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RECONFIGURABLE LOGIC CIRCUIT USING 
A TRANSISTOR HAVING SPIN-DEPENDENT 

TRANSFER CHARACTERISTICS 

FIELD OF THE INVENTION 

The present invention relates to logic circuits with recon-
figurable functions, and more particularly, to a reconfigurable 
logic circuit using transistors (hereafter referred to as the 
"spin transistors") that contain ferromagnetic bodies and 
have transfer characteristics depending on the magnetization 
states of the ferromagnetic bodies. 

BACKGROUND OF THE INVENTION 

Recently, attention has been drawn to logic circuits that can 
reconfigure (or reprogram) functions in accordance with user 
programs. For example, a field programmable logic array 
(FPGA) that has been developed by the LSI technique is 
widely used (disclosed by S. Trimberger in Proc. IEEE 81 
(1993) pp. 1030-1041, S. Hauck in Proc. IEEE 86 (1998) pp. 
615-638, and Toshinori Sueyoshi in "Programmable Logic 
Devices" IEICE Tech. Report, Vol. 101, No. 632, (2002) pp. 
17-24, for example). Conventionally, the FPGA has been 
used only for test products and limited products. However, 
since shipment can be made quickly and the functions can be 
rewritten after shipment, the FPGA is incorporated as the last 
component into mobile devices such as portable telephone 
devices that tend to be replaced with newly developed devices 
in a short time. Also, studies have been made on the FPGA as 
an information device of novel architecture that reconfigures 
its hardware for each operation. 

There are several types of configurations for the FPGA. 
Among them, the Look Up Table (LUT) method using 
SRAMs is most widely used. In this configuration, small-
sized logic blocks that are formed with LUTs for achieving 
desired functions are arranged in a matrix fashion, and the 
blocks are connected to one another with lines that can be 
changed by a switch (a pass transistor, for example) (see FIG. 
57A). 

A desired logic circuit is realized by rewriting the values to 
be written in the register of the LUT and the switch for the 
lines. Each logic block includes a flip-flop (FF) for operations 
in synchronization with the LUT (see FIG. 57B). The LUT 
includes a decoder circuit for matching each input pattern 
with an address, and memories (SRAM cells) for storing a 
value in the register of each address. FIG. 57C shows an 
example of the LUT circuit that can achieve symmetric Bool-
ean functions. 

A SRAM is a volatile memory, and loses stored informa-
tion when the power supply is cut off. Therefore, so as to 
maintain data, a non-volatile memory (a flash memory, for 
example) is prepared externally, and the information stored in 
the non-volatile memory is loaded every time the power sup-
ply is resumed. 

Recently, studies have been made on a circuit that has a 
neuron MOS (hereinafter referred to as the "vMOS ") in the 
logic circuit blocks. This circuit has been developed as a 
reconfigurable logic circuit based on principles entirely dif-
ferent from those of the FPGA according to the LUT method 
(disclosed by T. Shibata and T. Ohmi in IEEE Trans. Electron 
Dev. ED-39 (1992) pp. 1444-1455 and IEEE Trans. Electron 
Dev. ED-40 (1993) pp. 570-576, and by Hiroshi Sawada, 
Kazuo Aoyama, Akira Nagoya, and Kazuo Nakajima in 
"Consideration for a Reconfigurable Logic Device using 
Neuron MOS Transistors", IEICE Tech. Report, Vol. 99, No. 
481, (1999) pp. 41-48). Using vMOS, symmetric functions 

2 
can be efficiently realized. Although the functions are limited 
compared with the functions according to the LUT method, 
attention is being drawn to this method, as a large number of 
symmetric functions appear in the stage of logic design. 

5 	FIG. 56 illustrates an example structure of a logic circuit 
that can achieve symmetric Boolean functions. This logic 
circuit includes three pre-inverters 201, 203, and 205 that 
employ vMOS structures, and a main inverter 207 that also 

10  employs the vMOS structure. In the pre-inverters that serve as 
input units, digital values are input via equal capacitances. 
The inverters 201, 203, 205, and 207 have different logic 
threshold values from one another. In the drawing, VkIn indi-
cates that the number of inputs to the inverter is n, and the 

15 logic threshold value is Vk/n with respect to the logic level 
«1» 

Also, inputs are denoted by A and B, and the input of each 
control signal is denoted by Ck  (k-0, 1, 2). The input to the 
main inverter 207 is controlled with Ck, thereby achieving a 

20 desired symmetric function. In the operation of this circuit, if 
Ck  is "1", the output is "0" only when the number of "1"s in 
the input is k. In other cases, the output is "1". For example, 
if Co  and C2  are "1" and C, is "0", the output is "0" when the 
number of "1 "s is 0 (A=B="0") and when the number of "l "s 

25 is2(A=B="1"),buttheoutput is"l"whenthenumberof"l"s 
is 1 (A or B="1"). Thus, a XOR logic circuit is obtained. 

DISCLOSURE OF THE INVENTION 

30 The above described logic blocks of the FPGA have the 
following problems. More specifically, the logic blocks that 
utilizes the LUT method and vMOS have problems in the 
volatility of logic functions. Also, problems are caused with 
respect to the number of devices (the occupied area). 

35 
First, the problems with the logic blocks according to the 

LUT method are described. In accordance with the LUT 
method, the circuit does not have capacity to rewrite to recon-
figure logics, but refers to the values stored in the registers. 

40 
SRAMs are employed for LUTs, the problems are caused by 
the volatility of the SRAMs. When the power supply is cut off, 
the contents of the LUTs, or the logic functions, are lost. In a 
case where the circuit is incorporated into a product, it is 
necessary to externally provide a non-volatile memory with 

45  an extremely large capacity for maintaining data. As a result, 
the area of the entire chip becomes larger, and the power 
consumption increases as a longer start-up time is required 
when power supply is resumed. 

Also, in a case where a large number of devices (forty 

50 transistors are required in the circuit of FIG. 56C, for 
example) are employed to achieve symmetric Boolean func-
tions with decoders and SRAM cells including transistors in 
the logic blocks, the area occupied by the logic blocks 
becomes larger. 

55 Next, the problems with the logic blocks using vMOS are 
described. In such logic blocks, the operation of the circuit 
can be rewritten with a control signal, unlike in the logic 
blocks according to the LUT method. For two inputs, the 
number of MOSFETs is 8, and the number of capacitors is 14, 

60 which are almost half of the number of devices required 
according to the LUT method. However, the area occupied by 
the capacitors for the vMOS structure is not small. Also, to 
maintain the functions of the circuit, a control signals needs to 
be constantly supplied during the use of the circuit. It is also 

65 necessary to prepare a control signal of a size different from 
the supply voltage and to employ a control circuit (a control-
ler) for controlling the control signal. Since functions cannot 
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be stored in a non-volatile manner, there is a problem in the 
maintenance of the non-volatility for logic functions, as with 
the LUT method. 

It is therefore an object of the present invention to provide 
a non-volatilely reconfigurable circuit with a small number of 5 

devices. Such a circuit should be small in size and have low 
power consumption. 

In a circuit in accordance with the present invention, a 
transistor (hereinafter referred to as "spin transistor") with 
transfer characteristics that depend on the spin direction of io 
the conduction carriers or the magnetization states of the 
ferromagnetic bodies in the transistor is employed, and the 
input of the transistor is formed with a vMOS transistor. The 
operating point of the circuit is adjusted to rewrite functions 
by varying the driving force of the transistor through the 15 

control of the magnetization state of the spin transistor. This 
circuit is based on a novel technique of rewriting functions 
entirely in terns of hardware, as the characteristics of the 
device are changed. This circuit differs from a logic block 
only with a vMOS in that logic functions can be maintained in 20 

a non-volatile manner and a control signal is not required for 
switching logic functions. Furthermore, the functions of the 
circuit can be stored in a non-volatile manner, by virtue of the 
ferromagnetic bodies in the spin transistor. Using such a logic 
circuit of the present invention, the above described problems 25 

in FPGA can be eliminated. 
The non-volatility is now described. The functions of a 

circuit are determined by the magnetization states of the 
ferromagnetic bodies included in the spin transistor. Accord-
ingly, even when the power supply is cut off, the logic fanc- 30 

tions are maintained in a non-volatile manner, as the magne-
tization states do not change. In view of this, the portion 
corresponding to a logic block unit that is necessary in the 
conventional FPGA becomes unnecessary in an external non-
volatile memory. This is advantageous in reducing the chip 35 

size. Furthermore, the time for loading logic functions is not 
required. Accordingly, the time required for start-up can also 
be shortened. 

In a circuit in accordance with the present invention, the 
logic block includes nine to eleven MOSFETs and two 40 

capacitors. Accordingly, the number of devices decreases to a 
third of the number of device in the LUT structure or even less 
than that. Compared with a logic block using only a vMOS, 
the number of devices is halved. Since the external non-
volatile memories are employed only for the line unit, the 45 

total number of devices is much smaller than that in a con-
ventional circuit. 

A spin transistor can be employed as a switch for selecting 
the line that connects logic blocks. Especially, a spin MOS-
FET that is described later is employed as the switch, so that 50 

the mutual lines between logic blocks can also be stored in a 
non-volatile manner. In such a case, a non-volatile memory 
becomes unnecessary for the line unit. The spin MOSFET as 
the switch may be a depletion MOSFET or an enhancement 
MOSFET. Further, a transfer gate that is formed with p-chan- 55 

nel and n-channel spin MOSFETs can also be employed. 
One aspect of the present invention can provide a circuit 

that includes a spin transistor having transfer characteristics 
depending on the spin direction of conduction carriers. In this 
circuit, the spin direction of the conduction carriers is 60 

changed so as to vary the transfer characteristics of the spin 
transistor, and an operating point is changed based on the 
transfer characteristics, thereby reconfiguring a function. 

AnA-D converter is connected to an output terminal of the 
circuit, so that the analog operating point at the output termi- 65 

nal is converted to a digital logic level. Also, the A-D con-
verter includes a spin transistor, so that functions can be  

reconfigured by setting a threshold value depending on the 
magnetization state of the spin transistor. 

Instead of the spin transistor, another spin transistor with 
variable transfer characteristics can be employed in the cir-
cuit. In such a case, the operating point is also moved by 
changing the transfer characteristics of the transistor, thereby 
reconfiguring functions. Here, the "variable transfer charac-
teristics" are variable solid-state properties other than the 
biases such as Vds  and Vgs, and the transfer characteristics of 
a transistor can be varied in a non-volatile manner. Accord-
ingly, the output characteristics vary, even when biases are 
applied under the same conditions. Such a transistor can be 
realized with a ferromagnetic material or a ferroelectric mate-
rial, or can be formed by a floating gate technique (by which 
carriers are injected to a floating gate so as to change a 
threshold value). The above described spin transistor is one of 
the transistors with variable transfer characteristics. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A and 1B are block diagrams each illustrating the 
fundamental structure of a circuit in accordance with the 
present invention; 

FIG. 2A illustrates an example structure of a MOSFET-
type spin transistor (hereinafter referred to as "spin MOS-
FET"); 

FIG. 2B illustrates an example structure of a vMOS (B); 
FIG. 3A shows the idealized static characteristics of a spin 

MOSFET; 
FIG. 3B shows the gate voltage dependence of the drain 

current; 
FIG. 4 shows the static characteristics of the vMOS tran-

sistor of FIG. 2B, with the inputs A and B being digital values; 
FIGS. 5A, 5B, and 5C show AND/OR reconfigurable logic 

circuits with E/E, E/D, and CMOS inverter structures; 
FIG. 6 illustrates an example structure of a NAND/NOR 

reconfigurable logic circuit, with a CMOS inverter for an 
input; 

FIG. 7 illustrates an AND/OR circuit with a n-channel spin 
MOSFET of a depletion type; 

FIG. 8 shows the operating curve of an AND/OR circuit 
with the n-channel spin MOSFET of a depletion type; 

