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(57) ABSTRACT 
A magnetic memory according to the present invention 
comprises: a single magnetic memory cell having at least 
?rst to third magnetic layers, a ?rst tunnel insulating layer 
betWeen the ?rst and second magnetic layers and a second 
tunnel insulating layer betWeen the second and third mag 
netic layers. The resistance betWeen the ?rst and third 
magnetic layers When magnetization of the ?rst and second 
magnetic layers are in opposite directions is different from 
the resistance betWeen the second and third magnetic layers 
When magnetization of the second and third magnetic layers 
are in opposite directions. Multiple data are therefore stored 
into the memory cell. 
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MAGNETIC MEMORY AND METHOD OF 
OPERATION THEREOF 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a magnetic 
memory device and more particularly to a magnetic memory 
device Which is constructed to store data of multiple bits in 
a single memory cell. 

[0003] 2. Description of Related Arts 

[0004] Magnetic Random Access Memory (hereinafter 
referred to as MRAM) is knoWn as one of the semiconductor 
memories storing data in a nonvolatile manner. In MRAM, 
ferromagnetic ?lms are integrated. Magnetization or mag 
netic vector of the ferromagnetic material is set to corre 
spond to either “1” or “0”, and, in the case of MRAM, digital 
data is stored in a nonvolatile manner. That is, vectors in 
magnetic layers represent tWo states of magnetiZation Within 
cell. 

[0005] Technology for storing multivalued information in 
a single memory cell of magnetic memory is being devel 
oped in an attempt to expand memory capacity. Such mag 
netic memory has been disclosed in Japanese Patent Appli 
cation Laid-open No. Hei 11-176149 though this publication 
teaches GMR memory cell Which can be set multiple value. 
FIG. 16 shoWs the cross sectional structure of the magnetic 
memory. The magnetic memory comprises a substrate 101. 
Upon substrate 101, there is formed, in order, a loWer 
electrode 102, a ?rst magnetic layer 103, a ?rst non 
magnetic spacer layer 104, a second magnetic layer 105, a 
second non-magnetic spacer layer 106, a third magnetic 
layer 107, and an upper electrode 108. As shoWn in FIGS. 
17 through 19, magnetiZation direction of the multiple 
magnetic layers is controlled individually. The resistance 
value betWeen the loWer electrode 102 and upper electrode 
108 varies in accordance With the combination of magneti 
Zation directions. That is, the combination has three type, 
one of Which is that all layers 103, 105 and 107 are 
magnetiZed in the same direction (FIG. 17, all left direc 
tion), another of Which is that the magnetiZed direction of 
adjacent layers 103, 105, 107 is only one different (FIG. 19: 
103, left magnetiZed direction, 105 right magnetiZed direc 
tion and 107 right magnetiZed direction), the other of Which 
is that the magnetiZed direction of adjacent layers is all 
different (FIG. 18). It is thus possible to store three infor 
mation in a single memory cell. If number of magnetic 
layers is n (n>=3) in the solo memory cell, the cell can store 
n value. 

SUMMARY OF THE INVENTION 

[0006] According to the present embodiments, Magnetic 
memory as claimed in the present invention comprises: ?rst 
through n-th tunnel insulating layers (n being a natural 
number of 2 or greater) and ?rst through (n+1)-th magnetic 
layers, each respectively having ?rst through (n+1)-th mag 
netiZation. The i-th tunnel insulating layer (i being an 
arbitrary integer of 1 or greater but no greater than n) of the 
?rst through n-th tunnel insulating layers are provided 
betWeen the i-th magnetic layer and the (i+1)-th magnetic 
layer of the ?rst through (n+1)-th magnetic layers Here, the 
i-th resistance betWeen the i-th magnetic layer and (i+1)-th 
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magnetic layer is Ri When the i-th magnetiZation and the 
(i+1)-th magnetiZation of the ?rst through (n+1)-th magne 
tiZation are in the same direction, and the i-th resistance is 
Ri+ARi When the i-th magnetiZation and the (i+1)-th mag 
netiZation are in opposite directions. This makes it possible 
to store at least n+1 values or more as data in this magnetic 

memory. 

