic 0 or logic 1. Usually this gap should not be smaller than about 30 mV
in order to avoid problems related with the signal to noise ratio. If we consider the worst case,
i.e. if all variances are added according to Gaussian error propagation and the gate (figure 6(a))
is switched from all four MTJs being in the high resistive state to only one of them being at Ry,
then variances of V!, (1) corresponding to logic 1 and V2, (02) will be

out

01 =1- 40'R+40’TMR (1)

0y =1 - \/40Rr + 30TMR,

where [ is the current driven through the MTJs and or and oryr are the variances of the low
resistive state and the TMR, respectively.

Evaluating the yield of working MTJs with realistic values is then possible. By calculating
the gap between V.| and V2, one can find the minimum required resistance increase AR
necessary for obtaining this gap.

AR-1>30mV+Y-I-(o;+0). 2)

Equation (2) means that there is a minimum of the gap which amounts to 30 mV plus a
reliability factor Y (usually set to 4) times the variances of the low plus those of the high
resistive states.

Taking typical values for our MTJs, this results in the dependence of the minimum required
TMR to fulfil this criterion as a function of the mean standard deviation (i.e. the mean value
of 0 and oy, respectively) shown in figure 10. According to these results, a TMR of around
50% is not enough to guarantee a high yield production of working logic gate arrays with MTJs
because, for this TMR, standard deviations of only 2% would be necessary [14]. An increase
of the TMR to around 100%, however, changes the situation drastically, because then, around
4% standard deviation would be possible, which should be within reach for a professional Si
chip production facility.
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Figure 11. A TMR minor loop of a tunnel junction with MgO barrier (1.5 nm thick) and CoFeB
electrodes. The area resistance product of these junctions is as small as 6.5 Q um? in the low-
resistive state (Rp). The TMR in this example is 126%. Thus variances of around 5% could be
tolerated for a high-yield production of FPGAs (see figure 10).

4. Perspectives for magnetic logic

In the last section, we have identified some major obstacles for a further development of
magnetic logic:

e The TMR ratio of around 50% obtained for standard Al,Os-based MTJs might be enough
to prepare some working FPGAs in the laboratory, but it does not satisfy the needs of a
high-yield production.

e The currents in the clocklines and wordlines needed to switch the tunnelling cells are too
large and do not scale down with the size of the MTJs.

Concerning the first point, major advances have been made in recent time due to applying MgO
as new barrier material [15, 16]. TMR values of more than 300% have been reported at room
temperature, which would completely relax the requirements for the standard deviations of
resistance and TMR in FPGAs. Because, however, the solution for the second obstacle could
be current-induced magnetization switching [17, 18] (CIMS), the area—resistance product of the
barrier must not exceed around 50 € um?, because only then can enough current be pressed
through the MTJ without destroying it. We have therefore tried to prepare low-resistive MgO-
based tunnelling elements. In figure 11, we show a typical minor loop for this structure.

Here, the area resistance product is 6.5 € um? allowing for current density of up to around
1.3 x 107 A cm™2. Nevertheless, the TMR is around 126%, i.e. well above the threshold of
100% for a reliable production.

For these junctions, we carried out CIMS experiments, i.e. the voltage across the MTJ
was pulsed to a certain value and then the resistance was measured at a low voltage of 20 mV.
The result of this attempt is shown in figure 12, where the applied voltage pulse was already
replaced by the corresponding value of the current density.

Pulsing a current density between 8 x 10° and 13 x 10® A cm~? through these MTJs leads
to switching back and forth the magnetization of the soft layer between parallel and antiparallel
alignment, respectively.

Because this switching current in CIMS scales down in parallel with the area of the
tunnelling junctions, these MgO-based tunnel junctions seem to be the ideal candidates

10
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Figure 12. A minor loop of the tunnel junction from figure 11 taken by current-induced

switching. Here, a current pulse was applied to the junction and the resistance was subsequently
determined at low bias voltage (20 mV). The junction switches from Ry to Ry (antiparallel state)
at9 x 10° A cm~? and back to Ry at 13 x 10° A cm™2.

for the realization of working and economically producible field-programmable logic gate
arrays.

5. Summary

In this paper, we have presented investigations of the potential of magnetic tunnel junctions for
the realization of a magnetic logic which is nonvolatile, fast and reprogrammable ‘on the fly’.
Using conventional Al,O3-based tunnel junctions, we have given a proof of the principle of
this type of logic gate array with four tunnelling cells, two of them used as input and two of
them building the reference. For really introducing this principle into new electronic (magnetic)
devices, we identified several obstacles. First, the TMR amplitude should be at least around
100% in order to enable a production of such FPGAs with a reasonable yield. Second, the
currents needed for the magnetization switching turns out to be too large and not downscalable,
thus hindering a cost-effective layout.

Using the new development of low-resistive MTJs with MgO barriers and a TMR
considerably larger than 100%, we have demonstrated that these tunnel junctions could
considerably improve the perspectives of magnetic logic for industrial applications. In fact,
these new devices solve the two main problems identified for the conventional Al,Os-based
systems.

Due to their high-temperature stability, they could also open a way to switch the hard
magnetic layer by thermally changing the exchange bias direction. Moreover, for Heusler
materials as magnetic electrodes [19], it was found that a change of the sign of the TMR can be
found if the bias voltage is changed from low to high values [20]. Thus, using these effects as
new ways for changing the functions of the FPGAs, new degrees of freedom can be introduced
which can be used to further increase their variability.
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