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Effect of electrical bias on spin transport across a magnetic domain wall
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We present a theory of the current-voltage characteristics of a magnetic domain wall between two
highly spin-polarized materials, which takes into account the effect of the electrical bias on the
spin-flip probability of an electron crossing the wall. We show that increasing the voltage reduces
the spin-flip rate, and is therefore equivalent to reducing the width of the domain wall. As an
application, we show that this effect widens the temperature window in which the operation of a
unipolar spin diode is nearly ideal. @004 American Institute of Physics
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INTRODUCTION currentJs=J,—-J;, where “up” points in the positive direc-
he di f the gi . tion. If the domain wall is sufficiently sharg.e., more pre-
The discovery of the giant magnetoresistance efiect cisely, if d is much smaller thai/y2m'A, wherem’ is the

the rapid growth in the number of its industrial appl'cat'onseﬂ‘ective mass of the electrons ands the magnitude of the

have raised the hope that a similar breakthrough, perh_aps_ Q change splitting between the up- and down-spin bands
even broader consequence, may result from the combinati en the spin of an electron crossing the junction is essen-

of established semiconductor technologies with a preclsﬁally conserved. Under these conditions a unipolar device

control of the spin degree of freedom. As part of a growing . )
. y . . .2 ., ~(where the charge carriers on both sides have the same po-
effort in what has been called “semiconductor spintrorfics L . : )
Iar(l}y) is analogous to a classicatn diode, with up and

several spin-based devices have been designed and discus%e : :
: ) . own spins corresponding to electrons and holes, and the
during the past few years: we mention, for example, the

Datta-Dad spin transistors, the bipolar spin diodes of Zuti optposnelydalltgned metlgr?eltécpr\eg]onls pI:ylpg thehroletﬁf the
et al® and transistors of Flattét al.® and, lastly, the unipolar p;]ype andn-type rg%erlat. i ka? ar eVICe.(tW ere He
spin diode and transistor of Flatté and \ﬁgn?i?e.é\ll these ~ CNarge carrers on dilierent Sides have opposite pojecy

devices, while still largely theoretical, are actively pursued ina!So be analyzed in th's contgxt under conditions O.f forward
the lab, since they might eventually prove useful for Com_blas. A key assumption, particularly in the analysis of the

puter operation such as nonvolatile memory and reprograntNiPolar spin diode, is that the applied bias voltage drops
mable logic. almost entirely across the junction, whose resistance is there-

At the heart of many of the above-mentioned devices id°Te Supposed to be much higher than that of the rest of the
a magnetic junctiotior magnetic domain walli.e., a region structl_Jre. Indgeq, recent experlmental work_ has confirmed
of inhomogenous magnetization connecting two regions ofat highly resistive and well localized d?maln walls can be
different homogeneous magnetizations. In this paper we ex€alized at nanoconstrictions in Gf’*’l;esl' Coherent_spin
tend the conventional theory of spin transport across such %ansport across highly resistive vertical tunnel junctiérié
junction to include the effect of the electric field in the inho- May also be analyzed based on models such as we present
mogeneous region between two highly spin-polarized matelere.
rials. Our work is motivated, in part, by recent insights on  An important deviation from ideality, namely, the pos-
the role of electric field on the efficiency of spin injection Sible occurrence of spin-flip processes in the junction, was
across a magnetic interfacand, more specifically, by the €xamined in detail in Ref. 8. Such spin-flip processes are
recent discussion of the unipolar spin diode in Refs. 7 and gesponsible for the appearance of a lower critical temperature
A simple model for this device is two ferromagnetic conduct-Pelow which minority-spin injection is no longer operative
ing slabs, denote®, and F,, with oppositely aligned mag- and direct tunneling between the majority-spin bands per-
netizations, connected by a domain wall of widdh The  Vverts the operation of the diode. However, the analysis of
direction of the exchange fielé(x) within the domain wall  Ref. 8 did not account for the electric field that is present in

rotates linearly through an angtein the z-x plane, i.e., the domain wall region when an external bias is applied.
From the high-resistivity assumption we know that this field
L5>(x) = By[COS A(X)X + sin A(x)Z] (1) is significant, and from the work of Yu and Flattée know