FIGS. 9A and 9B are truth tables of the AND/OR circuit 
with the n-channel spin MOSFET of a depletion type; 

FIG. 10 illustrates a circuit that has a XNOR function 
added to the circuit illustrated in FIG. 7; 

FIG. 11 illustrates a first operation of the circuit illustrated 
in FIG. 10; 

FIG. 12A shows the operating curve of the AND/OR func-
tion; 

FIG. 12B shows a truth table of the OR circuit; 
FIG. 12C shows a truth table of the AND circuit; 
FIG. 13A shows the operating curve of the XNOR func-

tion; 
FIG. 13B shows a truth table of the XNOR circuit; 
FIG. 14A illustrates a third operation of the circuit illus-

trated in FIG. 10; 
FIG. 14B is a truth table of the operation; 
FIG. 15 illustrates the structure of a circuit that can recon-

figure all the symmetric Boolean functions; 
FIG. 16A illustrates the circuit structure of a threshold 

value variable inverter; 
FIG. 16B illustrates an example operation of the inverter; 
FIG. 17 has the threshold value of a conventional CMOS 

inverter as the function of the ratio of (3 of a pMOS to (3 of an 
nMOS; 
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FIG. 18 illustrates an example structure of an AND/OR 
circuit; 

FIG. 19A shows a first operation of the circuit illustrated in 
FIG. 18; 

FIG. 19B shows a truth table of the operation; 
FIG. 20A shows a second operation of the circuit illus- 

trated in FIG. 18; 
FIG. 20B shows a truth table of the operation; 
FIG. 21 shows another example structure of an AND/OR 

circuit; 
FIG. 22A shows the characteristics of the variable thresh- 

old value inverter of FIG. 21; 
FIG. 22B shows a truth table of the inverter; 
FIG. 23A corresponds to FIG. 22A, showing the operation 

when the threshold value is varied; 
FIG. 23B corresponds to FIG. 22B, showing truth table; 
FIG. 24 illustrates an example structure of an AND/OR/ 

XNOR circuit; 
FIG. 25 shows the operating curve of Vin_n of the circuit 

illustrated in FIG. 24; 
FIG. 26A shows a first operation of the circuit illustrated in 

FIG. 24; 
FIG. 26B shows a truth table of the operation; 
FIG. 27A shows a second operation of the circuit illus- 

trated in FIG. 24; 
FIG. 27B shows a truth table of the operation; 
FIG. 28A shows a third operation of the circuit illustrated 

in FIG. 24; 
FIG. 28B shows a truth table of the operation; 
FIG. 29A shows a fourth operation of the circuit illustrated 

in FIG. 24; 
FIG. 29B shows a truth table of the operation; 
FIG. 30 illustrates an example structure of an AND/OR/ 

XOR/XNOR circuit; 
FIG. 31 shows the operating points of Vin_p of the circuit 

illustrated in FIG. 30; 
FIG. 32A shows a first operation of the circuit illustrated in 

FIG. 30; 
FIG. 32B shows a truth table of the operation; 
FIG. 33A shows a second operation of the circuit illus- 

trated in FIG. 30; 
FIG. 33B shows a truth table of the operation; 
FIG. 34A shows a third operation of the circuit illustrated 

in FIG. 30; 
FIG. 34B shows a truth table of the operation; 
FIG. 35A shows a fourth operation of the circuit illustrated 

in FIG. 30; 
FIG. 35B shows a truth table of the operation; 
FIG. 36 illustrates an example structure of a reconfigurable 

logic circuit with a spin MOSFET; 
FIG. 37 illustrates an example structure of a NAND/NOR 

circuit; 
FIG. 38 shows the operating points of the circuit illustrated 

in FIG. 37, and the characteristics of the inverter; 
FIG. 39 shows a truth table of the circuit illustrated in FIG. 

37; 
FIG. 40 is a circuit diagram of a NAND/NOR/XNOR 

circuit; 
FIG. 41 shows the operating points of Vin_n of the circuit 

illustrated in FIG. 40; 
FIG. 42A shows a first operation of the circuit illustrated in 

FIG. 40; 
FIG. 42B shows a truth table of the operation; 
FIG. 43A shows a second operation of the circuit illus- 

trated in FIG. 40; 
FIG. 43B shows a truth table of the operation; 

6 
FIG. 44 is a circuit diagram of a NAND/NOR/XNOR/ 

XOR circuit; 
FIG. 45 shows the operating points of Vin_p of the circuit 

illustrated in FIG. 44; 
5 	FIG. 46A shows a first operation of the circuit illustrated in 

FIG. 44; 
FIG. 46B shows a truth table of the operation; 
FIG. 47A shows a second operation of the circuit illus-

trated in FIG. 44; 
10 	FIG. 47B shows a truth table of the operation; 

FIG. 48 illustrates an example structure of a NAND/NOR 
circuit (E/E configuration); 

FIG. 49 illustrates the operation of the circuit illustrated in 
FIG. 48; 

15 	FIG. 50 shows truth tables of the NOR circuit and the 
NAND circuit shown in FIG. 48; 

FIG. 51A illustrates an example structure of an NAND/ 
NOR/XNOR circuit; 

FIG. 51B shows the operating points of Vin_n of the circuit 
20 illustrated in FIG. 51A; 

FIG. 52A shows a first operation of the circuit illustrated in 
FIG. 51A; 

FIG. 52B shows a truth table of the operation shown in FIG. 
52A; 

25 	FIG. 53A shows a second operation of the circuit illus- 
trated in FIG. 51A; 

FIG. 53B shows a truth table of the operation shown in FIG. 
53A; 

FIG. 54A shows a third operation of the circuit illustrated 
30 in FIG. 51A; 

FIG. 54B shows a truth table of the operation shown in FIG. 
54A; 

FIG. 55 illustrates the structure of a circuit that can recon-
figure all the symmetric Boolean functions; 

35 	FIG. 56 illustrates an example structure of a logic circuit 
with which symmetric Boolean functions can be realized; 

FIG. 57A shows a circuit in which small-sized logic blocks 
having LUTs and memory devices that can achieve desired 
functions are arranged in a matrix fashion, and the blocks are 

40 connected with lines that can be changed by a switch (a pass 
transistor, for example); 

FIG. 57B shows a circuit that includes a flip-flop (FF) for 
operating in synchronization with a LUT; and 

FIG. 57C shows an example of a LUT circuit with which 
45 symmetric Boolean functions can be realized. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

so 	Referring to FIGS. 1A and 1B, the fundamental structure 
of a circuit in accordance with the present invention is 
described. As shown in FIGS. 1A and 1B, the circuit in 
accordance with the present invention includes a terminal Vm  
(hereinafter, "Vm" will be used as the name of the terminal, 

ss but will also be used as the potential of the terminal), a circuit 
group P that charges the terminal Vm  with parasitic capaci-
tance and the next stage with input capacitance, a circuit 
group Q for discharging, and an A-D converter that amplifies 
the analog voltage Vm  to a digital logic level. The voltage Vm  

60 is determined by the values of input signals A and B, regard-
less of the circuit of the next stage. 

As shown in FIG. 1A, a spin transistor is contained in at 
least one of the circuit groups P and Q, and the current control 
capacity can be controlled in accordance with the magnetiza- 

65 tion state of the spin transistor. Therefore, even if the input 
signals A and B have the same values, the voltage Vm  varies 
depending on the magnetization state of the spin transistor. 
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8 
The variation of Vm  caused by a change in the magnetization 

	
The ferromagnetic source 3 serves as a spin injector that 

sate of the spin transistor is amplified to the digital logic level 
	

injects spin-polarized carriers to a channel formed below the 
by the A-D converter having a predetermined logic threshold 

	
gate in the semiconductor 1. The ferromagnetic drain 5 serves 

value, thereby forming a reconfigurable logic circuit. Alter- 	as a spin analyzer that detects an electric signal representing 
natively, with an A-D converter that can change the logic 5 the direction of the spins injected to the channel. In a case 
threshold value using the spin transistor, a reconfigurable 	where a ferromagnetic metal (FM) is employed as the ferro- 
logic circuit can be formed. 	 magnetic material, the ferromagnetic source 3 and the ferro- 

The circuit shown in FIG. 1B has a 2-input v-MOS struc- 	magnetic drain 5 are formed with the Schottky junctions with 
ture with equally weighted inputs. In a symmetric function, 	the semiconductor (substrate) 1. A gate voltage is applied to 
the input signals A and B do not need to be distinguished from io the gate electrode 7, so that spin-polarized carriers can be 
each other. Accordingly, with the 2-input v-MOS structure 

	
injected from the ferromagnetic source 3 to the channel via a 

having equally weighted inputs, inputs can be efficiently per- 	Schottky barrier. 
formed to the circuit groups. If there is a need to distinguish 

	
The injected spin-polarized carriers reach the ferromag- 

the input signals A and B from each other, the weights on the 	netic drain 5 via the channel (for ease of explanation, the 
input capacity should be made different from each other 15 Rashba effect caused by the gate field of the spin-polarized 
between the input signals A and B. 	 carriers injected to the channel is ignored). In a case where 

The circuit in accordance with the present invention con- 	parallel magnetization is observed between the source and the 
tains ferromagnetic bodies made of a ferromagnetic metal or 

	
drain, the spin-polarized carriers injected to the ferromag- 

the like. This circuit is a non-volatile, reconfigurable circuit, 	netic drain 5 become a drain current, without adverse influ- 
and more particularly, is a logic circuit that employs a spin 20 ence of spin-dependent scattering. In a case where antiparal- 
transistor that can control its transfer characteristics in accor- 	lel magnetization is observed, on the other hand, the 
dance with the spin direction of the conduction carriers or the 

	
ferromagnetic drain 5 is subjected to the resistance due to 

magnetization states of the ferromagnetic bodies. Using the 	spin-dependent scattering. Accordingly, in the spin MOS- 
spin transistor, a symmetric Boolean function can be realized 

	
FET, the current drive force varies depending on the relative 

with a small number of components. 	 25 magnetization direction between the source and the drain. 
In the following, the spin transistor is described in greater 

	
FIGS. 3A and 3B show idealized static characteristics of a 

detail. The spin transistor has at least one ferromagnetic body 	spin MOSFET. With a gate voltage equal to or lower than a 
(free layer) with a magnetization direction that can be inde- 	threshold value (Vgs<Vth), the spin MOSFET is in an OFF 
pendently controlled with a magnetic field or the like, and at 	state, as in the case of a conventional MOS transistor. This 
least one ferromagnetic body (pin layer) with a fixed magne-  so does not change with the magnetization state of the spin 
tization direction. In this spin transistor, the relative magne- 	MOSFET. When a gate voltage equal to or higher than the 
tization state between the free layer and the pin layer can be 	threshold value (Vgs Vgsl<Vth) is applied, the spin MOSFET 
switched between parallel magnetization and antiparallel 

	
is put into an ON state. However, even when the same gate 

magnetization by changing the magnetization direction of the 	voltage is applied, the drain current Id  varies depending on the 
free layer. 	 35 magnetization state of the ferromagnetic bodies included in 

In the spin transistor, output characteristics in accordance 	the spin MOSFET. In the case of parallel magnetization, a 
with the magnetization state inside can be realized by virtue 

	
high drain current Idl  T  flows. In the case of antiparallel mag- 

of the conduction phenomena, such as spin-dependent scat- 	netization, a low drain current Idl  y  flows. If the drain current 
tering, a spin-dependent tunneling effect, and a spin filter 	of the spin MOSFET can be represented using the same gain 
effect, which depend on the spin direction of the carriers and 40 coefficient as that of a conventional MOSFET, the gain coef- 
the magnetization directions of the ferromagnetic bodies. 	ficient is high in the case of parallel magnetization, and the 
Accordingly, the transfer characteristics of the spin transistor 	gain coefficient is low in the case of antiparallel magnetiza- 
can be controlled in accordance with the relative magnetiza- 	tion. In the following, relative parameters (3 representing the 
tion direction of the pin layer with respect to the free layer 	gain coefficients of the spin MOSFETs and the MOSFETs are 
contained in the spin transistor, even when the same biases are 45 introduced. With the gain coefficients of the spin MOSFETs 
applied. 	 and the MOSFETs included in the circuit being 1G1, 1G2 .. . 

