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MAGNETIC MEMORY DEVICE 

CROSS - REFERENCE TO RELATED 
APPLICATIONS 

[ 0001 ] This application is based upon and claims the 
benefit of priority from Japanese Patent Application No. 
2019-052164 , filed Mar. 20 , 2019 , the entire contents of 
which are incorporated herein by reference . 

FIELD 

[ 0002 ] Embodiments described herein relate generally to a 
magnetic memory device . 

BACKGROUND 

[ 0003 ] Magnetic memory devices ( semiconductor inte 
grated circuit device ) in which magnetoresistive elements 
and transistors are integrated on a semiconductor substrate , 
have been proposed . 
[ 0004 ] However , it is not evaluated that the conventional 
magnetoresistive elements always perform stable memory 
operation . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0005 ] FIG . 1A is a cross section schematically showing 
an example of a basic structure of a magnetic memory 
device according to the first embodiment . 
[ 0006 ] FIG . 1B is a cross section schematically showing 
another example of the basic structure of the magnetic 
memory device according to the first embodiment . 
[ 0007 ] FIG . 2 is a phase diagram expressing a memory 
operation in a current - magnetic field plane . 
[ 0008 ] FIG . 3 is a phase diagram expressing a memory 
operation in a current - magnetic field plane . 
[ 0009 ] FIG . 4 is a phase diagram expressing a memory 
operation in a current - magnetic field plane . 
[ 0010 ] FIG . 5 is a diagram showing a general relationship 
between a spin polarization of a storage layer and an MR 
ratio . 
[ 0011 ] FIG . 6 is a diagram showing a relationship of a 
composition and the spin polarization of the storage layer . 

[ 0015 ] A magnetoresistive element 100 is configured as a 
stacked structure comprising a storage layer ( a first magnetic 
layer ) 10 , a reference layer ( a second magnetic layer ) 20 , and 
a tunnel barrier layer ( a nonmagnetic layer ) 30 provided 
between the storage layer 10 and the reference layer 20. The 
storage layer 10 is a ferromagnetic layer having a variable 
magnetization direction , and the reference layer 20 is a 
ferromagnetic layer having a fixed magnetization direction . 
The variable magnetization direction means that the mag 
netization direction varies with respect to a predetermined 
write current . The fixed magnetization direction means that 
the magnetization direction does not vary with respect to a 
predetermined write current . 
[ 0016 ] The magnetoresistive element 100 described above 
is formed on a lower region , which is not illustrated . In the 
lower region , a semiconductor substrate , a transistor , wiring 
lines , an interlayer insulating film , and the like are con 
tained . 

[ 0017 ] Note that the magnetoresistive element 100 shown 
in FIG . 1A is a bottom - free magnetoresistive element in 
which the storage layer 10 , the tunnel barrier layer 30 , and 
the reference layer 20 are stacked in this order from the 
lower layer side ( the semiconductor substrate side ) , but it 
may be , as shown in FIG . 1B , a top - free magnetoresistive 
element in which the reference layer 20 , the tunnel barrier 
layer 30 , and the storage layer 10 are stacked in this order 
from the lower layer side ( the semiconductor substrate side ) . 
[ 0018 ] Moreover , the magnetoresistive element 100 may 
further contain , stacked therein , a shift canceling layer 
having a fixed magnetization direction antiparallel to the 
magnetization direction of the reference layer 20 , and has a 
function which cancels a magnetic field applied to the 
storage layer 10 from the reference layer 20 . 
[ 0019 ] The magnetoresistive element 100 has a low - resis 
tance state in which the magnetization direction of the 
storage layer 10 is parallel to the magnetization direction of 
the reference layer 20 , and also a high - resistance state in 
which the magnetization direction of the storage layer 10 is 
anti - parallel to the magnetization direction of the reference 
layer 20. Therefore , the magnetoresistive element 100 can 
store binary data ( 0 or 1 ) according to the resistance state 
( the low - resistance state or the high - resistance state ) . More 
over , the magnetoresistive element 100 can be set to the 
low - resistance state ( a parallel state ) or the high - resistance 
state ( anti - parallel state ) according to the direction of current 
allowed to flow to the magnetoresistive element 100 . 
[ 0020 ] The magnetoresistive element 100 described above 
is a spin transfer torque ( STT ) magnetoresistive element , 
and has a perpendicular magnetization . That is , the magne 
tization direction of the storage layer 10 is perpendicular to 
the main surface , and the magnetization direction of the 
reference layer 20 is perpendicular to the main surface . 
Here , the term “ perpendicular ” means that the direction of 
residual magnetization is in a range of 45 ° < 0590 ° to the 
surface of the film . 

