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Spin torque transistor revisited
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We theoretically study the operation of a 4-terminal device consisting of two lateral thin-film spin
valves that are coupled by a magnetic insulator such as yttrium iron garnet via the spin transfer torque.
By magnetoelectronic circuit theory we calculate the current voltage characteristics and find negative
differential resistance and differential gain in a large region of parameter space. We demonstrate that
functionality is preserved when the control spin valve is replaced by a normal metal film with a large
spin Hall angle. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4806982]

A transistor is a three terminal device that plays impor-
tant roles in today’s electronics. A conventional transistor
generates a large current modulation between source and
drain terminals by a relatively small signal on the third
“base” contact. This property is called “gain,” and the corre-
sponding circuit acts as an “amplifier.” In the field of spin-
tronics three-terminal devices have been studied since Datta-
Das proposed the spin FET,' in which the electronic spin
degrees of freedom is utilized to achieve additional function-
alities. However, with few exceptions™® spin transistors lack
current gain, which is essential for many applications.

A transistor based on the current-induced spin-transfer
torque, the so-called spin torque transistor (STT), was pro-
posed a decade ago.® Figure 1 shows the schematics of the
device. The central insulating ferromagnetic disk with in-
plane magnetization is sandwiched by normal metal films on
both sides that form the spacers of two lateral spin valves
(LSVs). The magnetizations in the upper and lower LSVs
are parallel to the x and y direction, respectively, forming a
closed magnetic flux loop with weak stray fields. An applied
source-drain voltage Vg drives a current through the lower
LSV, generating a spin accumulation in the lower normal
metal spacer that exerts a torque on the magnetization of the
central magnetic disk in the y-direction. Application of a
base voltage Vj induces a spin accumulation that creates a
spin transfer torque along x, which competes with that of the
lower LSV. The magnetization direction of the central layer
can therefore be controlled by the relative magnitude of Vg
and Vz. When the angle 0 between base magnetization and
y-axis is parallel to the magnetization in the lower LSV, its
resistance and spin accumulation are maximized. For a non-
zero 0 the base magnetization dissipates the spin accumula-
tion in normal metal film of the lower LSV (N1) via the spin
transfer torque, which, in turn, leads to an increased source-
drain current Ig5. The transistor action consists of the control
of theta and thereby Igp by the base voltage Vi via the spin
transfer torque. This device can display negative differential
resistance and gain when the conductance polarization is
high and spin-flip scattering is small, even at room tempera-
ture.®> Unfortunately, current gain was found only for very
highly polarized magnetic contacts. The originally proposed
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structure was also complicated, since the central layer was
assumed to be a strongly coupled magnetic tunnel junction.

Recently, magnetic insulators emerged as interesting
materials for spintronics. The magnetization of yttrium iron
garnet (YIG), a ferrimagnetic insulator (FI) with a large band
gap, can be activated thermally® or electrically’ by means of
the spin Hall effect (SHE) via a Pt contact and detected elec-
trically in another Pt contact using the inverse SHE (ISHE).
Spin transport at a normal metal (N)/FI interface is governed
by the spin-mixing conductance g't.° The prediction of large
¢!t for interfaces between YIG and simple metals by first-
principle calculations’ has been confirmed by experiments,®
proving that the magnetization in insulators may undergo
large spin-transfer torques. We therefore propose here a thin
YIG film as central layer of an STT as shown in Fig. 1.
Secondly, we suggest to take advantage of the recent discov-
ery of the giant spin Hall effect in Ta (Ref. 9) and W (Ref. 10)
or Bi-doped Cu (Ref. 11) to operate the STT, leading to
further simplifications of the device design.

The I-V characteristics of the spin torque transistor with
a YIG base as shown in Fig. 1 can be computed by magneto-
electronic circuit theory.® We calculate source-drain cur-
rents, torques on the base magnetization created by the spin
accumulations, and the differential resistance and gain as a
function of the voltage ratio Vs/Vp and device parameters.