In the following, an example case where the spin transistor 
	PG, , (for the spin MOSFET, the gain coefficient in the case of 

is a MOSFET spin transistor (hereinafter referred to as "spin 	parallel magnetization is set separately from the gain coeffi- 
MOSFET") is described. Although spin-dependent conduc- 	cient in the case of antiparallel magnetization), the gain coef- 
tion phenomena are included, the transistor operation is based 50 ficient of the spin MOSFETs and the MOSFETs can be 
on the same principles as those of the operation of a conven- 	expressed as G1= 1G1' Pct— P2PG11 PGs_P3PG1 
tional MOSFET. Particularly, the output characteristics can 

	P AN (3IA3G1, using the gain coefficient (3G1. With the coeffi- 
be represented by gradual channel approximation. 	 cients (3 1(=1), 2,••  (3r„ the magnitude correlation among the 

FIG. 2A illustrates an example structure of a spin MOS- 	gain coefficients of the transistors can be expressed. Although 
FET. As shown in FIG. 2A, the spin MOSFET (A) is formed 55 the magnitude correlation among the gain coefficients (31, 
on a semiconductor (substrate) 1, and has the same structure 

	
R21 ... RN is expressed with given numerals, the numeric 

as a conventional MOSFET, including the aspect that a gate 	values (3 are merely examples of representations of the mag- 
electrode 7 is formed on a gate insulating film 11. The spin 	nitude correlation, and those numeric values do not limit the 
MOSFET (A) differs from a conventional MOSFET in that a 	scope of the present invention. Also, the magnitude correla- 
source electrode 3 and a drain electrode 5 are made of a 60 tion among the gain coefficients (3 1 , (32, ... ft indicates an 
ferromagnetic material. Hereinafter, the source electrode 	example of the magnitude correlation among output currents 
made of a ferromagnetic material will be referred to simply as 	when the same bias is applied to the MOSFET and the spin 
the ferromagnetic source 3, and the drain electrode made of a 

	
MOSFET, including a case where the output characteristics 

ferromagnetic material will be referred to simply as the fer- 	of the spin MOSFET cannot be expressed with the output 
romagnetic drain 5. In the drawings, "FM" indicates "ferro-  65 characteristics of the conventional MOSFET. 
magnetic metal", but the source and drain may be made of 

	
Next, a vMOS structure is described in conjunction with 

some other electric conductive ferromagnetic material. 	FIG. 2B and FIG. 4. As shown in FIG. 2B, a MOSFET (B) 
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with a vMOS structure includes a source 13 and a drain 15 
that are formed on a semiconductor 11, a floating gate 21 
formed above the semiconductor 11 via a gate insulating film 
20, and two divided gate electrodes 17a and 17b. As described 
above, inputs A and B are input to the gates 17a and 17b of the 
vMOS structure via the input capacitances of the gate elec-
trode and the floating gate. The inputs can be weighted by 
varying the magnitudes of the gate electrode and the floating 
gate. Here, a case where all the input capacitances are equal to 
one another is described as an example. 

In the 2-input vMOS structure shown in FIG. 2B, the 
potential V g  of the floating gate 21 is represented by the input 
mean value, which is Vfg(A+B)/2, obtained by coupling of 
capacitances in a case where the gate capacitance can be 
ignored. Likewise, in a case of multiple inputs (n inputs 
(n>2)), it is safe to assume that the mean value of the n inputs 
is input to the floating gate. FIG. 4 shows the static charac-
teristics in a case where the inputs A and B are digital values. 
However, the inputs may be analog values. As shown in FIG. 
4, in the case ofA=B="O", the drain current Id  hardly flows. In 
the case of A=B="1", the drain current Id  flows. When either 
A or B is "1", the drain current that is equivalent to that 
obtained by applying a gate voltage half the above described 
gate voltage is generated. In the symmetric function, the input 
signals A and B do not need to be distinguished from each 
other. Accordingly, using the equally-weighted 2-input 
vMOS structure, input can be efficiently performed to the 
circuit groups. 

An AND/OR reconfigurable logic circuit can be realized 
using the inputs of the vMOS structure and an inverter struc-
ture having an E/E configuration, an E/D configuration, or a 
CMOS configuration formed with spin MOSFETS and con-
ventional MOSFETS as the circuit structure of the circuit 
group P and the circuit group Q. FIGS. 5A, 5B, and 5C 
illustrate AND/OR reconfigurable logic circuits using the 
inverter structures of the E/E configuration, the E/D configu-
ration, and the CMOS configuration. Hereinafter, each spin 
MOSFET will be indicated by a transistor symbol with an 
arrow. In the drawings, spin MOSFETs are used for active 
loads (Q2) of the inverters of the E/E configuration, the E/D 
configuration, and the CMOS configuration. However, spin 
MOSFETs may be used for drivers (Q1). Alternatively, both 
the active loads (Q2) and the drivers (Q1) may be formed with 
spin MOSFETs. The input vMOS structure is used for the 
drivers (Q1) in the E/E configuration and the E/D configura-
tion. In the CMOS configuration, the vMOS structure is real-
ized with a floating gate shared between Q2 and Q1. The 
inverter in the output stage is used to divide the output of Vm  
into the logic levels of "1" and "0". This inverter serves as an 
A-D converter. The active load Q2 in each of FIGS. 5A 
through 5C forms the circuit group P, while the driver Q1 
forms the circuit group Q. Further, an extra circuit for con-
trolling the potential of Vm  in each of the circuits of FIGS. 5A 
through 5C is added to the circuit group P and the circuit 
group Q, thereby achieving a complicated, reconfigurable 
logic circuit. 

As shown in FIG. 6, it is also possible to achieve the 
operation equivalent to that of the vMOS structure by 
employing CMOS inverters for inputs, instead of the capaci-
tance coupling. In such a case, however, a logic function that 
is obtained by inverting the logic function of FIGS. 5A 
through 5C is output. 

Next, a reconfigurable logic circuit in accordance with a 
first embodiment of the present invention is described in 
conjunction with the accompanying drawings. In the logic 
circuit in accordance with this embodiment, the driver or the 
active load of an E/D inverter circuit formed with an enhance- 

10 
ment MOSFET and a depletion MOSFET is replaced with a 
spin MOSFET. To replace the driver, an enhancement spin 
MOSFET should be employed. To replace the active load, a 
depletion spin MOSFET should be employed. The input 

5 vMOS structure is used for the driver. As for the inverter of the 
output stage, a CMOS inverter is most preferred in terms of 
performance, but it is possible to employ an inverter of 
another type, such as an E/D inverter. 

The load curve in the E/E configuration varies according to 
io the voltage generated in the driver. With the E/D configura-

tion, on the other hand, the load curve with the active load is 
saturated. Accordingly, a wider logic margin can be allowed. 

1) AND/OR Circuit 
Referring now to FIGS. 7 through 9, an AND/OR circuit 

15 with a n-channel spin MOSFET of a depletion type is 
described. In FIG. 7, the n-channel spin MOSFET of a deple-
tion type is denoted by Trl, and the parameter (3„1  can be 1 or 
10 in the case of antiparallel magnetization or parallel mag-
netization. Since the source and the gate of Trl are short- 

20 circuited, the load curve is saturated with respect to Vm as 
indicated by the solid line in FIG. 8. A vMOS structure is used 
for the input of a transistor Tr2, and its operation can be as 
indicated by the broken line in FIG. 8. FIGS. 9A and 9B are 
the truthtables of this circuit. Also, the details of the operation 

25 are shown in Table 1. 

TABLE 1 

30 	A 	 Vou  
B 
	

(in order of Vm) function 

	

1 	V0(.1„) VP(.0„) VQ(.0„) 	0„ 	.1” 	"1„ 	OR 

	

10 	V0(.1„) VR(.1„) Vs(.0„)  1.0„ 	1.0„ 	I.1„ 	AND 

35 
In a case where the circuit functions as an OR circuit, the 

spin MOSFET is put into the antiparalell magnetization con-
figuration, and the parameter (3„i  is set at 1, with which the 
current driving capacity is small. Here, in the case of 

40 A=B="0", the operating point Vm  is V0  according to FIG. 8, 
and the outputVout is inverted and amplified to "0". In the case 
ofA or B="1" (hereinafter, (A, B)=("1", "0") or (A, B)=("0", 
"1") will be expressed simply as A or B="1"), the operating 
point Vm  is VP, and accordingly, the outputVout  is "1". In the 

45 case of A=B="1", the operating point Vm  is VQ, and accord-
ingly, the output V., is "1". 

In a case where the circuit functions as an AND circuit, the 
spin MOSFET is put into the paralell magnetization configu-
ration, and the parameter (3„i  is set at 10, with which the 

50 current driving capacity is large. Here, in the case of 
A=B="0", the operating point Vm  is V0, and accordingly, the 
output Vout  is "0". In the case of A or B="1", the operating 
point Vm  is VR , and accordingly, the output V., is "0". In the 
case of A=B="1", the operating point Vm  is Vs, and accord- 

55 ingly, the output V0  is "1". 
2) AND/OR/XNOR Circuit 
FIG. 10 illustrates a circuit in which an XNOR function is 

added to the circuit shown in FIG. 7. The XNOR function is 
added as a Q group that is a circuit in which the input/output 

60 correlation is the same as that in anAND circuit, in the case of 
A or B="0" and A=B="l", and V0  is "1" (Vm  is "0") in the 
case of A=B="0". In FIG. 10, the transistors Tr3 through Tr5 
are the added part. The transistors Tr3 and Tr4 that forms an 
inverter serve as a level shifter. As shown in FIG. 11, the 

65 transistor Tr5 is energized (is put into an ON state) only when 
A and B are "0". The transistor Tr5 is a spin MOSFET, but the 
variation of (3„5  according to the magnetization state is 



A 0 0 1 A 0 0 1 	 60 
N1 N5 B 0 1 1 B 0 1 1 function 

1 	0.5 "0” "P' "P' "1” "0" "0” 	OR/NOR 
10 	0.5 "0" "0" "P' "1" "1" "0" AND/NAND 
1 	50 "10" "P' "0" "1" "0" XNOR/XOR 

10 	50 "P' "P' "P' "0" "0" "0" 	all "P"/ 
all "0" 	65 
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designed to be greater than the variation of (3 of the transis-
tor 1. For example, (3„5 is 0.5 or 50 in the case of antiparallel 
magnetization or parallel magnetization. In the case of paral-
lel magnetization, (3„5 is 50, with which a sufficiently high 
current (Ia high) flows. In the case of antiparallel magnetiza-
tion, (3„s is 0.5, with which the current value (Ia io ) is very 
small. FIGS. 12A through 14B show the operating point Vm 
with respect to each parameter P. The sum of currents flowing 
through the transistors Tr2 and Tr5 is indicated by solid lines, 
and the current Ia io  can be ignored. The circuit functional 
correlation between (3„ r and (3„s is shown in Table 2. 

TABLE 2 

v_ 

A 	0 	0 	1 	 Vou, 
N1 N5 B 	0 	1 	1 	(in order of Vm) function 

1 0.5 	V0(.1„) VP(.0") VQ(.O") "0" 	"1„ 	"1„ 	OR 
10 0.5 	V0(.1„) VR(.1„) Vs(.0„) "0„ 	"0„ 	I.1„ 	AND 
1 50 	V1-(0") VR(`P,) VS(`0") "10" "1" XNOR 

10 50 	VU(.0") VR(.O") Vy(.0") 	1" 	1" 	1" 	an 1” 

Referring first to FIGS. 12A through 12C, the AND/OR 
function is described. The transistor Tr5 is put into an anti-
paralell magnetization configuration, and the current driving 
capacity is made very small ((3„5-0.5). By doing so, the 
flowing current Ia io  can be ignored, and the corresponding 
portion is regarded as open. As a result, the circuit has the 
same structure as that of the circuit shown in FIG. 7, and the 
AND(FIG. 12C)/OR(FIG. 12B) function can be maintained. 

