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The authors propose a nonvolatile multiple-valued memory based on a nonlocal spin valve structure.
Multibit informations are formed by changing the magnetization configuration in a nonlocal voltage
probe consisting of a magnetic multilayer. A simple calculation method for the spin-accumulation
voltage induced in lateral ferromagnetic/nonmagnetic multilayered hybrid structures is also
developed on the basis of the spin resistance model. The developed model enables us to find the
thickness of each ferromagnetic layer for the optimized operation of the multiple-valued memory.
© 2010 American Institute of Physics. [doi:10.1063/1.3502475]

Nanostructured spintronic devices such as magnetic and
spin random access memories (RAMs) are promising candi-
dates for future nonvolatile memories and storage devices
because of their high performances.l’2 Especially, high speed
operation and unlimited endurance are great advantages of
the spintronic devices compared to other nonvolatile memo-
ries such as flush memory and ferroelectric RAM. Recent
developments of the nanofabrication technique in spintronic
devices achieve a tiny magnetic cell with a lateral dimension
down to 100 nm. In order to realize a high density RAM over
10 Gbit/cm?, a further reduction in the magnetic element
size (~50 nm) is required. However, the magnetizations in
such nanostructures become unstable because of the thermal
fluctuation.” Thus, the areal density of the magnetic devices
is limited by the thermal stability of the magnetizations.

A conventional magnetic devices store one bit informa-
tion in a single memory cell. When two or more bit informa-
tions can be stored in one unit cell, the areal density drasti-
cally increases without reducing the lateral dimension. This
is known as multiple-valued logic (MVL) devices, which are
mainly developed in floating-gate metal oxide semiconductor
transistors.* MVL is a promising approach for future massive
data storage devices and realizes more functional devices
than the binary logic devices. Since the spintronic devices
operate much faster than the conventional floating-gate-type
MVL devices, a creation of the spin-based nonvolatile MVL
opens up new aspects of spintronic devices. Here, we pro-
pose a multiple-valued nonvolatile memory based on the fer-
romagnetic nanostructures.

We use a nonlocal spin injection and detection tech-
niques in a lateral ferromagnetic (F)/nonmagnetic (N)
hybrid structure to realize a nonvolatile multiple-valued
memory.s’9 In the vertical structure, a large background sig-
nal induced by the local charge current makes it difficult to
distinguish several intermediate states. On the other hand, in
nonlocal spin valve measurements, the spin-related signal is
sensitively detected by a nonlocal ferromagnetic voltage
probe without spurious background signals. The induced
voltage depends on the relative magnetization orientation be-
tween the injector and detector. Thus, the conventional lat-
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eral spin valve can store one bit information. In the present
paper, we propose a multiple-valued memory based on a lat-
eral spin valve structure with the ferromagnetic voltage
probe consisting ferromagnetic/nonmagnetic multilayers.

A schematic illustration of the proposed device is shown
in Fig. 1. The device is composed of a ferromagnetic spin
injector Fi, a nonmagnetic strip NO and a multiple-valued
memory element consisting of a F/N/F trilayer structure. The
detailed structure of the F/N/F trilayer is shown in the right-
hand side of Fig. 1. Here, F1 and F3 are the first and second
ferromagnetic layers, respectively. N2 is the nonmagnetic
spacer with the thickness d,. The thickness d; for F1 is com-
parable to Ag; while di; for F3 is much thicker than N5. The
thickness d, is much thinner than \,. Here, A\, A, and A5 are
the spin diffusion lengths for F1, N2, and F3, respectively.
The magnetizations for F1 and F3 can be controlled by the
Oersted field induced by flowing the current in the nonmag-
netic strip as schematically shown in Fig. 1 or nonlocal spin
current injection.lo’11 The magnetization of the spin injector
Fi should be fixed during the operation.