At the interface between a monodomain ferromagnet
with magnetization parallel to the unit vector m and a para-
magnetic metal, the charge and spin currents, /. and I, driven
by charge chemical potential difference Ay, and spin accumu-
lation in the normal metal Ap, are linear functions of the inter-
face conductances. The conventional conductances g'! and
g! for electrons with up and down spins, respectively, vanish
when the ferromagnet is an insulator. The complex spin-
mixing conductance g'' governs the spin current polarized
transverse to the magnetization. The conductance parameters
are in units of the conductance quantum &2 /h, contain (for fer-
romagnetic metals) bulk and interface contributions, and can
be computed from first-principles.”> For metallic'*"® and
insulating” ferromagnets, Img'! is usually smaller than 10%
of Reg!! and is disregarded below. It is convenient to intro-
duce g =g + ¢!t and p = (g!" — g!!)/g, where g is the
total conductance and p its polarization. The continuity equa-
tion for spin current and spin accumulation p'! in N1 reads
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FIG. 1. Schematics of the spin torque transistor. The contacts are ferromag-
nets in a flux closure configuration. The circular disk is made form a
magnetic insulator with easy plane magnetization, while the rectangles rep-
resent normal metal thin films. 6 is the angle between base magnetization
and y-axis.

ezN(O)V,,] N1

E+10 410 = [TAR (1)

Tst
where If/ D/B are the spin currents flowing from the source/
drain/base ferromagnets into the spacer N1. N(0) and V,,
are the density of states at the Fermi level and the volume,
and 7y is the spin-flip relaxation time. Spin-flip can be dis-
regarded in the normal metal node of small enough struc-
tures made from metals with weak spin dissipation such
AL Cu,' Ag,'® or graphene.'” The spin-flip in the source
and drain electrodes can simply be included by taking their
magnetically active thickness as the smaller one of the
spin-flip diffusion length and physical thickness. The elec-
trically insulating base electrode is assumed to be thin and
magnetically soft. The source-drain current /5, has been
derived earlier'® in terms of g5 and pg, the normal conduct-
ance, and polarization of the metallic source/drain contacts
and gl (gh') is the spin-mixing conductance of the source/
drain (insulating base) contacts. Igp depends on the base

I =

2p%(1 — d)tan Oy
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magnetization angle 0 with respect to the y-axis. The tor-
que r%”(@) on the base magnetization created by the spin
accumulation in the space is proportional to the transverse
spin current into the base.'® We disregard effects of the
@rsted field produced by Isp. A steady state with finite 0
exists when ‘cg ! is exactly canceled by an external torque,
either from an applied magnetic field or a current-induced
torque from the top layer. We assume the same parameters
for the upper and lower sections such that t3%(0)/Vp
= th!(n/2 — 0)/Vs (see Fig. 1), where Vj is the voltage
over the upper layer. We keep the ratio between the mix-
ing conductances of metal and insulator variable, viz.
chose gs : gy :glgl =1:1:p. The stationary state of the
biased spin torque transistor is described by the angle 6 at
which the two torques on the base magnet cancel each
other. t§!(0p) = 4%(0y) then leads to the transcendental

equation

Vs tan®l0p+e€ 1

Vg etan26y + 1tanfy’

@3

where €= (f+2)/2f+2). With 6=1/(f+1), the
source-drain conductance becomes

ISD(VSaVB) . e’ gs 26+5taH290 3

VS _h2< Ps e+tan200)' ()
With increasing pg, strong non-linearities develop which for
large polarizations lead to negative differential conductances
for Vg / Ve=1.