Next, the XNOR function is described in conjunction with 
FIGS. 13A and 13B. The transistor Tr5 is put into a paralell 
magnetization configuration, and the current driving capacity 
is made high ((3„5=50). The transistor Tr2 is also put into a 
paralell magnetization configuration ((3„ r=10) as in the case 
ofAND. In the case ofA=B="1" orA or B="1 ", the transistor 
Tr5 is regarded as open, and accordingly, functions as an 
AND circuit. In the case ofA=B="0", Vm is discharged by the 
currently high of the transistor Tr5, to obtain V_=~V,<V,_ and 
V0 = "1". Further, when the transistor Trl is put into an 
antiparalell magnetization configuration ((3„r=1) and the 
transistor Tr5 is put into a paralell magnetization configura-
tion ((3„5=50), Vout becomes "1" for all the inputs (see FIGS. 
14A and 14B). This circuit is characterized in that the oper-
ating point Vm is always close to OV or Vdd, and the logic 
margin is wide. 

3) AND/OR/XNOR/NAND/NOR/XOR Functions 

In a circuit shown in FIG. 15, another stage of an inverter 
circuit is added to the output. The details of the operation of 
this circuit are shown in Table 3. Basically, this circuit is the 
same as the circuit illustrated in FIG. 10, but all the symmetric 
Boolean functions can be realized with V0 and its inverted 
output. 

TABLE 3 

12 
Next, a reconfigurable logic circuit in accordance with a 

second embodiment of the present invention is described in 
conjunction with the accompanying drawings. A logic circuit 
in accordance with this embodiment can be formed by using 

5 a spin MOSFET for either the n-channel MOSFET or the 
p-channel MOSFET in a CMOS inverter, or using spin MOS-
FETs for both the n-channel MOSFET and the p-channel 
MOSFET. The vMOS structure used for the input is formed 
with a floating gate shared by the n-channel device and the 

10 p-channel device. The inverter of the output stage is a con-
ventional inverter of the CMOS configuration. 

In accordance with this embodiment, the operating curve is 
saturated as in the E/D configuration, and accordingly, the 

15 mean logic margin can be made wider. Also, it is effective for 
low power consumption. 

1) Threshold Value Variable Inverter 

FIG. 16A is a circuit diagram of an inverter having a vari-
able logic threshold value. In this circuit, the n-channel MOS- 

20 FET and the p-channel MOSFET of a conventional CMOS 
inverter are replaced with a p-channel spin MOSFET. Here, 
the current driving capacity ofthep-channel spin MOSFET in 
the case of parallel magnetization and antiparallel magneti- 

25 zation is made p,,j= l or 10, and the current driving capacity 
of the n-channel spin MOSFET is a value between 1 and 10. 
The logic threshold value of the inverter circuit shown in FIG. 
16A varies according to the combination of parameters P. 
FIG. 16B shows the characteristics ofboth spin MOSFETs in 

30 a case where the parameter 	is fixed while the parameter 
is set to 1 or 10. Although the input is constant, the output 

Vout is Vi of the low level when the parameter 	is 1, and 
the output V0 is VH of the high level when the parameter 

is 10. In this manner, the output V0 varies according to 
35 the current driving capacity of the p-channel spin MOSFET. 

More quantitatively, this can be explained as follows. 

The inverter circuit shown in FIG. 16A can be considered 
as the same as a conventional CMOS inverter. In such a case, 
the p-channel spin MOSFET and the n-channel spin MOS-

40 FET operate in the saturation region. With the drain current Id 
flowing through the n-channel spin MOSFET and the p-chan-
nel spin MOSFET, the following equation can be obtained: 

45 	 V. — IV, ,I + 	 [Equation 1] 

= 	1+ 

where 

aninv 

cn 	
fltno = fipim 

Here, the logic threshold value 	is plotted as the func- 
tion of the driving force ratio (3 	(3 /(3 	in FIG. 17, with 
Vdd being 3.3 V and Vth, being I Vthp 1-0.5 V. As shown in FIG. 

55 
17, the threshold value according to the ratio (3-O.1, 1, 10 
can be obtained. 

2) AND/OR 

FIG. 18 illustrates an AND/OR circuit that employs the 
threshold value variable inverter shown in FIG. 16A. As 
shown in FIG. 18, the AND/OR circuit is formed with invert-
ers of two stages. The inverter at the input side is a threshold 
value variable inverter, and the inverter at the output side is a 
conventional inverter (with a threshold value V~, 2=Vdd/2). 
The operating characteristics of the circuit shown in FIG. 18 
are shown in FIGS. 19A and 19B. In FIG. 19A, the solid line 
indicates the characteristics of the transistor Trl, and the 
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broken line indicates the characteristics of the transistor Tr2. 
The details of the operation of this circuit are shown in Table 
4. 

TABLE 4 

vm 

A 	0 	0 	1 	 Vour 
Ii I2 B 	0 	1 	1 	(in order of Vm) 	function 

1 10 	V0(.i„) VP(.0„) VQ(.O") 	0" 	"1” "i „ 	OR 
10 1 	V0(`P,) VR(`P,) VQ("0„) "0„ "0„ "P, 	AND 

2-1) OR 

Referring now to FIGS. 19A and 19B, an OR circuit is 
described. In a case where the circuit illustrated in FIG. 18 
functions as an OR circuit, the transistor Trl is put into an 
antiparalell magnetization configuration (3=i) and and the 
transistor Tr2 is put into a paralell magnetization configura-
tion ((3,2=10). Here, in the case of A=B="0", the operating 
point Vm is V0 according to FIG. 19A, and the outputVout is 
inverted and amplified to "0". In the case of A or B="1", the 
operating pointV_ is Vp, and the outputV,,,  is"1".In the case 
ofA=B="1 ", the operatingpoint Vm is VQ, and the outputVout 
is "1". 

2-2) AND 
Referring now to FIGS. 20A and 20B, an AND circuit is 

described. The transistor Trl is put into a paralell magnetiza-
tion configuration (3=l°) and and the transistor Tr2 is put into 
an antiparalell magnetization configuration (3, 2=1). Here, in 
the case of A=B="0", the operating point Vm is V0, and the 
output V0 is inverted and amplified to "0". In the case ofA or 
B="1", the operating point Vm is VR, and the output Vout is 
"0". In the case ofA=B="1 ", the operating point Vm is V Q, and 
the output Vout is "1". 

As can be seen from FIGS. 21 through 23B, the threshold 
value V 1 of the threshold value variable inverter (formed 
with the transistors Trl and Tr2) at the input side may be 
regarded as the reference value. In the following, the opera-
tion in such a case is described. 

2-3) OR 

When the transistor Trl is put into an antiparalell magne-
tization configuration ((3Pi=1) and the transistor Tr2 is put 
into a paralell magnetization configuration (3, 2=10) in a cir-
cuit illustrated in FIG. 21, the logic threshold value V 1 
becomes V 	io <Vd j2, as shown in FIG. 22A. Also as 
shown in FIGS. 22A and 22B, in the case of A=B="0", Vfg 
becomes "0". Accordingly, the operating point Vm is V0="1", 
and the output V0 is "0". In the case ofA or B="1", Vfg is 
Vd /2>V~, t lo . Accordingly, the operating point Vm is 
VP "0", and the output V0 is "1". In the case of A=B=" 1", 
Vfg is Vdd. Accordingly, the operating point Vm is V.—O", 
and the outputVo,, is "1". 

2-4) AND 
When the transistor Trl is put into a paralell magnetization 

configuration ((3Pi=10) and the transistor Tr2 is put into an 
antiparalell magnetization configuration (3, 2=1) in the cir-
cuit illustrated in FIG. 21, the logic threshold value V 1 
becomes Vj,,,,, high>Vaal2, as shown in FIG. 23A. In the case 
of A=B="0", Vfg becomes "0". Accordingly, the operating 
point Vm is Vo="1 ", and the output V0 is "0". In the case of 
A or B="1", Vfg is Vad/2<V~, i low. Accordingly, the operat-
ing point Vm is VR="1 ", and the output V0 is "0". In the case 
of A=B="1 ", Vfg is Vdd. Accordingly, the operating point Vm 
is V._110", and the outputVout is "1". 

14 
3) AND/OR/XNOR 
FIG. 24 illustrates an AND/OR/XNOR circuit. The prin-

ciples of the operation are the same as in the case of the circuit 
shown in FIG. 10. In the XNOR circuit, the input/output 

5 correlation is the same as that in the AND circuit in the case 
where A=B="1" or A or B="1", but is different from that in 
the AND circuit only in the case where A=B="0", with V0 
being "1" (Vm="0"). This function can be realized by adding 
a circuit formed with the transistors Tr3, Tr4, and Tr5 (an 

10 n-channel spin MOSFET) to the circuit group Q. The inverter 
(a level shifter) formed with the transistors Tr3 and Tr4 has a 
threshold value V 3 lower than Vd12. Accordingly, only in 
the case where A=B="0", V „ becomes "1", and the tran-
sistor Tr5 is turned on. The variation in the current driving 

15 capacity (3„s of the transistor Tr5 between parallel magneti-
zation and antiparallel magnetization is wider than that in the 
case of the transistors Trl and Tr2, and (3„s is 0.5 (antiparallel 
magnetization) or 50 (parallel magnetization). In the case of 
parallel magnetization ((3„5=50), a sufficiently high current 

20 (Id high) flows, but in the case of antiparallel magnetization 
((3„5-0.5), the value of the current (Ia lo ) is very small (see 
the upper and lower graphs in FIG. 25). 

The details of the operation are shown in Table 5. 

25 	 TABLE 5 

30 

3s 3-1) AND/OR (See FIGS. 26A and 26B, 27A and 27B) 
As the transistor Tr5 is put into an antiparalell magnetiza-

tion configuration ((3„5-0.5), the current Ia lo  can be 
ignored, and the transistor Tr5 can be regarded as open. 

40 Accordingly, the circuit becomes equivalent to the AND/OR 
circuit shown in FIG. 18. 

3-2) XNOR (See FIGS. 29A and 29B) 
The transistor Tr5 is put into a paralell magnetization con-

figuration ((3„5=50). In the inverter part, the transistor Trl is 
45 put into a paralell magnetization configuration (3=i°) and and 

the transistor Tr2 is put into an antiparalell magnetization 
configuration ((3,2=1), as in the AND circuit. In the case 
where A=B=” 1” or A or B="1 ", the transistor Tr5 is equiva-
lent to an open circuit, and operates in the same manner as the 

50 AND circuit. In the case whereA=B="0", Vm is discharged by 
the current 'd high of the transistor TrS, so as to be 

Accordingly, Vout becomes "1". Where the 
transistor Trl is put into an antiparalell magnetization con-
figuration (3=l) the the transistor Tit is put into a paralell 

55 magnetization configuration (3, 2=10), and the transistor Tr5 
is put into a paralell magnetization configuration ((3„5=50), 
the output Vout becomes "1" for all the input patterns (see 
FIGS. 28A and 28B). 

Although all symmetric Boolean functions can be realized 
60 by adding an inverter to the output of the circuit shown in FIG. 

24, a technique of achieving all the symmetric Boolean func-
tions by adding a new circuit to the circuit group P is 
described below. 