[ 0021 ] In this embodiment , the storage layer ( first mag 
netic layer ) 10 contains nickel ( Ni ) , cobalt ( Co ) , manganese 
( Mn ) , and gallium ( Ga ) , and has a spin polarization of less 
than 0.71 . With use of the storage layer 10 having such a 
structure , a magnetoresistive element which can perform 
stable memory operation ( stable write operation ) can be 
obtained . Detailed descriptions will be provided . 

DETAILED DESCRIPTION 

[ 0012 ] In general , according to one embodiment , a mag 
netic memory device includes : a magnetoresistive element 
including : a first magnetic layer having a variable magne 
tization direction ; a second magnetic layer having a fixed 
magnetization direction ; and a nonmagnetic layer provided 
between the first magnetic layer and the second magnetic 
layer , the first magnetic layer containing nickel ( Ni ) , cobalt 
( Co ) , manganese ( Mn ) and gallium ( Ga ) and having a spin 
polarization less than 0.71 . 
[ 0013 ] Hereafter , embodiments will be described with 
reference to drawings . 

Embodiment 1 

[ 0014 ] FIG . 1A is a cross section schematically showing 
the basic structure of a magnetic memory device according 
to the first embodiment , and is , more specifically a cross 
section schematically showing the basic structure of a mag 
netoresistive element included in the magnetic memory 
device . Note that a magnetoresistive element is also called 
a magnetic tunnel junction ( MTJ ) element . 
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When the above formula is transformed , the following can 
be obtained . 
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[ 0028 ] All the equilibrium state can be obtained by solving 
the following formula : 

Vo = 0 , v = 0 
When the formula is linearized around “ O = 0 " , the following 
formula is obtained . ã ñ x m 
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[ 0022 ] Generally , the movement of spin is expressed by 
Landau - Lifshitz - Gilbert ( LLG ) formulas which will be set 
out below . 

GE h 
m = -y = xm + ám xm - y 

am 

Here , 

[ 0023 ] m 
is the time differential of the spin . 

?E 
-VXm am 

of the first term on the right - hand side is a precession term . 

of the second term of the right - hand side is a damping term . 

f 1 
Y 78 ( 0 , P - SL ) x ( š xm ) 2e MSV 

of the third term of the right - hand side is a spin - torque term . 
[ 0024 ] Moreover , E contained in the first term of the 
right - hand side expresses the energy of the system , which is 
given by : 

E = -K el cos²0 - M , ?exim 
Here , 

expresses the magnetic anisotropy energy . O is an angle to 
the spin of reference layer . M is magnetization . 

is an external magnetic field . 
[ 0025 ] Moreover , the function g which appears in the third 
term of the right - hand side expresses a spin injection effi 
ciency . In the case of the magnetoresistive element , it is 
given by : 

P_SL 
8 ( „ 1 + ( P_SL ) cos ( 0 ) 

[ 0026 ] Here , the LLG formula is expressed as follows . 

? - amxm = F ( m ) 
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Here , D is a dynamic matrix . 
[ 0029 ] The stability of spin is determined by the condi 
tions that the sign of the real part of the eigenvalue of the 
dynamic matrix becomes negative . When one of the two 
eigenvalues is set to k , the stabilization condition is given 
by : 

Keff 

El ext Re [ k ] < 0 

For simplification , the following symbols are introduced . 

a 
W = y Hext , WK = y . Ms 

Ñ j 1 
W ; = Y5A e MSV 

Q = Y Ms 

When the above - described symbols are used , 
gn = g ( 0 = 0 , P_SL ) 

? 

is used to obtain 

( 1 + a² ) Ô - [ W ; & n + a ( Wh + wk ) ] WH + K - Ww ; & n 
- ( WH + WK - W ; & n ) - [ W ; & n + a ( WH + wx ) ] 

[ 0030 ] Therefore , the eigenvalues of the dynamic matrix is 
as follows . 