[0007] At this point, it is preferable that each of AR], AR2, 
. . . , ARn be different. In this magnetic memory, there can 

be obtained at least {(n2+n+2)/2} resistance values differing 
With each other betWeen the ?rst magnetic layer and the 
(n+1)-th magnetic layer depending on the direction of the 
?rst through (n+1)-th magnetiZation. In this magnetic 
memory, at least {(n2+n+2)/2} values or more can be stored 
as data. 

[0008] In this magnetic memory, it is preferable that the 
sum of any progression generated from elements if the group 
consisting of, ARl, AR2, . . . , ARn be different from each 
other. This makes it possible in this magnetic memory for the 
resistance value betWeen the ?rst magnetic layer and the 
(n+1)-th magnetic layer to be at least 2n different values 
depending on the direction of the ?rst through the (n+1)-th 
magnetiZation. In this magnetic memory, at least 2n values or 
more can be stored as data. 

[0009] Also, it is preferable that each of ARl, AR2, . . . , 
ARn be substantially equal to any of AR, AR/2, AR/22, . . . 
, AR/2“_1 given that AR is a predetermined resistance. This 
causes the resistance value betWeen the ?rst magnetic layer 
and the (n+1)-th magnetic layer to vary linearly depending 
on the direction of the ?rst through (n+1)-th magnetiZation 
in this magnetic memory. 

[0010] At this point, it is preferable that the magnetic 
material comprising the ?rst through (n+1)-th magnetic 
layers be selected so as for each of the above mentioned 
ARl, AR2, . . . , ARn to be substantially equal to any of AR, 
AR/2, AR/22, . . . , or AR/2“_1. 

[0011] In addition, it is preferable that the ?lm thickness of 
the ?rst through n-th tunnel insulating layers be set so as for 
each of these ARl, AR2, . . . , ARn to be substantially equal 

to any of AR, AR/2, AR/22, . . . , AR/2“_1. 

[0012] In addition, it is preferable that the material com 
prising the ?rst through n-th tunnel insulating layers be set 
so as for each of the above mentioned ARl, AR2, . . . , ARn 

is substantially equal to either one of AR, AR/2, AR/22, . . . 
, AR/ “1. 

[0013] In addition, it is preferable that the area Where the 
i-th tunnel insulating layer comes into contact With the i-th 
magnetic layer and the area Where the i-th tunnel insulating 
layer comes into contact With the (i+1)-th magnetic layer be 
set so as for each of these ARl, AR2, . . . , ARn to be 

substantially equal to any of AR, AR/2, AR/22, . . . , AR2n_1. 

[0014] In addition, it is preferable that the ?lm quality of 
the ?rst through n-th tunnel insulating layers be set so as for 
each of the these ARl, AR2, . . . , ARn to be substantially 

equal to any of AR, AR/2, AR/22, . . . , AR/2“_1. 

[0015] In addition, it is preferable that each of these ARl, 
AR2, . . . , ARn be substantially equal to any of AR/n, 2AR/n, 
3AR/n, . . . , (n-l) AR/n, AR given that AR is a predeter 
mined resistance. This makes it possible for {(n2+n+2)/2} 
values to be stored as data in this magnetic memory depend 
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ing on the direction of ?rst through (n+1)-th magnetization. 
Moreover, in this magnetic memory, the resistance value 
betWeen the ?rst magnetic layer and the (n+1)-th magnetic 
layer varies linearly. 

[0016] In addition, it is preferable that the direction of the 
?rst magnetiZation be ?xed. 

[0017] At this point, it is preferable that the magnetic 
memory further comprise an antiferromagnetic layer con 
nected to the ?rst magnetic layer and that the direction of the 
?rst magnetiZation be ?xed due to the interaction With the 
antiferromagnetic layer. 

[0018] As to aspect of the embodiments of the present 
invention, a magnetic memory as claimed in the present 
invention comprises: 

[0019] (a) a step of directing in a ?rst direction the 
j-th though the (n+1)-th magnetiZation being an 
integer of 1 or greater but no greater than n) of the 
?rst through (n+1)-th magnetiZation; and 

[0020] (b) a step of directing a (j+1)-th through 
(n+1)-th magnetiZation of the ?rst through (n+1)-th 
magnetiZation, after the (a) step, either in the ?rst 
direction or a second direction, Which is substantially 
opposite the ?rst direction. 