4) AND/OR/XNOR/XOR 
65 FIG. 30 illustrates anAND/OR/XNOR/XOR circuit. In the 

XOR circuit, the input/output correlation is the same as that in 
the OR circuit in the case where A=B="1" orA or B="1 ", but 

v_ 

A 	0 	0 	1 	Vour (in 
I p1 1 2 	B 	0 	1 	1 	order of Vm) function 

1 10 	0.5 	V0(`1 ,) VP("0„) VQ(`O") "0" "1” "1" 	OR 
10 	1 	0.5 	V0(`1 ,) VR("P,) VQ(`O") "0" "0" "1" AND 
1 10 50 	V1-(0„) VP(.0„) VQ(.0„) P, "I” "I” ali l” 

10 	1 50 	VS(.0„) VR(.i„) VQ(.o„) I.i„ 1.0„ "1” XNOR 
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is different from that in the OR circuit only in the case where 
A=B=" 1 ", with Vout  being "0". Accordingly, this function can 
be realized by adding a circuit with which V0  becomes "0" 
in the case where A=B=" 1". The XOR function can be 
achieved by employing the transistors Tr6, Tr7, and Tr8 (a 
p-channel spin MOSFET) in a complementary manner 
together with the transistors Tr3, Tr4, and Tr5 (an n-channel 
spin MOSFET). The inverter formed with the transistors Tr6 
and Tr7 has a threshold value V 4  higher thanVd12. Accord-
ingly, only in the case where A=B=" 1", V „ becomes "0", 
and the transistor Tr8 is turned on (see FIG. 31). 

The variation in the current driving capacity (3P$  of the 
transistor Tr8 between parallel magnetization and antiparallel 
magnetization is wider than that in the case of the transistors 
Trl and Tr2, and (3P$  is 0.5 (antiparallel magnetization) or 50 
(parallel magnetization). In the case of parallel magnetization 
(138p 50)' a sufficiently high current (Ia  high)  flows, but in the 
case of antiparallel magnetization ((3p8-0.5), the value of the 
current (Id  j0 ) is very small. FIGS. 32A and 32B and FIGS. 
33A and 33B show the operating point Vm  in the case of the 
transistor Tr8 is in the paralell magnetization configuration 
(13p8 50) and the transistor Tr5 is in the antiparalell magne-
tization configuration ((3„5-0.5). The sum of currents flowing 
through the transistors Trl and Tr8 is indicated by solid lines, 
and the sum of currents flowing through the transistors Tr2 
and Tr5 is indicated by broken lines. Here, the current Ia  io  
is ignored. 

The operation of this circuit is shown in Table 6. 

TABLE 6 

16 
4-2) XOR (See FIGS. 32A and 32B) 
The transistor Tr8 is put into a paralell magnetization con-

figuration ((3p8=50). In the other parts, the transistor Trl is put 
into an antiparalell magnetization configuration (3=l)  the the 
transistor Tr2 is put into a paralell magnetization configura-
tion (3, 2=10), and the transistor Tr5 is put into an antiparalell 
magnetization configuration ((3„5-0.5), as in the OR circuit. 
In the case where A=B="0" or A or B="1", the transistor Tr8 

10 
is open, and operates in the same manner as the OR circuit. In 
the case where A=B=" 1", V,n  is charged with the current 
Ia high of the transistor Tr8, so as to be Vm=VT<Vj, 2 . 

Accordingly, Voist  becomes "0". Where the transistor Trl is 
put into a paralell magnetization configuration (3=l°)  the the 

15  transistor Tr2 is put into an antiparalell magnetization con-
figuration ((3,2-1), the transistor Tr5 is put into an antiparalell 
magnetization configuration ((3„5-0.5), and the transistor Tr8 
is put into a paralell magnetization configuration ((3p8=50), 
the output Vout  becomes "0" for all the input patterns (see 

20  FIGS. 33A and 33B). 

5) AND/OR/XNOR/XOR/NAND/NOR 

As in the case shown in FIG. 15, an inverter may be added 
25  to the output of the circuit shown in FIG. 24. However, it is 

possible to achieve the circuit by employing the circuit shown 
in FIG. 30. The transistor Tr5 in FIG. 30 functions only in the 

v_ 

A 	0 	0 	1 V ou, 
I„1 12 1„5 I p8 B 	0 	1 	1 (in order ofVm) function 

1 10 0.5 0.5 "1" 	"0" 	"0" "0" "1" "1" OR 
10 1 0.5 0.5 "1" 	"1" 	"0" "0" "0" "1" AND 
1 10 50 0.5 "0" 	"0" 	"0" "1" "1" "1" all "1" 

10 1 50 0.5 "0" 	"1" 	"0" "10" "1" XNOR 
1 10 0.5 50 Vo(`1") Vp(`0") 	Vz(`1") "0" "10" XOR 
10 1 0.5 50 Vo(`1") VR(`1") 	Vz(`1") "0" "0" "0" all "0" 

4-1) AND/OR/XNOR 
When the transistor Tr8 is put into an antiparalell magne-

tization configuration ((3p8-0.5) in the circuit shown in FIG. 45  
30, the current flowing through the transistor Tr8 can be 
ignored, and the transistor Tr8 can be regarded as open. 
Accordingly, this circuit can be made equivalent to the circuit 
shown in FIG. 24, and the AND/OR/XNOR functions can be 
achieved by changing the magnetization states of the transis- 

50 
tors Trl, Tr2, and Tr5 (or the current driving capacities 
12' and  

case where A=B="0", and the operating point Vm  is "0". The 
transistor Tr8 functions only in the case where A=B="1 ", and 
the operating point Vm  is "1". Taking this fact into consider-
ation, a NAND/NOR can be realized with the circuit shown in 
FIG. 30. 

FIGS. 33A and 33B and FIGS. 34A and 34B show the 
operating points in the case where the transistors Tr5 and Tr8 
are in a paralell magnetization configuration (3, 5=E 8=50) in 
the circuit shown in FIG. 30. The operations of the circuits are 
shown in Table 7. 

11 	I2 15 I p8 

vm  

A 	0 	0 	1 

B 	0 	1 	1 
Vour  

(in order ofVm) function 

1 10 0.5 0.5 "1" 	"0" 	"0" "0" "1" "1" OR 
10 1 0.5 0.5 "1" 	"1" 	"0" "0" "0" "1" AND 
1 10 50 0.5 "0" 	"0" 	"0" "1" "1" "1" all"1" 

10 1 50 0.5 "0" 	"1" 	"0" 10" "1" XNOR 
1 10 0.5 50 "1" 	"0" 	"1" "0" "1" "0" XOR 
10 1 0.5 50 "1" 	"1" 	10" "0" "0" all "0" 
1 10 50 50 V1-(0") Vp(`0") V,('T') "1" "1" "0" NAND 
10 1 50 50 VS(`0") 	VR(`1") Vy(`1") "1" "0" "0" NOR 
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5-1) AND/OR 
When the transistor Tr5 is put into an antiparalell magne-

tization configuration ((3„5 .5) and the transistor Tr8 is put 
into an antiparalell magnetization configuration ((3p8=°.5), 
the transistors Tr5 and Tr8 are both open. Accordingly, this 
circuit is equivalent to the circuit shown in FIG. 28. 

5-2) XNOR 
When the transistor Tr5 is put into a paralell magnetization 

configuration ((3„5=50) and the transistor Tr8 is put into an 
antiparalell magnetization configuration ((3p8=°.5), the tran-
sistor Tr8 is open. Accordingly, this circuit is equivalent to the 
circuit shown in FIG. 24. 
5-3) XOR 
When the transistor Tr5 is put into an antiparalell magne-

tization configuration ((3„5 .5) and the transistor Tr8 is put 
into a paralell magnetization configuration (3p8=50)' the cir-
cuit becomes an XOR equivalent to the circuit shown in FIGS. 
32A and 32B. 

5-4) NAND (See FIGS. 34A and 34B) 
The transistor Trl is put into an antiparalell magnetization 

configuration ((3p1=1), the transistor Tr2 is put into a paralell 
magnetization configuration (3, 2=10), the transistor Tr5 is 
put into a paralell magnetization configuration ((3„5-50), and 
the transistor Tr8 is put into a paralell magnetization configu-
ration ((3p8=50). In the case where A=B="0", discharging is 
performed by the transistor TrS, and the operating point Vm 
becomes VT<V 2. Accordingly, the output Vout becomes 
"1". In the case where A or B is "1", the operating point Vm 
becomes VI<V 	and accordingly, the output Voorbecomes 
"1". In the case where A=B="1 ", Vm is charged by the tran-
sistor Tr8, so as to be Vm=VU>V. Accordingly, Vout 
becomes "0". 

5-5) NOR (See FIGS. 35A and 35B) 
The transistor Trl is put into a paralell magnetization con-

figuration (3=l°) the the transistor Tr2 is put into an anti-
paralell magnetization configuration (3, 2=1), the transistor 
Tr5 is put into a paralell magnetization configuration 
((3„5=50), and the transistor Tr8 is put into a paralell magne-
tization configuration ((3p8=50). In the case where A=B="0", 
charging is performed by the transistor TrS, and the operating 
point Vm becomes VI<V. Accordingly, the output Vout 
becomes "1". In the case where A or B is "1", the operating 
point Vm becomes VR>V~, 2, and accordingly, the outputVout 
becomes "0". In the case where A=B="1", Vm is charged by 
the transistor Tr8, so as to be Vm=Vv>V. Accordingly, 
V0 becomes "0". 

In the circuit shown in FIG. 30, the number of MOSFETs 
is 10, and the number of capacitors is 2. As this circuit can be 
realized with a CMOS configuration, the circuit layout can be 
made very compact. 

FIG. 36 shows a circuit in which CMOS inverters using 
spin MOSFETs are connected in two stages. Each of the 
first-stage inverter and the second-stage inverter has an input 
of a vMOS structure. In this circuit, the same weighting is set 
on inputs A and B. The inputs A and B are input to the 
second-stage inverter, and the output Vml of the first stage is 
also input to the second-stage inverter. The capacitance 
weighting is the same between the inputs A and B in the 
second-stage inverter, but the capacitance weighting differs 
between the input A (or B) and the output Vm,. For example, 
with the input capacitance with Vml being Cmi, the relation-
ship of 3Cm1=CA (=CB) should be established. In this logic 
circuit, the magnetization states of Q1, Q2, and Q4 are 
changed to rewrite the logic functions. With the output Vml, 
the logic functions of NOR and NAND can be realized. With 
the output Vm2, the logic functions of XNOR, XOR, AND, 
OR, all "1", and all "0" can be realized. Since the logic 

18 
amplitude may not reach the "0" level or "1" level with the 
outputs Vml and Vm2, depending on the logic function, it is 
preferable that a CMOS inverter or the like is added to each 
output to amplify the signal. In such a case, however, the logic 

5 function is inverted. Also, it is possible to employ a spin 
MOSFET for Q2. 

Next, a logic circuit of a second CMOS configuration is 
described for reference, in conjunction with the accompany-
ing drawings. In this logic circuit, a threshold value variable 

to inverter is employed as the output-stage inverter, so as to form 
a rewritable logic circuit. A logic threshold value V, is a 
binary value (V j, hig, or V Z ), and is supplied through 
an inverter that includes a conventional nMOS and a p-chan-
nel spin MOSFET. This inverter functions as an A-D con- 

15 verter that amplifies an analog voltage ("1/2" as described 
below) to a digital logic level ("0" or 1"), but also controls 
the threshold value. The output-stage A-D converter can be 
realized by employed the logic threshold value variable 
inverter, with the spin MOSFETs of the E/E, E/D, and CMOS 

20 inverters (shown in FIG. 6) having the vMOS structure for the 
inputs being replaced with conventional MOSFETs. In the 
following, other circuits are described for reference. 