We concentrate on the differential current gain I' = 7/G
as a representative figure of merit, where T = (dIsp/dVp)y,
= (0lsp/00)y, (00/0Vp)y, is the differential transconduc-
tance and G = (dISD/dVS)VB = [SD/VS + (GISD/(’)H)VS (80/
dVs)y, the differential source-drain conductance G. While
Ref. 3 focused on angles 6y — 0, we extend the calculations
of the spin torque transistor device characteristics to arbitrary
working points 0y controlled by the ratio of the applied
voltages. The differential gain then reads

14+ (3¢ — 1/e)tan? O + tan* 0y — p3[1 + (3e — d/€)tan® Oy + dtan*6y]

By substituting the solution of Eq. (2), we calculate the dif-
ferential current gain I as a function of Vs/Vp and plot it in
Fig. 2 as a function of the ratio Vs/Vj and different values of
the conductance polarization of the metallic ferromagnetic
contacts ps. The differential current gain can be huge, partic-
ularly, near the half-metallic limit of pg = 1, indicating that
the contacts should be fabricated from high polarizations
materials such as certain Heusler alloys or very thin MgO
tunnel junctions. The device performance depends strongly
on all parameters and is by no means universal. The critical
value of pg for vanishing differential resistance G(0y) =0
can be computed as

“

o1 [5Sp 4288+ 32
Pstb) = \5a—5 = 9p% + 328 + 32 ®)

—»lgicz(l74536(ﬁ-—eoo). (6)

p can be increased by reducing the source/drain contact areas
or by introducing tunnel junctions although this will increase
the response time. It should also be kept in mind that our
results are valid only when the spin accumulation is not
strongly affected by spin flip assuming that 1! /pseVs = 1.
The error involved can be estimated by the spin
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FIG. 2. Differential current gain as a function of the voltage ratio Vs/Vp for
different values of ps. (a) f =1, (b) f =S5. Insets represent the divergent
gain for the critical pg.

accumulation of the spin valve for 6 = 0, for which the spin
accumulation is limited by the spin relaxation according to"

N1
pseVs

where py; is the bulk resistivity, Ly, the length, and Ay, the
spin diffusion length. Figure 3 shows this ratio for
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FIG. 3. Spin accumulation in N1 for 0 = 0 as a function of the interface re-
sistance Rs = hA/e?/gs for a node length of Ly; = 200 nm.
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Py|Cu, Py|Ag, Py|Al, Co|, graphene, using the (room tem-
perature) parameters. py = 2.9, 2.0, 3.2, and 3.0 uQcm, and
Ax =400, 700, 600, and 2000 nm for Cu, Ag, Al, and gra-
phene, respectively. 16.:20.21

The SHE?? refers to the spin current induced transverse
to a charge current through a nonmagnetic material with
spin-orbit interaction. Recently, large spin Hall effects have
been reported in platinum® and CuBi alloy.'" f-tantalum’
and S-tungsten'® generate spin Hall currents large enough to
induce spin-torque switching of ferromagnetic contacts. The
strength of the SHE is measured by the spin Hall angle
defined by the ratio, osy = I,/I., where I, is the transverse
spin current induced by a charge current /.. asg = 0.07 for
Pt,”® —0.15 for f-Ta,” —0.3 for f-W,'® and —0.24 for CuBi
alloy'' have been reported. We therefore suggest a device
that we call spin Hall torque transistor. Here, the control spin
valve (upper one in Fig. 1) is replaced by a normal metal
film with a large spin Hall angle. For the cited values of ogy
its performance is comparable to the one discussed above,
but easier to fabricate. We point out the interest of simple
bilayers of a spin Hall metal and magnetic insulator, in
which a magnetoresistance effect has been discovered
recently, viz. a dependence of the electrical resistance in the
normal on the magnetization angle of the neighboring mag-
netic insulator, the spin Hall magnetoresistance.24’25 We can
therefore envisage a device in which both spin valves are
replaced by films of a metal with a large spin Hall angle. In
this case, the steady state magnetization angle is simply
0 = arctan(Vp/Vs). However, such a device would not
provide gain even for agy = 1. We therefore consider in the
following a hybrid device consisting of a source-drain lateral
spin valve as before and only replace the upper one by a spin
Hall metal.