[ 0027 ] Furthermore , if the LLG formula is expressed by 
polar coordinates , the following formula is obtained . 

k = 0 ; & n - a ( WH + Wk ) = \ 0t0r - aw ; & n ! 
[ 0031 ] From the above - described stabilization conditions , 
the following relationship is obtained . 
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en 

The above relationship expresses the stable region of a 
parallel state ( P state ) . 
[ 0032 ] Similarly , in order to determine the stable region of 
an anti - parallel state ( AP state ) , formula ( 1 ) is linearized 
around “ O = T ” . Then , the eigenvalues of the dynamic matrix 
are obtained as in a manner similar to the above , and the 
stabilization condition thereto is expressed by 

a ( WH - WK ) ( 3 ) 
No. j?? 

8S 

88 = g ( 0 = 7 , P_SL ) 

[ 0033 ] Next , “ cycle ” states other than “ O = 0 , I ” will be 
examined . This state is not a state in which the parallel state 
( P state ) or anti - parallel state ( AP state ) is stable , but a state 
in which a stable precession is carried out . That is , it is an 
unstable state as a memory device , in which a write error can 
occur . This state can be defined by : 

0 = 0 

which the state where the magnetization direction of the 
storage layer is antiparallel to the magnetization direction of 
the reference layer is stable . Moreover , a line ( a ) is a 
parallel - to - antiparallel ( PAP ) reversal boundary line , a line 
( b ) is an antiparallel - to - parallel ( APP ) reversal boundary 
line , and a line ( c ) is an unstable region boundary line . 
[ 0038 ] Ashwin.2 , indefinite region def 
nite I ) is located far distant from the current axis , but another 
indefinite region ( Indefinite II ) is located to cross the current 
axis . This indefinite region ( Indefinite II ) is an unstable 
region which poses a problem to stable memory operation . 
Hereafter , the unstable region will be described . 
[ 0039 ] Ashow 6.3 , generally , the unstable region 
crosses 0 ; -axis and intersects the APP reversal boundary line 
( b ) in a third quadrant or fourth quadrant . Here , a region 
interposed between the APP reversal boundary line and the 
unstable region boundary line on the w ; axis becomes an 
unstable state . The memory operation is generally carried 
out when an external magnetic field is zero . That is , it 
suffices if only on a current - axis ( x - axis ) is considered . In 
this case , a positive current is allowed to flow in order to 
cause the APP reversal . Here , the current to flow is increased 
to exceed the APP reversal boundary line . At the moment 
when the flowing current excesses the APP reversal bound 
ary , it enters an unstable region , thus making the write 
operation unstable . As a result , an error occurs in the 
memory operation , thus enhancing the write error . 
[ 0040 ] On the other hand , show FG.4if the 
unstable region is confined in the first quadrant , the unstable 
region does not intersect the w ; axis . That is , even if the 
current increased in order to perform the reversal 
operation , it does not enter the unstable region . Therefore , 
the unstable region being confined the first quadrant is a 
conditions which stabilizes the memory operation . 
[ 0041 ] Next , the condition which stabilizes the memory 
operation will be clarified . 
[ 0042 ] First , the right - hand side of formula ( 4 ) is focused . 
The right - hand side of formula ( 4 ) is a quadratic of w , and 
its peak is obtained by 

[ 0034 ] From this definition , the following formula is 
obtained . 

0 ; go + a ( W + Wx ) = 0 

W = v = wy + wx cos 0 

go = g ( 0 , P_SL ) 

When the above formula is solved about co , 

w ; W - WH ? ? + w = 0 
a ?K P_SL ) +6 

= -of W ; WK 
QP_SL WH + 

OK 

( P_SL ) 2 

OK can be obtained . WH ?? 

( wc 
OK 

( P_SL ) 
2 

WjcWK 
Q ( P_SL ) 2 

Wc , 
( P_SL ) 2 
4 

Here , 

Detailed analysis indicates that the unstable region is speci 
fied under the following condition . 

[ 0035 ] 
-1scos 2.2 + 1 

and therefore , the above formula has a solution to co only in 
the following range . 