1) NAND/NOR 
FIG. 37 illustrates an example structure of a NAND/NOR 

25 circuit. This circuit differs from the circuit illustrated in FIG. 
48, in that the value of Vm is not varied by spin MOSFETs but 
the threshold value is varied when the threshold value is 
amplified to the logic level by the inverter. As shown in FIG. 
38, the load curve (the characteristics of the vMOS structure) 

30 of the logic circuit shown in FIG. 37 is represented by a single 
line, and the operating points are indicated only by V0, VP, 
and VQ. Here, the functions are changed by varying the oper-
ating point with the logic threshold value V, that is higher 
(Vi, high) or lower (V, 10 ) than the operating point V, 

35 when A or B is "1". The region between the values Vj,,,, high 
and V Zo  is "'/". FIG. 39 shows the truth table in this case, 
and Table 8 shows the details of the operation of the above 
circuit. 

40 	 TABLE 8 

V 

A 	0 	0 	1 	Vour (in 
V, 	B 	0 	1 	1 	order of Vm) function 

45 
Vs,,, low 	Vo(`0„) Vp(`i/z„) VQ(`1") "P, "0„ "0" NOR 
Vs,,, high 	Vo(`0„) Vp(`i1/”) VQ("P,) "P, "P, "0„ NAND 

In the case where A=B="0", the operating point Vm is 
50 Vo<V~,,,, 1o,„Vi,,,, hig,,andtheoutputVout becomes"1"with 

the inverter. In the case where A=B=" 1", the operating point 
Vm is VQ<V~, Zo  Vi,,,, high, and the output Vout becomes 
"0" with the inverter. Here, the outputs do not depend on the 
logic threshold value 	of the inverter. In the case where A 

55 or B is "1", the relationship Vinv Zo <VP<Vi,high is estab- 
lished. In this case, if the threshold value 	is equal to 

the output Vout is "0", and accordingly, the circuit 
functions as a NOR circuit. If the threshold value 	is equal 
to Vi,,,, high, the output Vo,, is "1", and accordingly, the circuit 

60 functions as a NAND circuit. 
2) NAND/NOR/XOR 
FIG. 40 illustrates a NAND/NOR+XNOR circuit. FIG. 41 

shows the operating points of the circuit. The principles of the 
operation of this circuit are the same as those shown in FIGS. 

65 50 through 54. In NOR, the circuit that has the output 
V0 =" 1"o ,"1" (Vm="0", accordingly) in the case where A=B="1" 
is formed with the transistors Tr3, Tr4, and Tr5 (an n-channel 
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20 
spin MOSFET). The transistor Tr5 is either in a high driving 	V,,, is determined. The operating point VDin the case where 
force state ((3„5=10) or in a low driving force state ((3„5=1). 	A=B="1" and the operating point VE in the case whereA or B 
The details of the operation are shown in Table 9. 	 is "1" are both higher than the threshold value of the transistor 

TABLE 9 

v_ 
A 	0 	0 	1 	 Vou, 
B 	0 	1 	1 	(in order of Vm) function 

V,,,, low 	1 	Vo(`0") Vp(`i/z") VQ(`1") "P' "0" "0" NOR 
Vs,,, high 	1 	Vo(`0„) V(½”) VQ(`P,) "P, "P, "0„ NAND 
V,,,, low 	10 	Vo(`0") Vp(`i/z") VR(`0") "1" "0" "1" XNOR 
Vs,,, high 	10 	Vo(`0„) Vp(`i/z„) VR(`0„) "P, 	"P, 	"P, 	all "P, 

2-1) NAND/NOR (See FIGS. 42A and 42B) 
In the circuit shown in FIG. 40, the transistor Tr5 is put into 

the state in which (3„s is "1”, so that the drain current ha io ,~, 
can be ignored. Accordingly, the transistor Tr5 can be 
regarded as open, and the circuit becomes equivalent to the 
NAND/NOR circuit shown in FIG. 37. 

2-2) XNOR (See FIGS. 43A and 43B) 
In FIG. 45, the transistor Tr5 is put into the state in which 

(3„5 is 10, and the threshold value of the inverter is set at 
V~,,,, i as in the NOR circuit. In the case where A=B="0" or 
A or B="1”, the transistor Tr5 is regarded as open, and oper-
ates in the same manner as the NOR circuit. In the case where 
A=B="1 ", Vm is charged with the current 'd high of the tran-
sistor TrS, so as to be Vm=VR<Vi, io , and the output Vout 
becomes "1". 

Tr8. Accordingly, no current flows, and the circuit can be 
regarded as open. Only with the operating point VF in the case 
whereA=B="0", the transistor Tr8 is turned on. (If p-channel 

20 spin MOSFETs with threshold values higher than Vd12 can 
be integrated, the transistors Tr6 and Tr7 are unnecessary, and 
the V g node should be connected directly to the gate of the 
transistor Tr8.) In the case where (3P$ is 10, a sufficiently high 
current 1a high flows, but in the case where (3P$ is 1, the value 

25 of the current (Ia io ) is very small. FIGS. 46A and 46B show 
the operating points Vm in the case where 13P$ is 10 and in the 
case where (3„s is 1. The sum of the currents flowing through 
the transistors Trl and Tr8 is indicated by solid lines, and the 
current Ia io is ignored in FIGS. 46A and 46B. 

The details of the operation are shown in Table 10. 

15 	1p8 
A 	0 
B 	0 

v_ 
0 
1 

1 
1 

Vou, 
(in order of Vm) function 

V,,,, 	low 1 1 "0" "i/z" "P' P' "0" "0” NOR 
V,,,, 	high 1 1 "0" "i/z" "P' P' "1" "0" NAND 

10 1 "0" "i/z" "0" 10" "1" XNOR 
V,,,, 	high 10 1 "0" "i/z" "0" "P' "P' "P' all "P" 
V,,,, 	low 1 10 V0(`1") Vp( 1̀/2") VQ("1") "0" "0" "0" all "0" 
V,,,, 	high 1 10 V0(`1") Vp( 1̀/2") VQ(`1) "0" 10" XOR 

45 

Further, when the transistor Tr5 is put into the state in 
which (3„s is 10 and the threshold value is set at V high, the 
output V,,, becomes "1" for all inputs. 

3) NAND/NOR/XNOR/XOR 

FIG. 44 illustrates a NAND/NOR/XNOR/XOR circuit. In 
the XOR circuit, the input/output correlation is the same as 
that in the NAND circuit in the case where A=B=" 1" or A or 
B="1 ", but is different from that in the AND circuit only in the 
case where A=B="0", with V., being "0". Accordingly, this 
function can be realized by adding a circuit with whichVout 
becomes "0" (withV,, being"1") in the case whereA=B="0". 
The XOR function can be achieved by employing the p-chan-
nel transistors Tr6, Tr7, and Tr8 (a p-channel spin MOSFET) 
in a complementary manner together with the n-channel tran-
sistors Tr3, Tr4, and Tr5 (an n-channel spin MOSFET). The 
transistor Tr8 is either in a high driving force state ((3P$ 10) or 
a low driving force state ((3p8=1). The source follower of the 
transistors Tr6 and Tr7 is a positive level shifter, and the 
transistor Tr8 is turned on only in the case where A=B="0". 

FIG. 45 shows the operating characteristics of the transis-
tors Tr6 and Tr7. According to the operating characteristics, 

3-1) NAND/NOR/XNOR 

The transistor Tr8 is put into a non-driving force state 
(l p8=1), so that the current flowing through the transistor Tr8 

50 can be ignored. Accordingly, this part can be regarded as 
open, and the circuit becomes equivalent to the circuit shown 
in FIG. 40. By simply changing (3„5 and V, the NAND/ 
NOR/XOR functions can be maintained. 

3-2) XOR 
55 	The transistor Tr8 is put into the state in which (3P$ is 10, 

and the threshold value of the inverter is set at Vi, ,,,high as in 
the NAND circuit. The transistor Tr5 is put into the state in 
which (3„s is 1, so as to be open. In the case where A=B=" 1" 

60 orA or B="1", the transistor Tr8 is open, and operates in the 
same manner as the NAND circuit. In the case where 
A=B="0", Vm is charged by the p-channel spin MOSFET, so 
as to beVm=Vo<Vi, high , and the output V., becomes "0". 
Further, when the transistor Tr8 is put into the state in which 

65 13P$ is 10 and the threshold value is set atV i the output 
Vout becomes "0" for all inputs. 

4) NAND/NOR/XNOR/XOR/OR/AND 
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In the circuit shown in FIG. 44, the transistor Tr5 functions 
only in the case whereA=B="1 ", and Vm  is "0". The transistor 
Tr8 functions only in the case whereA=B="0", and Vm  is "1". 

Taking this fact into consideration, an OR/AND can be 
realized with the circuit shown in FIG. 44. In the circuit, the 5 

number of MOSFETs is 10, and the number of capacitors is 2. 
FIG. 46A shows the load curve in the case where (3„s=(3p8=10 
in FIG. 44. Although the spin MOSFETs of two different 
types having different rates of change in driving force (the 
rate of change between Trl and Tr2 is 10, and the rate of to 
change between Tr5 and Tr8 is 100, for example) need to be 
integrated in the circuit shown in FIG. 30, the circuit shown in 
FIG. 44 requires only one type of spin MOSFET. 

The details of the operation are shown in Table 11. 

TABLE 11 

v_. 

22 
1) NAND/NOR Circuit 

FIG. 48 illustrates an example structure of a rewritable 
NAND/NOR circuit. As shown in FIG. 48, a rewritable 
NAND/NOR circuit includes a logic gate stage and an 
inverter stage. The logic gate stage has a series-connection 
structure in which a vMOS (Trl) and a spin MOSFET (Tr2) 
are connected in series. The vMOS (Trl) has two inputsA and 
B, and the voltage Vfg  to be applied to the floating gate 
according to the input value is determined by the equation: 
(A+B)/2, for example. The current gain of the vMOS (Trl) is 
represented by 13„i . The inputs are represented by A and B, 
and the output is represented byVout, which is either "0" (Low 
level, OV) or "1" (High level, the source voltage Veld). The 

V,, 15 1p8  
A 	0 
B 	0 

0 
1 

1 
1 

Vour  
(in order of Vm) function 

V ;  low 1 1 "0" "i/z" "1" "1" "0" "0" NOR 
V,,,, 	high 1 1 "0" "i/z" "1" "1" "1" "0" NAND 
V ;  low 10 1 "0" "i/z" "0" "1" "0" "1" XNOR 
V,,,, 	high 10 1 "0" "i/z" "0" "P' "P' "P' 	all "P" 
V,,,,;  low 1 10 "P' "i/z" 10" "0" "0" 	all "0" 
V,,,, 	high 1 10 "P' "i/z" "10" "1" "0" XOR 
Vs,,, 	low 10 10 Vo(`P,) Vp( 1̀/2") VR(`0„) "0„  "0„  "1” AND 
Vs,,, 	high 10 10 Vo(`P,) VP(`1/2") VR("0„) "0„  11” OR 

4-1) NAND/NOR (See FIGS. 46A and 46B) 
With (3„s  being 1 and (3P$  being 1, the transistors Tr5 and 

Tr8 are both open. Accordingly, this circuit is equivalent to 
the circuit shown in FIG. 37, and functions as a NOR ciruict 
with V Zow, and as a NAND circuit withVj,hjgh. 

4-2) XNOR 
With (3„s  being 10 and (3P$  being 1, the transistor Tr8 is open 

with V i . Accordingly, this circuit is equivalent to the 
circuit shown in FIG. 43, and functions as a XNOR circuit. 

4-3) XOR 
With (3„s  being 1 and (3P$  being 10, this circuit is equivalent 

to the circuit shown in FIG. 43B, and functions as a XNOR 
circuit. 