[0021] As to another aspect of the embodiments of the 
present invention, a magnetic memory comprises a memory 
cell having at least a ?rst magnetic layer, a second magnetic 
layer and third magnetic layer. In this magnetic memory, the 
resistance betWeen the ?rst magnetic layer and second 
magnetic layer When the magnetiZation or magnetic vector 
of the ?rst magnetic layer and magnetiZation of second 
magnetic layer are aligned in opposite directions or antipar 
allel orientation, and the resistance betWeen the second 
magnetic layer and third magnetic layer When the magneti 
Zation of the second magnetic layer and the magnetiZation of 
the third magnetic layer are in opposite directions, are 
different. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a cross-sectional vieW shoWing a struc 
ture of a magnetic memory cell according to a ?rst embodi 

ment; 

[0023] FIG. 2 is cross-sectional vieWs for explaining 
magnetic vectors of the cell shoWn in FIG. 1; 

[0024] FIG. 3 is a cross-sectional vieW shoWing a mag 
netic memory cell according to a second embodiment; 

[0025] FIG. 4 is a plan vieW shoWing the magnetic 
memory cells according to the second embodiment; 

[0026] FIGS. 5A and 5B shoW the respective resistance 
values of tunnel insulating layers in the ?lm thickness 
direction; 

[0027] FIGS. 6A to 6B shoW the correspondence betWeen 
resistance value Rread betWeen bit line and Word line, and the 
condition of memory cell; 

[0028] FIGS. 7A to 7C shoW method of adjusting contact 
area of tunnel insulating layers With ?xed magnetic layer 4 
and free magnetic layers; 
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[0029] FIGS. 8A to 8D shoW operation to Write data into 
memory cell of the magnetic memory according to the 
second embodiment; 

[0030] FIG. 9 shoWs a magnetic memory cell according to 
a third embodiment; 

[0031] FIG. 10 shoWs a magnetic memory cell according 
to a fourth embodiment; 

[0032] FIG. 11 is a cross-sectional vieW shoWing a mag 
netic memory structure according to a ?fth embodiment; 

[0033] FIGS. 12A and 12B shoW the respective resistance 
values of tunnel insulating layers in the ?lm thickness 
direction; 
[0034] FIGS. 13A-13C to shoWs an operation to Write 
data into memory cell 30 of the magnetic memory according 
to the ?fth embodiment; 

[0035] FIG. 14 shoWs a magnetic memory cell according 
to a sixth embodiment; 

[0036] FIG. 15 shoWs a magnetic memory cell according 
to a seventh embodiment; 

[0037] FIG. 16 shoWs a magnetic memory cell of a related 
art; 

[0038] FIG. 17 shoWs the operation of the magnetic 
memory cell in FIG. 16; 

[0039] FIG. 18 shoWs the operation of the magnetic 
memory cell in FIG. 16; and 

[0040] FIG. 19 shoWs the operation of the magnetic 
memory cell in FIG. 16. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0041] Various embodiments of the present invention Will 
noW be described in detail With reference to a number of 
draWings. 

[0042] Referring to FIG. 1, a magnetic cell according to 
the present invention is shoWn. The cell includes a pinned 
magnetic layer 3, free magnetic layers 5-1 and 5-2. Tunnel 
insulating layers 4, 6-1 are inserted betWeen magnetic layers 
3, 5-1, 5-2. LoWer conductive layer 2 as electrode is formed 
under the pinned magnetic layer 3 and upper conductive 
layer 6-2 is formed on the free magnetic layer 5-2. Substrate 
1 is formed under the loWer electrode 2. Coercive force of 
the free magnetic layer 5-1 is different from that of the free 
magnetic layer 5-2. For example, coercive force of the free 
magnetic layer 5-1 is stronger than that of the free magnetic 
layer 5-2. That is, the free magnetic layer 5-2 easily changes 
its magnetiZation or magnetic vector With Weaker magnetic 
?eld, compared With the free magnetic layer 5-1. The 
magnetic vector of this multi-layer magnetic cell is aligned 
along one axis, for example, x-axis. The resistance value 
betWeen the upper and loWer electrodes 2, 6-2 is established, 
based on the direction (+x or —x) of each magnetic vector of 
the free magnetic layers 5-1 and 5-2. 