First, we calculate the spin accumulation Au=pu;—u,
induced in the nonmagnetic strip NO, where w; and u, are
the spin-dependent chemical potentials for up and down
spins, respectively. For the calculation, we extend the spin
resistance model developed in Ref. 12 to magnetic-
multilayered detectors. Using the spin resistances for the in-
jector Rgg; and the effective spin resistance for detector Rgg,
one can easily calculate the nonlocal spin accumulation A,

Writing
current

Reading
curre»
pin

injector

S,

Multiple-value
dno, Memory
’b

FIG. 1. (Color online) Schematic illustration of a proposed nonvolatile
multiple-valued memory based on a lateral spin valve structure and the
detailed of the F;/N,/F5 trilayer memory element for 2-bit storage together
with the spin-dependent chemical potential induced by nonlocal spin accu-
mulation. A dotted line shows a spatial distribution of ..
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induced at the junction between the nonmagnetic strip NO
and F1 under the injection current /- as =

Ap=
(2+

Pg; and d,, are, respectively, the spin polarization of the spin
injector Fi and the distance between the injector and detector.
Ry and A are, respectively, the spin resistance and the spin
diffusion length for the nonmagnetic strip NO. The spin re-
sistance for homogeneous materials is simply defined by
2pN/[(1-P?)S], where p, \, P, and S are, respectively, the
resistivity, spin diffusion length, spin polarization, and effec-
tive cross section for the spin current. When the material
connects an different material, the spin resistance is modified
from the homogeneous case. The effective spin resistance for
inhomogeneous structure such as the multi terminals or mul-
tilayers can be expressed by the series and parallel connec-
tions of the spin resistance.'” Since the detector of the
present device consists of the FI/N2/F3 trilayer, the
effective spin resistance Rgp; for the detector can be calcu-
lated as  Rg[Rg sinh(d,/\)+Rgg, coshld,/\,)]/[Rg,
X cosh(d,/N\|)+Rsg, sinh(d,/\,)]. Here, Rg, is the spin resis-
tances for Fl. Rgg, is the effective spin resistance for
the series connection of N2 and F3 and is given by
R, [Rg, sinh(d,/\,) + Rgs cosh(dy/N,))]/[Rg,  coshld,/\,)
+Rygs sinh(d,/\,)]. Here, Ry, and Rgs are the spin resistances
for N2 and F3, respectively.

As in the above equation, the spin accumulation Ay, is
independent of the magnetization directions for F1 and F3.
Ap, decreases to Au, at the interface between F1 and N2
because of the spin relaxation in the F1. We define the at-
tenuation constant 7 as Au,/Au;. Using the spin resistance
model, T, can be calculated as Rgg,/[Rg; sinh(d;/\)
+Rgg, cosh(d;/\;)]. Tt should be noted that the attenuation
constant 7 is also independent of the magnetization direc-
tions for F1 and F3.

We then calculate the averaged electrochemical potential
¢ defined by (u+pu)/2. u**® corresponds to the detecting
electrostatic potential after the spin relaxation (Au=0).
Since u; and u| symmetrically decay in nonmagnets, u™* is
not modified in nonmagnets. However, u*"® is modified in
ferromagnets because the conductivity depends on the spin
direction. In the present case, u{’ at the interface between
the NO and F1 changes to u5'® at the interface between F1
and N2. The chemical potential shift A,u?, which is the dif-

ference in between wi*® and w3, is given by

ePril Ry
Rgo(Rspi + Rsg1) )ed_o N R§osinh(dy/\g)

Ao

(1)

RspiRsE1 RspiRsE1

Apy = p5" = pi =[ay(1 - T1) [2]Apg = $1Apg. — (2)

@, is the up-spin polarization defined as (oy—0y))/ (o
+0y)), where o, and 0| are the electrical conductivity for
up and down spins, respectively. When the magnetization of
F1 is parallel (antiparallel) to the spin injector Fi, «; is posi-
tive (negative). Thus, Ay} depends on the magnetization di-
rection of F1. This corresponds to the fact that the induced
nonlocal voltage in the lateral spin valve depends on the
relative magnetization configuration of the injector and de-
tector. S; is the shift constant defined by A,u?/ Apy, and is
given by a;(1-T7,)/2. When d, is much thicker than \;, S,
becomes «;/2. This corresponding to the nonlocal voltage
induced in the conventional lateral spin valve. However
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FIG. 2. (Color online) Calculated spin-dependent electro-chemical poten-
tials py and w for four magnetization configurations in the F1/N2/F3
trilayer voltage probe.

when d; is not so thick, S; becomes smaller than a;/2.