that even a modest electric field, in a semiconductor, can
where -w/2<6§<w/2 and O0<x<d. We distinguish be- have a large and favorable effect on the efficiency of
tween the component of the current due to “up-spin” elec-minority-spin injection. These considerations motivate us to
trons J; and that due to “down-spin” electror, and ac-  refine the analysis of Ref. 8 to include the effect of the elec-
cordingly define the charge curredy=J,+J, and spin tric field on the spin-flip rate. The outcome of the improved
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analysis is both interesting and reassuring: on one hand, it %

shows that the electric field greatly favors minority-spin in- f thrsn(E)e K TdE
jection, thus widening the temperature window in which the Tofesn = 0 —
spin-diode exhibits an “ideal” behavior; on the other hand it f
confirms the essential validity of the original treatment of

Ref. 7.

(4)
e—E/deE
0

Together with the standard drift-diffusion theory and other
observations noted in Ref. 7, the continuity condition yields
the following expressions for the charge current and spin

We now review some of the essential aspects of théurrents near the domain wall as functions of voltage and
analysis from which the results above are obtained. In purlemperature:

THEORY

suing the natural analogy betweem diodes and unipolar J eV T eV

spin diodes, a number of assumptions are required, which J—q=sinl—<k—_|_) 1 +titanhz<%_) ,

closely correspond to those introduced by Shockley for an 0 nf

ideal diode*® (1) within the diode, the voltage drop occurs _

mainly across the domain wall junctio(2) the Boltzmann Js _ Zsin}?<e—v)[1 + Etam<e_v)} (5)
approximation for transport is applicabl€d) the minority Jo 2kT b 2kT/ |’

carrier density is small compared to that of majority carriers
and (4) there is no “recombination current” in the domain
wall.

With these assumptions in mind, we can begin a recon
struction of thel-V characteristics by considering the action
of a single electron incident on the domain wall. There ar
four possibilities[from the four possible combinations of
reflection(r) or transmissior(t), with spin flipped from its
original orientation(sf) or not flipped(nf)], the probabilities
of which will be denoted:rg,r,tsr, th. Throughout our
analysis, we will consider this set of coefficients to be the 7 & é(sin 6(x)  cos6(x) ) v (l/ﬁ)
controlling quantities in the behavior of the spin diode, as “omax® 2 \cos 0(x) —sin 6(x) VI ¥
they form the basis for all subsequent calculations. When a
voltageV is applied to the diode, we can think of the regions = E(% ) (6)
F, andF, as two majority spin reservoirs of opposite align- ¥

r_nerllt at ﬁ,uﬁSiFhﬁmiCbal potegtialq:do andu,=eV, res_peb?— Iwhere V(X)=—-€€x is the term associated with the electric
tively, which, it has been observed, are not appreciably alyq|y ¢ that is created by the potential applied across the

te'red.by the presence of curren'F. Then the majority- a.n(éjomain wall. The presence of this term prevents us from
mlnorl'ty-s'pm currents in these regions, dug to electrons Wlﬂ?inding a purely analytical solution, and a numerical solution
energies in the rangE, E+dE), are described component is therefore computed. Imposing the appropriate matching
wise by (see Ref. § conditions at the domain wall interfaces 0 andd, the

where the upper sign holds I, the lower sign inF4, and
Jo= 2eDn(<°)/Ls, D being the diffusion constan’n(f) the equi-
librium value of the minority spin density, arld, the spin
diffusion length. Clearly the-V characteristics of the diode
depend critically on the value of thg/ty, which will here-
€after be referred to as the “key ratio.”

In order to calculate the reflection/transmission prob-
abilities, we must solve the Schrddinger equation for the
electron wave function in the domain wall

j1(E) == [1=r(E)]f1 (E) + tAE)f 2 (E), transmission/reflection probabilities are obtained.

j11(E) = r(E)f1 (E) + t(E)f21(E), RESULTS

j21(E) =[1 = ro(E)]f 5 (E) — ts(E) 1 (E), When bias produces an electric field such td is of