[0043] FIG. 2 illustrates resistance values betWeen the 
electrodes 2, 6-2 of the cell under four conditions. When 
reading out, the upper electrode 6-2 as a Word line is 
supplied to a current. The current ?oWs from the upper 
electrode 6-2 to the loWer electrode 2 through layers 5-2,6 
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1,5-1,4 and 3. The magnetic vector of each magnetic layer 
controls the current volume. First condition corresponds to 
that magnetic vectors of the layers 3, 5-1, 5-2 are the same. 
The resistance value is de?ned in 2R under the ?rst condi 
tion. Second condition corresponds to that magnetic vectors 
of the layers 3, 5-1 are the same and the magnetic vector of 
the layer 5-2 is the opposite. The resistance value is de?ned 
in 2R+AR/4 under the second condition. Third condition 
corresponds to that magnetic vectors of the layers 5-1, 5-2 
are the same and the magnetic vector of the layer 3 is the 
opposite. The resistance value is de?ned in 2R+2AR/4 under 
the third condition. Fourth condition corresponds to that 
magnetic vectors of the layers 3, 5-2 are the same and the 
magnetic vector of the layer 5-1 is the opposite. The 
resistance value is de?ned in 2R+3AR/4 under the fourth 
condition. 

[0044] Under the above, by the location of the magnetic 
layer, the resistance value changes. This is able to achieve by 
changing materials every magnetic layer or changing mate 
rials, forming method, thickness, siZe of every tunnel insu 
lating layers. 

[0045] This embodiment can store 4 value in the solo cell. 
On the other hand, the related art can store 3 value in the 
single cell. If number of the sum of the pinned and free 
magnetic layers is n, the embodiment can store 2n‘1 (n>=3) 
value in the single cell. That is, if number of the free 
magnetic layers is n, this embodiment can store 2n (n>=2) 
value in the single cell. On the other hand, When number of 
the sum of the pinned and free magnetic layers is n, the 
related art can merely store n value (n>=3) in the single cell. 
In other Words, When number of the free magnetic layer is 
n, the related art can store n+1 (n>=2) value in the single 
cell. This embodiment is therefore superior to the related art. 

[0046] FIG. 3 is a sectional vieW shoWing a magnetic 
memory structure according to a second embodiment of the 
present invention. FIG. 4 is a plan vieW shoWing the 
structure of the memory in FIG. 3. FIG. 31 is a sectional 
vieW of the cross section, 2A-2A, in FIG. 4. Symbol A1 in 
FIG. 1 and symbol A2 in FIG. 2 shoW a predetermined 
coordinate system. 

[0047] This magnetic memory is provided With a bit line 
2 and a Word line 9. The bit line 2 is formed on a substrate 
1. On the upper surface of bit line 2, there is formed, in order, 
an antiferromagnetic layer 3, a ?Xed magnetiZation (pined 
ferromagnetic) layer 4, a tunnel insulating layer 5-1, a free 
magnetiZation (free ferromagnetic) layer 6-1, a tunnel insu 
lating layer 5-2, a free magnetic layer 6-2, a tunnel insulating 
layer 5-3, and a free magnetiZation 6-3. Memory cell 10 is 
constructed from the layers 3, 4, 5-1 to 5-3 and 6-1 to 6-3. 
The bit line 2 is formed With a conductor such as aluminum 
or copper. Electric current is ?oWed in bit line 2 in either the 
+y aXis direction or —y aXis direction. The FiXed magnetic 
layer 4, free magnetic layer 6-1, free magnetic layer 6-2, and 
free magnetic layer 6-3 are respectively formed from a 
ferromagnetic material. The magnetiZation of ?Xed mag 
netic layer 4 is ?Xed or pinned upon interaction With the 
antiferromagnetic layer 3. On the other hand, the magneti 
Zation of free magnetic layer 6-1, free magnetic layer 6-2, 
and free magnetic layer 6-3 is reversible. The direction of the 
magnetiZation of free magnetic layer 6-1, free magnetic 
layer 6-2, and free magnetic layer 6-3 is in either the +X aXis 
direction or —X aXis direction upon application of a magnetic 
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?eld. 8(=23) values can be stored as data in memory cell 10 
corresponding to the magnetiZation directions of free mag 
netic layer 6-1, free magnetic layer 6-2, and free magnetic 
layer 6-3. 