@ _5050 + 

W_50 50+ 

When this condition rearranged , 

WH SWH SWH2 
WK WK 

WHI = 2 ( P_SL ) 2 ' 2 | WK | , WH2 = ( P_SL ) 2 

W_ = WhIWKI , W = WH + Wk 

[ 0036 ] As described above , formula ( 2 ) , formula ( 3 ) and 
formula ( 4 ) express memory operations in a current - mag 
netic field plane ( @ ; - Wh plane ) , which create a phase dia 
gram as shown in FIG . 2. In FIG . 2 , a horizontal axis ( @ ; 
axis ) expresses a current I , and a vertical axis ( axis ) 
expresses a magnetic field Hext . 
[ 0037 ] In FIG . 2 , the region P indicates a region in which 
the state where the magnetization direction of the storage 
layer is parallel to the magnetization direction of the refer 
ence layer is stable , and the region AP indicates a region in 

is obtained 
043 ) Theunstable region specified as described 
above . The condition to confine the unstable region in the 
first quadrant is as follows . 

WH2 
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tunnel barrier layer 30 , an insulating material containing 
magnesium ( Mg ) and oxygen ( 0 ) can be used . 

Embodiment 2 

In consideration of the fact that wr > 0 , the following formula 
can be drawn from the above - provided condition , 

P < ( 1/2 ) 1 / 220.71 . 
[ 0044 ] From the above , it is understood that the storage 
layer 10 should preferably have a spin polarization P_SL of 
less than 0.71 . 
[ 0045 ] Next , the lower limit of the spin polarization P_SL 
of the storage layer will be considered . 
[ 0046 ] As described above , in order to obtain stable 
memory operation ( stable write operation ) , the spin polar 
ization of the storage layer 10 should preferably be less than 
0.71 . However , if the spin polarization is excessively low , 
the MR ratio is accordingly reduced , which is not preferable forradperation 
[ 0047 ] FIG . 5 is a diagram showing a general relationship 
between the spin polarization P_SL of the storage layer and 
the MR ratio . Usually , in order to perform proper read 
operation , it is preferable that the MR ratio be higher than 
about 50 % . Based on this , it can be concluded from FIG . 5 
that the storage ayer should preferably have spin 
polarization P_SL higher than 0.45 . 
[ 0048 ] As already mentioned , the storage layer 10 of this 
embodiment is formed of a ferromagnetic material layer 
containing nickel ( Ni ) , cobalt ( Co ) , manganese ( Mn ) and 
gallium ( Ga ) ( hereafter , this layer may be referred to sim 
plify an NiCoMnGa layer ) . Hereafter , a preferable compo 
sition range of the storage layer ( NiCoMnGa layer ) 10 of 
this embodiment will be discussed . 
[ 0049 ] FIG . 6 is a diagram showing a relationship between 
composition of the storage layer ( NiCoMnGa layer ) and the 
spin polarization P_SL . In FIG . 6 , the composition of the 
NiCoMnGa layer is expressed by ( Ni1 - C0x ) 2MnGa and the 
horizontal axis indicates a value of x . That is , the ratio of a 
nickel ( N ) composition ratita cobalt Composition 
ratio is set to ( 1 - x ) / x , and the horizontal axis indicates a 
value 
[ 0050 ] As described above , it is preferable that the spin 
polarization P_SL of the storage layer 10 be less than 0.71 . 
Therefore , it can be seen from FIG . 6 that the value of x 
should preferably be less than 0.45 or higher than 0.95 . 
Further , as described above , the spin polarization P_SL of 
the storage layer 10 should preferably be higher than 0.45 . 
Based on this , it can be seen from FIG . 6 that the value of 
x should preferably be higher than 0.42 and less than 0.45 , 
or higher than 0.95 and less than 1.00 . 
[ 0051 ] As described above , in this embodiment , the stor 
age layer 10 contains nickel ( Ni ) , cobalt ( Co ) , manganese 
( Mn ) and gallium ( Ga ) , and has a spin polarization lower 
than 0.71 . With this structure , a magnetoresistive element 
which can perform stable memory operation and stable write 
operation , can be obtained . Moreover , when the storage 
layer 10 is formed to have a spin polarization higher than 
0.45 , the decrease in MR ratio can be suppressed , thereby 
making it possible to perform stable read operation . 
[ 0052 ] Note that in the magnetic memory device 100 of 
this embodiment , for example , the following materials can 
be used for the reference ayer second magnetilayer20 
and the tunnel barrier layer ( nonmagnetic layer ) 30. For the 
reference layer 20 , a ferromagnetic material similar to that 
of the storage layer1described above may be used.0r , 
ferromagnetic material containing cobalt ( Co ) , iron ( Fe ) , and 
boron ( B ) may be used for the reference layer 20. For the 