We treat the upper layer (spin Hall system) by diffusion
theory with quantum mechanical boundary conditions at the
interface to the insulating magnet.”> At 0 = 0(n/2) the
source-drain current into (or torque on) the magnetic insula-
tor vanishes (is maximal) while that from the upper film is
maximal (vanishes). Following Ref. 25, the torque exerted
by SHE reads

s Ac  2)Glstanh(d/27)
Tg (9) = — 0SH —VB
20777 L7 g 4 2)Gjhcoth(d/2)

s, (3)

where ¢ is the bulk conductivity, d the film thickness,
A =LW the cross section of the contact, with L and W the
length and width of the (rectangular) wire in contact with the
YIG disk, and Gglz(: ezg;iz /A/h) the real part of the spin-
mixing interface conductance per unit area for the top
contact.

The torque-induced rotation from 6 = 0 suppresses the
spin accumulation and increases the source-drain current. As
before this may lead to vanishing differential conductance.
We choose a model system with pg and agy variable, but
other parameters fixed, viz. gg : ggl : gy, : gl}z =1:1:0:y.
The two torques on the base magnet cancel each other, when
N1(0) = 151(6) or

Vs_tan290+€ 1

Vg  tan20y + ltan 0y’ ©)
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where F=K(1 —¢€),e=(f+2)/(2f+2), and

Appl. Phys. Lett. 102, 192412 (2013)

The enhancement factor F' ~ L scales with the SHE metal
wire and the base magnetic insulator contact length because

K — Zengé Ps [ kS gA + coth d] coth d ) (10) the spin cur.rent de'nsity' is governed by the electric field
hA oosy |2y e*gs A 24 Vg /L. The differential gain now reads
|
1 2p}e(1 — d)tan 0

T Fet (3¢ — 1)tan? 0 + tan* 0 — p3[e + (3¢ — d)tan? 0 + Jtan* 0]

By substituting the solution of Eq. (9), we calculate the dif-
ferential current gain I as a function of Vs/Vp and plot it in
Fig. 4 for different values of the conductance polarization
and the spin Hall angle ogy.

The critical value of pg at which G(6) = 0 in Eq. (11)
becomes

9 — 1 7B+ 16
ps(B) =/ 92 —5 9§+ 16 (12)
H?:o.sng (B — o). (13)

FIG. 4. Differential current gain in the spin (Hall) transistor as a function of
the voltage ratio Vs/Vp for different values of ps and ogsy
(B=7y=5,2¢s/h/(Lo) = 1,K = 5ps/6/osn). (a) osy = 0.3, (b) asy = 1.
Insets represent the divergent gain for the critical pg.

Y

The spin (Hall) torque transistors can display negative
differential resistance and differential gain by controlling
source-drain current by the competing spin transfers on both
sides of the base magnetization. We represented the negative
differential resistance and gain as a function of the ratio
between the base voltage and the source-drain voltage.
These device can operate at room temperature, but in order
to be useful, ferromagnetic materials with polarizations close
to unity and normal metals with a large spin Hall angles are
required. These parameters are still quite high but might be
accessible with special materials. The base contact should be
a magnetic insulator in order to suppress undesired cross-talk
and have a large mixing conductance with the normal metal,
which is known to be the case for YIG.”® Tunnel junctions
or reduced contact areas for the source-drain contacts
improve the differential gain but slow down the response
time and require reduced spin-flip scattering. The contact
between the metals and YIG should be relatively large. Since
the current-induced torques due to the spin Hall effect are
comparable to that from spin valves, the performance of the
spin (Hall) torque transistor can be comparable to the old
type, but might be easier to fabricate. We also note that while
ps < 1, agy is not limited by any principle.

The spin torque transistor provides analogue gain; this
in contrast to the Oersted field-operated digital scheme in
Ref. 2 (that, by the way, could also work with the spin Hall
effect). A disadvantage of the spin torque transistor is the
stand-by current that is analogous to the leakage current in
bipolar transistors. It depends on the magnetic quality of the
YIG disk and the demands on the response time. When the
in-plane anisotropy vanishes it is, in principle, possible to
control the magnetization direction by arbitrarily small cur-
rents. The full electric control of the magnetization direction
without need for magnetic field might find applications as
well.
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