[0048] Magnetization of free magnetic layer 6-1, free 
magnetic layer 6-2, and free magnetic layer 6-3 is reversed 
With the magnetic ?eld produced by the electric current 
?oWing to bit line 2. When electric current ?oWs to bit line 
2 in either the +y aXis direction or the —y aXis direction, a 
magnetic ?eld is respectively applied to free magnetic layer 
6-1, free magnetic layer 6-2, free magnetic layer 6-3 in either 
the +X aXis direction or the —X aXis direction. Magnetization 
of free magnetic layer 6-1, free magnetic layer 6-2, and free 
magnetic layer 6-3 is reversed by the magnetic ?eld in either 
the +X aXis direction or the —X aXis direction. 

[0049] Free magnetic layer 6-1, free magnetic layer 6-2, 
and free magnetic layer 6-3 are formed so that closer to bit 
line 2 the higher the coercive force is. In other Words, free 
magnetic layer 6-1, free magnetic layer 6-2, and free mag 
netic layer 6-3 are formed so that the coercive force of free 
magnetic layer 6-3 is loWer than the coercive force of free 
magnetic layer 6-2, and also the coercive force of free 
magnetic layer 6-2 is loWer than the coercive force of free 
magnetic layer 6-1. The coercive force of free magnetic 
layer 6-1, free magnetic layer 6-2, and free magnetic layer 
6-3 is adjustable With the type and ?lm thickness of mag 
netic material comprising free magnetic layer 6-1, free 
magnetic layer 6-2, and free magnetic layer 6-3. 

[0050] Tunnel insulating layer 5-1, tunnel insulating layer 
5-2, and tunnel insulating layer 5-3 are formed With an 
insulator such as alumina (A1203) or hafnium oXide. The 
?lm thickness of tunnel insulating layer 5-1, tunnel insulat 
ing layer 5-2, and tunnel insulating layer 5-3 are thin enough 
to alloW tunnel current to How in the direction of the ?lm 
thickness. 

[0051] Above bit line 2 and memory cell 10, inter-layer 
insulating ?lm 7 is formed to coat bit line 2 and memory cell 
10. Contact hole 8 is formed in inter-layer insulating ?lm 7. 
Moreover, on the upper surface of inter-layer insulating ?lm 
7, Word line 9 is formed. Word line 9 is connected to free 
magnetic layer 6-3 via contact hole 8. Electric current ?oWs 
to Word line 9 in the —X aXis direction. When electric current 
How to Word line 9, a magnetic ?eld is applied to free 
magnetic layer 6-1, free magnetic layer 6-2 and free mag 
netic layer 6-3 in the —y aXis direction of. 

[0052] As shoWn in FIG. 4, bit lines 2 and Word lines 9 are 
provided in plural. Bit lines 2 are eXtended in X aXis 
direction, and Word lines 9 are extended in the y aXis 
direction. At the parts Where bit lines 2 and Word lines 9 
intersect, memory cell 10 is provided respectively betWeen 
bit lines 2 and Word lines 9. 

[0053] The resistance of tunnel insulating layer 5-1, tunnel 
insulating layer 5-2, and tunnel insulating layer 5-3 to the 
direction of the ?lm thickness varies depending on the 
direction of the magnetiZation of free magnetic layer 6-1, 
free magnetic layer 6-2, and free magnetic layer 6-3 due to 
the tunnel magnetic resistance result (TMR) shoWn by the 
ferromagnetic body. 

[0054] FIGS. 5A and 5B shoW the resistance of tunnel 
insulating layer 5-1, tunnel insulating layer 5-2, and tunnel 
insulating layer 5-3 in the direction of the ?lm thickness. 




