As in Fig. 1(b), in the trilayer detector, the voltage V
generated in the voltage meter is given by (A,LL?+A,U,§
+Au3)/e. Here, the second term Ay is zero because N2
does not induce the change in Apu,,.. Therefore the observed
voltage V,y;; is given by

Vauic = (8180 + S3819) [ e = () + T\ TS3) (Apo/ €). (3)

T, is the attenuation constant due to the spin relaxation of N1
and is given by RS3/[RSZ Sinh(dz/)\z)+R33 COSh(dz/)\z)]. S3
is the shift constant due to F3. Since F3 is much thicker than
N3, S5 is simply given by «3/2, where a3 is the up-spin
polarization defined similar to «. There are four magnetiza-
tion configurations for F1 and F3 (17,7],]1,]/), Each
configuration induces the different voltage. Therefore, the
present device operates as a 2-bit memory.

For the best operation of 2-bit memory, the voltage dif-
ference AV between neighboring spin states should be the
same as in the following relation:AV=V, -V, =V, -V,
=V|;=V,.From Eq. (3), this condition is realized by satis-
fying 2T,7T,5;=S;. As a realistic case, we consider a CoFe/
Cu/CoFe trilayer. We assume that d,=0.02\, since the spin
diffusion length for Cu is typically submicron scale. Using
the typical values of Ac,=500 nm, Acope=5 nm, Pcgpe
:O.7, and RSCUzZORSCOFe’ we obtain dFl =~ 102)\]::] for the
best operation. Figure 2 shows the calculated electrochemi-
cal potentials w; and w, for the four different configurations
at the best condition. The four different magnetization con-
figurations clearly show four different voltages with the same
interval AV, This means that the operation of the 2-bit
memory is well optimized.

When the number of the ferromagnetic layers is m, the
device can be extended to a multiple-valued memory with m
bit informations. Here, the magnetization direction of nth
ferromagnetic layer simply corresponds to the nth bit infor-
mation. Since neighboring ferromagnetic layers are separated
by a nonmagnetic spacer, the total number of the layers is
2m—1. Therefore, the induced voltage is simply obtained by

2m-1 i

V= % E SiH T;,. ()

€ =1 j=1

The attenuation constant 7;_; defined by Aw; ;/Au;,
is given by Rgg;/[Rs;_; sinh(d;_;/\;_;)+Rsg; cosh(d;_,
/ 7\1-_1)]. with Tp=1, where, Rgg; is the effective spin
resistance  defined by  Rg[Ry; sinh(d;/\;)+Rsgiyq
X cosh(d;/\;) / Rs; cosh(d;/ \;) + Rsg;s; sinh(d;/\;)]. The shift
constant S; is given by S;=a;(1-T;);2. It should be noted
that the shift constant S; is zero when the ith layer is non-
magnet (i=2n, n is integer).

Downloaded 26 Feb 2013 to 133.5.149.242. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



182501-3 T. Kimura and M. Hara

o

oo

oo

Spin voltage

O vl © o © W

(¢

I N N A VA i B AN N2
111 110 101 100 011 010 001 000

'
o

FIG. 3. Calculated voltages for different eight spin orientations in a 3-bit
multiple nonlocal spin memory at (a) dg;=0.74\ and dp3=1.02\, (b) dp,
=dp3=0.4\g, and (¢) dg;=dp3=5\p.