4-4) AND/OR 
The value (3„s  is set at 10, and the value (3P$  is set at 10 in the 

circuit shown in FIG. 44 (see FIGS. 47A and 47B). In the case 
where A=B="0", charging is performed by the transistor Tr8, 
and the operating point V=Vo>V Zow, 	Accord- 
ingly, the output Vout  becomes "0". In the case where 
A=B="1 ", discharging is performed by the transistor TrS, and 
the operating point Vm  becomes VQ<V io „ Vj,hjgh. 
Accordingly, the output Vo,, becomes "1". In the case where 
A or B is "1", the transistors Tr5 and Tr8 are both open, and 
accordingly, the circuit becomes equivalent to the circuit 
shown in FIG. 37. Since the relationship V<  V< 
V j,,,, high  is established, the circuit functions as an AND cir-
cuit, with V, being V i . The circuit functions as an OR 
circuit, with V beingVj,hjgh. 

The above circuit may be of either an n-channel type or a 
p-channel type, as long as the transistors Trl and Tr2 are of the 
same conductivity type in each circuit diagram. 

In the following, a logic circuit in accordance with the 
above examples of reconfigurable circuits using spin MOS-
FETs is described in conjunction with the accompanying 
drawings. This logic circuit employs circuit groups including 
enhancement MOSFETs and n-channel spin MOSFETs. 

30 

above vMOS (Trl) functions as a D-A converter that converts 
a digital input of "0" or "1" to a voltage of 0, Vd12, orVdd. 

Tr2 is a spin MOSFET (distinguished from a conventional 
MOSFET by the addition of an arrow), and a constant bias Vb  

35  is applied to Tr2. The driving force can be either 3,2=1  or 
1 2  10, depending on the magnetization state stored in the 
spin MOSFET (Tr2). 

The static characteristics of the spin MOSFET (Tr2) are 
shown by the solid line in FIG. 49. The vMOS (Trl) and the 

40 spin MOSFET (Tr2) function as a source follower circuit. The 
vMOS (Trl) charges the Vm  node, which is the connecting 
point between the vMOS (Trl) and the spin MOSFET (Tr2), 
with the driving force according to Vfg. The spin MOSFET 
(Tr2) discharges the Vm  node with the driving force according 

45 to the magnetization state. The vMOS (Trl) and the spin 
MOSFET (Tr2) constitute the logic gate. FIG. 49 shows the 
load curve according to the vMOS (Trl) (indicated by the 
broken line) and the operating points (Vo  through VS) of this 
logic gate. 

50 
The analog voltage Vm  supplied at the operating points (V0  

through VS) is inverted and amplified to the digital logic level 
"0" or "1" by an inverter with the characteristics shown in the 
lower half of FIG. 49, with V being the threshold value. The 

55 
analog voltage Vm  is then output to an output terminal V. 

Table 12 shows the relationship among (3 the operating 
points, and the circuit functions. 

TABLE 12 
60 v_  

A 	0 	0 	1 	 Vou, 

	

1 2 	B 	0 	1 	1 	(in order of Vm) function 

	

1 	V0("0„) VS("P,) VQ(`1") "P,  "0„  "0„  NOR 
65 	10 	v0("0„) VR(`0„) VP(`1") "1„  "1„  "0„  NAND 
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The driving force of the spin MOSFET (Tr2) in a paralell 
magnetization configuration is (3,2=10. In the case where 
A=B="O", the drain current Id is 0. The analog voltage Vm is 
V o<V,,,,,, and the output V., is "1", with the inverting ampli-
fication of the A-D converter being taken into consideration. 
In the case where A=B="1 ", the drain current Id is expressed 
as Ia (3„1(Vdd Vm —Vth)2/2. Here, Vm is V,>V and V0 is 
"0". The above outputs do not depend on the driving force (3„2 
of the spin MOSFET (Tr2) (not depending on whether the 
magnetization state is parallel or antiparallel). In the case 
whereA or B is "1", the drain current Id is expressed asIa (3„i 
(Vaal2—Vm —Vth)2. Here, one of the inputs is "1", and Vm is 
discharged by Tr2. As a result, Vm becomesVR<V~,,,,, and V0
is "1". Thus, the circuit functions as a NAND circuit. 

The driving force of the spin MOSFET (Tr2) in an anti-
paralell magnetization configuration is (3,2=1. In the case 
where A=B="0", the analog voltage Vm is Vo<V,,,,,, and the 
output V out is "1", with the inverting amplification of the A-D 
converter being taken into consideration. In the case where 
A=B=" 1", V,, isVQ>V~,,,,, and V0 is "0". The above outputs 
do not depend on the driving force (3„2 of the spin MOSFET 
(Tr2) (not depending on whether the magnetization state is 
parallel or antiparallel). In the case where A or B is "1", Vm is 
charged by Trl. As a result, Vm becomes VS>V and V., is 
"0". Thus, the circuit functions as a NOR circuit. FIG. 50 
shows the truth table of the circuit shown in FIG. 48. 

As shown in Table 12, based on whether the driving force 
13„2, which can vary according to the magnetization state in 
the spin MOSFET, is 1 or 10, a NOR logic or a NAND logic 
can be selected as the output V0 in response to the inputs A 
and B. Since the magnetization state of the spin MOSFET is 
stored in a non-volatile manner, a NOR logic or a NAND 
logic can be selected in a single circuit. If a circuit having such 
a function is formed with a conventional CMOS digital cir-
cuit, ten MOSFETs are necessary. The circuit of this example 
is advantageous in that the same function can be realized with 
only four MOSFETs. 

2) NAND/NOR+XNOR 
Referring now to FIG. 51A, a rewritable NAND/NOR+ 

XNOR circuit is described. In an XNOR circuit, the input/ 
output correlation is the same as that in an NOR circuit, in the 
case ofA=B="0" orA or B="1". The input/output correlation 
is different from that in an NOR circuit only in the case where 
A=B=" 1", with V0 being "1". Therefore, in the case where 
A=B="1", Vout should be set to "1" (Vm being "0"). Here, a 
circuit that is formed with two conventional nMOSFETs (Tr3 
and Tr4) and one n-channel spin MOSFET (Tr5) is added. 
The n-channel spin MOSFET (Tr5) can be switched between 
a high driving force state ((3„5=10) and a low driving force 
state ((3„5=1) in accordance with the magnetization state. 

The source followers of Tr3 and Tr4 form a negative level 
shifter, and Tr5 is turned on only in the case where A=B=" 1". 
In FIG. 51B illustrating the operation, the upper graph shows 
the operating characteristics of Tr3 and Tr4 in FIG. 8. Accord-
ing to the operating characteristics, V „ is determined. The 
static characteristics of Tr4 are indicated by the solid line, and 
the load curve of Tr3 is indicated by the broken lines. The 
operating point VC in the case where A=B="0" and the oper-
ating point VD in the case whereA or B is "1" are smaller than 
the threshold value of TrS. Therefore, no current flows in TrS, 
which can be regarded as open. Only the gate voltage of Tr5 
at the operating point VE in the case where A=B="1" is 
greater than the threshold. Accordingly, Tr5 is turned on. If 
n-channel spin MOSFETs with threshold values greater than 
Vd12 can be integrated, Tr3 and Tr4 are not necessary, and the 
V g node should be connected directly to the gate of TrS. In the 
case where (3„5 is 10, a sufficiently high current Ia high flows, 

24 
but in the case where (3„5 is 1, the value of the current (IdZo) 
is very small, as can be seen from the lower graph in FIG. 51B. 

FIGS. 52A through 54B show the operating points Vm with 
the respective values of P. The sum of the currents flowing 

5 through Tr2 and Tr5 is indicated by the solid lines, and the 
current Ia io  is ignored. Table 13 collectively shows the 
relationship between (3 (3 and the functions of the circuit. 

TABLE 13 
10 

vm 

A 	0 	0 	1 	 Vou, 
1 2 	B 	0 	1 	1 	(in order of Vm) function 

15 	
1 1 	V0(`0„) VS("P,) VQ(`1") "1„ 	"0„ 	"0" NOR 

10 1 	V0(`0„) VR(`o„) VP(`1") "1„ "1„ "0" NAND 
1 10 	V0(`0„) VS("P,) VU(`0„) "10” "P" XNOR 

10 10 	V0(`0„) VR(`0„) Vy(`0„) "1„ 	"1„ 	"P, an "P, 

FIGS. 52A and 52B illustrate the NAND/NOR functions. 
20 Tr5 is put into a non-driving force state ((3„5=1), so that the 

current flowing through Tr5 can be ignored. Accordingly, the 
part of Tr5 (FIG. 51A) can be regarded as open. Thus, the 
NAND/NOR functions can be maintained. 

FIGS. 53A and 53B illustrate the XNOR function. Tr5 is 
25 put into a high driving force state ((3„5=10), and Tit is put into 

the state in which (3,2=1. In the case where A=B="0" or A or 
B="1", Tr5 is regarded as open, and operates in the same 
manner as the NOR circuit. In the case where A=B="1 ", Vm 

30 
is discharged with the current Vi,,,, high of TrS, so as to be 

and the output Vout becomes "1". Further, 
when Tr5 is put into the state in which (3„s is 10 and Tr2 is put 
into the state in which (3„z is 10, the output V0 becomes "1" 
for all inputs (all "1"), as shown in FIGS. 54A and 54B. 

35 3) NAND/NOR/XNOR+AND/OR/XOR Functions 
Another stage of inverter is added to the output terminal 

Vout shown in FIG. 51A, so thatVout is inverted. As shown in 
FIG. 55, NAND/NOR/XNOR becomes AND/OR/XOR. 
With the two outputs of Vout and the inverted V. , a circuit 

40 that can achieve all the symmetric Boolean functions of 
NAND/NOR/XNOR+AND/OR/XOR, all "0", and "1" can 
be formed. In the entire circuit, nine MOSFETs and two 
capacitances are required. If necessary, a circuit (a pass tran-
sistor) for selecting eitherVout or the inverted V out is added to 

45 the output terminal, thereby restricting the number of outputs 
to 1. Table 14 collectively shows the functions of the circuit 
illustrated in FIG. 55. 

TABLE 14 

50 
 

A 0 0 1 A 0 0 1 
1 2 	B 0 1 1 B 0 1 1 function 

1 1 "10" "0" "0" "1” "1” NOR/OR 
55 	10 1 "1” "P' "0” "0” "0” "1" NAND/AND 

1 10 "10” "P' "0" "10" XNOR/XOR 
10 10 "P' "P' "P' "0" "0" "0" 	all "P'/ 

all "0" 

60 	As described so far, any of the logic circuits in accordance 
with the embodiments of the present invention includes a spin 
transistor or a spin MOSFET that can change the current 
driving force in a non-volatile manner, and a vMOS structure. 
In such a structure, symmetric Boolean functions that are 

65 reconfigurable in a non-volatile manner can be realized with 
a small number of devices. With this circuit, the chip area can 
be reduced, and high-speed, low-consumption electric opera- 
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tions can be expected. Accordingly, this circuit can be applied 
to the integrated circuits for mobile devices that are produced 
in a short time. 

Although the logic circuits in accordance with the specific 
examples and embodiments of the present invention have 
been described so far, the present invention is not limited to 
them. It should be obvious to those skilled in the art that 
various changes and modifications can be made to the above 
examples and embodiments, and various combinations of 
them can also be made. 

INDUSTRIAL APPLICABILITY 

Using a logic circuit of the present invention, symmetric 
Boolean functions that are reconfigurable in a non-volatile 
manner can be realized with a smaller number of devices. 
Since a circuit of the present invention can maintain each 
logic function in a non-volatile manner, there is no need to 
employ a non-volatile memory for storing logic functions. 
Accordingly, the chip size can be reduced. Also, using a 
circuit with a smaller number of devices, high-speed, low-
consumption electric operations can be expected. Thus, the 
circuits of the present invention can be applied to the inte-
grated circuits for mobile devices that are produced in a short 
time. 

The invention claimed is: 
1. A circuit comprising: 
a first terminal that outputs an operating point; 
a first circuit group charging the first terminal; 
a second circuit group discharging the first terminal; 
an applying portion applying a weighted mean of a plural-

ity of inputs to one or both of the first circuit group and 
the second group; 

a spin transistor having transfer characteristics depending 
on the spin direction of conduction carriers and being 
included in one or both of the first circuit group and the 
second circuit group; and 

an output terminal that outputs a Boolean function of a 
plurality of inputs based on the operating point, wherein 

the operating point is changed based on the transfer char- 
acteristics, thereby reconfiguring the Boolean function. 