[ 0053 ] Next , the second embodiment will be described . 
Note that the basic items are similar to those of the first 
embodiment . Therefore , explanations for the items already 
discussed in the first embodiment will be omitted . 
[ 0054 ] In this embodiment as well , the basic structure of 
the magnetoresistive element is similar to that of the mag 
netoresistive element 100 shown in FIGS . 1A and 1B of the 
first embodiment except that , in this embodiment , the stor 
age layer ( first magnetic layer ) 10 is formed of a Heusler 
alloy , and has a spin polarization of less than 0.71 . 
[ 0055 ] More specifically , the storage layer 10 is formed of 
a Heusler alloy containing at least one of cobalt ( Co ) and 
iron ( Fe ) , and at least one element selected from manganese 
( Mn ) , silicon ( Si ) , germanium ( Ge ) , aluminum ( Al ) , gallium 
( Ga ) , tin ( Sn ) , titanium ( Ti ) , and vanadium ( V ) . 
[ 0056 ] Usable examples of the Heusler alloy to be used as 
the storage layer 10 will be provided bellow together with 
the following spin polarizations P_SL . 

[ 0057 ] CozFe ( Si0.75 Geo.25 ) ( P_SL = 0.7 ) 
[ 0058 ] Co , Fe ( Ga Geos ) ( P_SL = 0.69 ) 
[ 0059 ] Coz ( Cro.02Fe0.98 ) Ga ( P_SL = 0.67 ) 
[ 0060 ] Co Mn ( Geo.25Sno.75 ) ( P_SL = 0.67 ) 
[ 0061 ] Co2 ( Mn , 95F60.05 ) Sr ( P_SL = 0.65 ) 
[ 0062 ] ( C01.93F20.062 ) MnGe ( P_SL = 0.68 ) 
[ 0063 ] Co ( Mno sFeos ) Ga ( P_SL = 0.7 ) 
[ 0064 ] Co2 ( Cro.o2Fe2.98 ) Si ( P_SL = 0.65 ) 
[ 0065 ] Co Mn ( Ti0.25Sn2.75 ) ( P_SL = 0.64 ) 
[ 0066 ] Co Mn ( AlosSnos ) ( P_SL = 0.63 ) 
[ 0067 ] Co , Mn ( Gao 25 Si07 ) ( P_SL = 0.63 ) 
[ 0068 ] Co Mn ( Si..25Geo.75 ) ( P_SL = 0.63 ) 
[ 0069 ] Co ( MnosFeo ) Si ( P_SL = 0.61 ) 
[ 0070 ] Co Mn ( AloSios ) ( P_SL = 0.6 ) 
[ 0071 ] Co Fe ( Gao . Sios ) ( P_SL = 0.6 ) 
[ 0072 ] Co , Fe ( Al Sios ) ( P_SL = 0.6 ) 
[ 0073 ] Co2CrAl ( P_SL = 0.62 ) 
[ 0074 ] Co , CrGa ( P_SL = 0.61 ) 
[ 0075 ] Co , MnSn ( P_SL = 0.6 ) 
[ 0076 ] Co , MnAl ( P_SL = 0.6 ) 
[ 0077 ] Co MnGa ( P_SL = 0.6 ) 
[ 0078 ] Co FeSi ( P_SL = 0.6 ) 
[ 0079 ] Co FeAl ( P_SL = 0.59 ) 
[ 0080 ] CozMnGe ( P_SL = 0.58 ) 
[ 0081 ] Co FeGe ( P_SL = 0.58 ) 
[ 0082 ] Co , FeGa ( P_SL = 0.58 ) 
[ 0083 ] CozTiSn ( P_SL = 0.57 ) 
[ 0084 ] Co , MnSi ( P_SL = 0.56 ) 
[ 0085 ] Fe , VAI ( P_SL = 0.56 ) 
[ 0086 ] Co , VA1 ( P_SL = 0.48 ) . 