Here, we consider a 3-bit device operation consisting of
a F1/N2/F3/N4/F5 magnetic multilayer. We assume that F1
and F3 are the same ferromagnetic material with the thick-
ness d; and dj, respectively. F5 is also the same ferromag-
netic material but the thickness is much longer than the spin
diffusion length Ag. N2 and N4 are the same nonmagnetic
materials with a same thickness dy. where, N has a long spin
diffusion length. From Eq. (4), the induced voltage Vs in
the 3-bit device is expressed by

Vapic = (S1 + Ty 1285+ T ToT3T,Ss5) (A o/ €). (5)

As discussed before, to obtain the systematic voltage
change in response to each spin configuration, the thickness
of each layer in the multilayered voltage probe should be
well optimized especially for the ferromagnetic layers F1
and F3 in the 3-bit device. Similarly in the 2-bit device, for
the best operation, the voltage difference AV between neigh-
boring spin states should be the same as in the following

equation:AV= VTTT - VTTl = VTTI_ VTH = VTll - Vl” From
these relations, we obtain the relations S;-T7,7,5;
=2T1 T2T3T4S5, and S3 =2T3T4SS. for the best
operation.

We calculate the induced voltage also in a realistic
3-bit device consisting of CoFe/Cu/CoFe/Cu/CoFe fifth
multilayer. In the calculation, we use the same parameters in
the 2-bit device. The best operation is realized by the condi-
tion d;=0.74\g and d;=1.02\p. Figure 3(a) shows the volt-
age induced in the multibit device at the best condition. Clear
multibit voltage states corresponding to the eight spin orien-
tations have been obtained. However, the voltage does not
change systematically when the F1 and F3 is too thin (d,
=d;=0.4\y), as shown in Fig. 3(b). Moreover, as in Fig. 3(c),
the multibit voltage states are not formed when d; is thicker
than \g (d;=d;=5\p) because of the decay of the spin accu-
mulation. Thus, the thickness for the ferromagnetic layer is
one of the most important parameters.

Another important issue is how to obtain all of the mag-
netization configurations in the multibit devices, namely
writing method. In the 2-bit device, each magnetization can
be controlled simply by the magnetic field as in Fig. 1(a)
because of the difference in the coercive fields. However, in
the 3-bit or more multibit devices, it is difficult to control the
magnetization configurations by adjusting the magnetic field.
In a 3-bit device, dual spin injections from the top (F5) and
bottom (F1) lagers in the voltage probe can control each
magnetization.1 1 By realizing the 3-bit device, the areal
density increases by a factor of 9 from the conventional one

Appl. Phys. Lett. 97, 182501 (2010)

bit device. For realizing more multibit devices, one may
solve the writing issue by combining the nonlocal spin injec-
tion with the magnetic field.

Conventional vertical structures consisting of F/N multi-
layers may also realize a similar multiple-valued memory.
However, in vertical structures, the large background resis-
tance due to the Ohmic voltage drop of the system makes it
difficult to distinguish the multispin states. Moreover, the
resistance mainly depends on the magnetization configura-
tion between the neighboring ferromagnetic layers. For ex-
ample, in a magnetic multilayer with three ferromagnetic
layers, the configuration 71| and | 7T do not induce a large
difference in the local resistance such as the current-
perpendicular-to-plane conﬁguration.15 This makes it diffi-
cult to distinguish the multiple-valued states. Thus, MVL
device based on the vertical structures is not simply realized
because some of the intermediate states may be degenerated.

From the technological view points, a large voltage dif-
ference between each spin orientation is indispensable for
real applications. Normally, in the lateral spin devices, the
induced voltage is not sufficiently large, typically in the
range of a few microvolt by 1 mA. This is because the spin
resistances of the ferromagnetic metals are much smaller
than those of the nonmagnetic metals. However, by increas-
ing the interface resistance using tunnel junction or increas-
ing the spin polarization using Heusler ferromagnetic alloys,
the spin resistance are effectively enhanced.*>'® When the
spin resistance of the injector Rgr; and that of the detector
Rgpp are much larger than Rgy, the nonlocal spin voltage V is
simply given by V=(P,P,RsnIc/2)exp(=d/\y)." In order to
obtain a large spin voltage, the spin resistance for the non-
magnetic strip should be large with keeping the condition
Rggr and Rgpp> Rgy. Since Rggp and Rgpp will be able to
exceed 10 k{) even in the ferromagnetic metals, it becomes
possible to enlarge Rgy up to 1 k€. This leads to a large
voltage generation (a few volt by 1 mA exciting current)
even in the nonlocal geometry.

This work was supported by CREST from JST, NEDO,
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