2. The circuit as claimed in claim 1, wherein: 
the spin transistor includes at least two ferromagnetic lay-

ers, and has the transfer characteristics depending on 
magnetization states of the ferromagnetic layers; and 

the magnetization states of the spin transistor is changed to 
move the operating point, thereby reconfiguring the 
Boolean function. 

3. The circuit as claimed in claim 2, wherein: 
the spin transistor has at least one ferromagnetic body 

("free layer") with a magnetization direction that can be 
controlled independently, and at least one ferromagnetic 
body ("pin layer") with a fixed magnetization direction; 
and 

the spin transistor changes the operating point based on two 
of the magnetization states including a first state in 
which the free layer and the pin layer have the same 
magnetization directions ("parallel magnetization"), 
and a second state in which the free layer and the pin 
layer have the opposite magnetizing states to each other 
("antiparallel magnetization"). 

4. The circuit as claimed in claim 1, wherein the first 
terminal has a potential that is determined by changing the 
spin directions of the condition carriers of the spin transistor 
or by controlling the transfer characteristics depending on 
magnetization state of the spin transistor. 

26 
5. The circuit as claimed in claim 1, wherein the applying 

portion has a neuron MOS (vMOS) structure including 
capacitors weighing the plurality of inputs with capacitance 
thereof and a floating gate connecting weighted input signals. 

5 	6. The circuit as claimed in claim 5, wherein the weighted 
input signals are weighted so as to be substantially equal to 
one another. 

7. The circuit as claimed in claim 1, wherein a logic thresh-
old value for dividing a potential generated in the first termi- 

10 nal into an output of a logic level "0" and an output of a logic 
level "1" is set with respect to the operating point that varies 
according to a variation in the transfer characteristics of the 
spin transistor. 

8. The circuit as claimed in claim 1, wherein an A-D con-
15 verter with a predetermined logic threshold value is con-

nected to an output terminal of the circuit. 
9. The circuit as claimed in claim 1, wherein the spin 

transistor is a MOSFET-type spin transistor ("spin MOS-
FET") that are formed with a source and a drain, including a 

20 MOS structure and a ferromagnetic body. 
10. The circuit as claimed in claim 1, wherein the first 

circuit group includes a MOSFET of a first conductivity type 
or a spin MOSFET of the first conductivity type, and the 
second circuit group includes a MOSFET of the same con- 

25 ductivity type as the first conductivity type or a spin MOSFET 
of the same conductivity type as the first conductivity type. 

11. The circuit as claimed in claim 10, wherein the first and 
second circuit groups or one of the first and second circuit 
groups comprises 

30 	a circuit that controls a potential of the first terminal by 
connecting a source or a drain of another spin MOSFET 
to the first terminal, and connecting a level shift circuit to 
a gate of the another spin MOSFET, the level shift circuit 
turning on the another spin MOSFET only when a pre- 

35 	determined input is made. 
12. The circuit as claimed in claim 11, wherein the level 

shift circuit is formed with an E/E, E/D, or CMOS inverter. 
13. The circuit as claimed in claim 11, wherein the circuit 

is a reconfigurable logic circuit that includes an A-D con-
40 verter having the first terminal as an input. 

14. The circuit as claimed in claim 11, wherein the circuit 
is a reconfigurable logic circuit that includes an inverter hav-
ing an output of an A-D converter as an input, and can achieve 
all symmetric Boolean functions. 

45 	15. The circuit as claimed in claim 10, wherein the second 
circuit group comprises 

a circuit that controls a potential of the first terminal by 
connecting a drain of another spin MOSFET of n-chan-
nel type to the first terminal, and connecting a level shift 

50 	circuit to a gate of the another spin MOSFET of n-chan- 
nel type, the another spin MOSFET of n-channel having 
a source grounded, the level shift circuit turning on the 
another spin MOSFET of n-channel type only when an 
input is A=B="O". 

55 	16. The circuit as claimed in claim 10, wherein the first 
circuit group comprises 

a circuit that controls a potential of the first terminal by 
connecting a drain of another spin MOSFET of p-chan-
nel type to the first terminal, and connecting a level shift 

60 	circuit to a gate of the another spin MOSFET of p-chan- 
nel type, the another spin MOSFET of p-channel having 
a source connected to a supply voltage, the level shift 
circuit turning on the another spin MOSFET of p-chan-
nel type only when an input is A=B=" 1". 

65 	17. The circuit as claimed in claim 1, comprising 
an E/E circuit that includes a structure in which a source of 

an enhancement MOSFET or an enhancement spin 
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MOSFET contained in the first circuit group is con-
nected to a drain of an enhancement MOSFET or an 
enhancement spin MOSFET contained in the second 
circuit group, and a first terminal that is formed at the 
connection portion. 

18. The circuit as claimed in claim 17, wherein the drain of 
the enhancement MOSFET or the enhancement spin MOS-
FET contained in the first circuit group in the E/E circuit is 
connected to a gate of the enhancement MOSFET or the 
enhancement spin MOSFET. 

19. The circuit as claimed in claim 17, wherein the 
enhancement MOSFET or the enhancement spin MOSFET 
contained in the second circuit group in the E/E circuit has a 
vMOS structure. 

20. The circuit as claimed in claim 19, wherein the vMOS 
structure has two inputs (A and B) weighted with capaci-
tances by capacitors. 

21. The circuit as claimed in claim 1, comprising 
an E/D circuit that includes a structure in which a source of 

a depletion MOSFET or a depletion spin MOSFET con-
tained in the first circuit group is connected to a drain of 
an enhancement MOSFET or an enhancement spin 
MOSFET contained in the second circuit group, and a 
first terminal that is formed at the connection portion. 

22. The circuit as claimed in claim 21, wherein the source 
of the depletion MOSFET or the depletion spin MOSFET 
contained in the first circuit group in the E/D circuit is con-
nected to a gate of the depletion MOSFET or the depletion 
spin MOSFET. 

23. The circuit as claimed in claim 21, wherein the 
enhancement MOSFET or the enhancement spin MOSFET 
contained in the second circuit group in the E/D circuit has a 
vMOS structure. 

24. The circuit as claimed in claim 1, wherein the circuit is 
a NAND/NOR reconfigurable logic circuit or an AND/OR 
reconfigurable logic circuit that includes a A-D converter 
having the first terminal as an input. 

25. The circuit as claimed in claim 1, wherein the first 
circuit group includes a MOSFET of a first conductivity type 
or a spin MOSFET of the first conductivity type, and the 
second circuit group includes a MOSFET of a second con-
ductivity type different from the first conductivity type or a 
spin MOSFET of the second conductivity type. 

26. The circuit as claimed in claim 25, comprising 
a CMOS circuit that includes a structure in which a p-chan-

nel MOSFET or a p-channel spin MOSFET contained in 
the first circuit group is connected to an n-channel MOS-
FET or an n-channel spin MOSFET contained in the 
second circuit group with a shared drain terminal, and a 
first terminal that is formed at the shared drain terminal. 

27. The circuit as claimed in claim 25, comprising 
a CMOS circuit that is formed with a p-channel spin MOS-

FET contained in the first circuit group and an n-channel 
spin MOSFET contained in the second circuit group. 

28. The circuit as claimed in claim 25, wherein the p-chan-
nel MOSFET or the p-channel spin MOSFET, and the 
n-channel MOSFET or the n-channel spin MOSFET of the 
CMOS circuit have a shared floating gate forming a vMOS 
structure. 

29. The circuit as claimed in claim 28, wherein the vMOS 
structure has two inputs (A and B) weighted with capaci-
tances by capacitors. 

30. The circuit as claimed in claim 25, wherein the circuit 
is an AND/OR reconfigurable logic circuit or a NAND/NOR 
reconfigurable logic circuit that includes an A-D converter 
having the first terminal as an input. 

28 
31. The circuit as claimed in claim 25, wherein the first and 

second circuit groups, or one of the first and second circuit 
groups comprises 

a circuit that controls a potential of the first terminal by 
5 	connecting a source or a drain of another spin MOSFET 

to the first terminal, and connecting a level shift circuit to 
a gate of the another spin MOSFET, the level shift circuit 
turning on the another spin MOSFET only when a pre-
determined input is made. 

10 	32. The circuit as claimed in claim 31, wherein the level 
shift circuit is formed with an E/E, E/D, or CMOS inverter. 

33. The circuit as claimed in claim 25, wherein the second 
circuit group comprises 

a circuit that controls a potential of the first terminal by 
15 	connecting a drain of another spin MOSFET of n-chan- 

nel type to the first terminal, and connecting a level shift 
circuit to a gate of the another spin MOSFET of n-chan-
nel type, the another spin MOSFET of n-channel having 
a source grounded, the level shift circuit turning on the 

20 	another spin MOSFET of n-channel type only when an 
input is A=B="O". 

34. The circuit as claimed in claim 25, wherein the circuit 
is an AND/OR/XNOR reconfigurable logic circuit or a 
NAND/NOR/XOR reconfigurable logic circuit that includes 

25  an A-D converter having the first terminal as an input. 
35. The circuit as claimed in claim 25, wherein the first 

circuit group comprises 
a circuit that controls the potential of the first terminal by 

connecting the drain of the another spin MOSFET of 
30 	p-channel type to the first terminal, and connecting a 

level shift circuit to the gate of the another spin MOS-
FET of p-channel type, the another spin MOSFET of 
p-channel having the source connected to a supply volt-
age, the level shift circuit turning on the another spin 

35 	MOSFET of p-channel type only when an input is 
A=B="1". 

36. The circuit as claimed in claim 25, wherein the circuit 
is an AND/OR/XOR reconfigurable logic circuit or a NAND/ 
NOR/XNOR reconfigurable logic circuit that includes an 

40 
A-D converter having the first terminal as an input. 

37. The circuit as claimed in claim 25, wherein the circuit 
is a reconfigurable logic circuit that includes an inverter hav-
ing an output of an A-D converter as an input, and can achieve 

45  all symmetric Boolean functions. 
38. The circuit as claimed in claim 25, wherein the circuit 

is formed with a circuit group that is characterized by: 
controlling a potential of the first terminal by connecting a 

drain of another spin MOSFET of n-channel type to the 

50 	first terminal, and connecting a level shift circuit to a 
gate of the another spin MOSFET of n-channel type, the 
another spin MOSFET of n-channel having a source 
grounded, the level shift circuit turning on the another 
spin MOSFET of n-channel type only when an input is 

ss 	A=B="1' ; and 
controlling the potential of the first terminal by connecting 

a drain of another spin MOSFET of p-channel type to the 
first terminal, and connecting a level shift circuit to a 
gate of the another spin MOSFET of p-channel type, the 

60 	another spin MOSFET of p-channel having a source 
connected to a supply voltage, the level shift circuit 
turning on the another spin MOSFET of p-channel type 
only when an input is A=B="0". 

39. The circuit as claimed in claim 38, wherein the circuit 
65 is an all symmetric Boolean function logic circuit that 

includes an A-D converter having the first terminal as an 
input. 
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40. An integrated circuit comprising 
the circuit including: 

a first terminal that outputs an operating point; 
a first circuit group charging the first terminal 
a second circuit group discharging the first terminal; 
an applying portion applying a weighted mean of a plu- 

rality of inputs to one or both of the first circuit group 
and the second circuit group; 

a spin transistor having transfer characteristics depend-
ing on the spin direction of conduction carriers and 

30 
being included in one or both of the first circuit group 
and the second circuit group; and 

an output terminal that outputs a Boolean function of a 
plurality of inputs based on the operating point, 
wherein 

the operating point is changeable based on the transfer 
characteristics thereby reconfiguring the Boolean 
function. 
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