[ 0087 ] In this embodiment , the storage layer 10 is formed 
of a Heusler alloy and has a spin polarization less than 0.71 . 
Thus , for a reason similar to that explained in the first 
embodiment , a magnetoresistive element which can perform 
stable memory operation and stable write operation , can be 
obtained . Moreover , in this embodiment as well , for a reason 
similar to that explained in the first embodiment , by forming 
the storage layer 10 to have a spin polarization higher than 
0.45 , the decrease in MR ratio can be suppressed , and the 
read operation can be stably carried out . 
[ 0088 ] While certain embodiments have been described , 
these embodiments have been presented by way of example 
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only , and are not intended to limit the scope of the inven 
tions / present disclosures . Indeed , the novel embodiments 
described herein may be embodied in a variety of other 
forms ; furthermore , various omissions , substitutions and 
changes in the form of the embodiments described herein 
may be made without departing from the spirit of the 
inventions / present disclosures . The accompanying claims 
and their equivalents are intended to cover such forms or 
modifications as would fall within the scope and spirit of the 
inventions / present disclosures . 
What is claimed is : 
1. A magnetic memory device comprising : 
a magnetoresistive element comprising : 

a first magnetic layer having a variable magnetization 
direction ; 

a second magnetic layer having a fixed magnetization 
direction ; and 

a nonmagnetic layer provided between the first mag 
netic layer and the second magnetic layer , 

the first magnetic layer containing nickel ( Ni ) , cobalt 
( Co ) , manganese ( Mn ) and gallium ( Ga ) and having a 
spin polarization less than 0.71 . 

2. The device of claim 1 , wherein 
the first magnetic layer has a spin polarization higher than 

0.45 . 
3. The device of claim 1 , wherein 
the magnetoresistive element is a spin transfer torque 

( STT ) magnetoresistive element . 
4. The device of claim 1 , wherein 
the magnetoresistive element has perpendicular magneti 

zation . 
5. A magnetic memory device comprising : 
a magnetoresistive element comprising : 

a first magnetic layer having a variable magnetization 
direction ; 

a second magnetic layer having a fixed magnetization 
direction ; and 

a nonmagnetic layer provided between the first mag 
netic layer and the second magnetic layer , 

the first magnetic layer being formed of a Heusler alloy 
and having a spin polarization less than 0.71 . 

6. The device of claim 5 , wherein 
the first magnetic layer has a spin polarization higher than 

0.45 . 
7. The device of claim 5 , wherein 
the first magnetic layer contains at least one of cobalt ( Co ) 

and iron ( Fe ) , and at least one element selected from 
manganese ( Mn ) , silicon ( Si ) , germanium ( Ge ) , alumi 
num ( Al ) , gallium ( Ga ) , tin ( Sn ) , titanium ( Ti ) , and 
vanadium ( V ) . 

8. The device of claim 5 , wherein 
the magnetoresistive element is a spin transfer torque 

( STT ) magnetoresistive element . 
9. The device of claim 5 , wherein 
the magnetoresistive element has perpendicular magneti 

zation . 
10. A magnetic memory device comprising : 
a magnetoresistive element comprising : 

a first magnetic layer having a variable magnetization 
direction ; 

a second magnetic layer having a fixed magnetization 
direction ; and 

a nonmagnetic layer provided between the first mag 
netic layer and the second magnetic layer , 

the first magnetic layer containing nickel ( Ni ) , cobalt 
( Co ) , manganese ( Mn ) and gallium ( Ga ) , when a ratio 
of a nickel ( Ni ) composition ratio to a cobalt ( Co ) 
composition ratio is set to ( 1 - x ) / x , a value of x being 
less than 0.45 or higher than 0.95 . 

11. The device of claim 10 , wherein 
the value of x is higher than 0.42 and less than 0.45 , or 

higher than 0.95 and less than 1.00 . 
12. The device of claim 10 , wherein 
the magnetoresistive element is a spin transfer torque 

( STT ) magnetoresistive element . 
13. The device of claim 10 , wherein 
the magnetoresistive element has perpendicular magneti 

zation . 