_ the same order as the spin splitting in this region, the values
j2/(E) = = r(E)f51 (E) = to(E) 4, (E), (2)  of these probabilities change according to whether the field

where the function,,,(E) are the equilibrium distributions accelerates or impedes the motion of incident electrons
of the carriers ofr-spin orientation in regioff,, withn=1or  through the wall. To assist in observing these effects, we
2. To make use of these formulae, we observe that Boltzdefine the dimensionless parametarsA/(7%/2mdf) which
mann statistics impIiesllszTe‘ev’kT, and that, as will later measures the relative size of the domain wall barrier, and
be demonstrated in the general calculation, the coefficignt =e&d/(7i?/2mdf), which measures the relative strength of
is very small at all energies. We then integrate over all enerthe electric field. Values foA in the range 0.1-0.5 will be
gies to obtain the total current in each region, and imposeonsidered to describe a thin domain wall, 1-5 an interme-
continuity conditions ak=0 andx=d to get diate size one, and 10-50 a thick one. We note for the wall

I(-d2) T +TeeVKT in Ref. 103~_70 which is Withi_n an order of magnitude of

1(d2) :t_ e ok (3 the intermediate size range. Figur@lshows the four coef-

s T ficients as a function of electron energy fbe=2.25 and zero

where t,=ty*ty, and the two terms in the sum are electric field. The essential trends can be easily discerned: at
population-averaged transmission coefficients given by energies less thaf, r is approximately unity as expected,
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(a) creases rapidly while,; andtg; plummet. We note finally that
! N tnf It remains approximately zero uniformly over all energies,
0.8l s as previously announced.
It _ The introduction of an electric field due to current flow
0.6 RN A=2.25,¢ =0 has the effect of splitting the relevant energy thresholds
o [Figs. Xb) and Xc)], and the size of the domain wall will
oA h determine whether this shift is consequential. The minimum
0.2 sf \ It energy required for transmission without spin flip is reduced
Sy to A-e. The trends follow in a very similar fashion, with the
0.0¢ 1 2z oSS Ess transmission/reflection coefficients in the energy range

(O,K—s) reaching approximately the same values as their

zero-field counterparts in the rangaa,K), but doing so more
rapidly in the narrower energy interval, while the coefficients

for energy larger tham\—e tend to move more gradually
toward the same limit¢ t,;— 1 andr;—0 as the electron
energyE grows. Of course electrons of smaller energy can
now be transmitted through the reduced barrier, thys
jumps at this earlier energy threshold, and again at the origi-
nal barrier energy just slightly. Ase exceeds\, the trans-
mission probability is significant at almost all nonzero ener-
gies; ty; continues to increase uniformly while all other
coefficients are suppressed. This will occur almost immedi-
nf ately for small values oA. For large values of\, however,
one would have to go te> A in order to have a substantial
level of minority spin injection: but at this point the resis-

A=2.25,¢ =3

0.6 tance of the junction would be too small to support such a
nf large electric field. Hence the influence of the electric field is
0.4p profound for thin domain walls and essentially negligible for
0.2 ‘/ t Fst thick ones.
A \L These observations account for the main aspects of be-
0. s i 7= st — havior of the key ratio as a function of electric figkke Fig.
E 2). Physically, values of the key ratio greater than unity sig-

FIG. 1. The reflection and transmission coefficients for an intermediate siz@'fy the dominance of minority-spin injection. Agaln, far

domain wall(A=2.25 vs incident electron energyE = E/ (72/2md?)] for =0.5, the key ratio is trﬁmendously amplified by the electric
three values of the electric fielda) zero field,(b) an electric field interac- ~ field, since in this limitty goes to zero, and minority-spin

tion abpqt half the size of the splitting= l'), and(c) electric field exceeding injection is guaranteed for almost any temperature low
the splitting(e=3). The labels of the various curves are showrtan enough not to disturb spin polarization in the conductors, but
high enough to produce an ample supply of carriers above
since the barrier dwarfs the energy of the incident electronthe exchange barriecthis range is typically given by
As the energy increases; begins to drop anty rises at the 0.1A/k<T<0.9A/k). The key ratio depends linearly on
same rate, since it is now possible for the electron to crostemperature for any value df ande, thus for larger, inter-
the barrier if spin alignment is reversed. At the splitting en-mediate barrier sizes, there will be a cutoff temperature be-
ergy threshold, the electron has sufficient energy to traversew which majority spin transmission prevails since most of
the domain wall while maintaining spin orientatioty; in-  the system’s electrons lack sufficient thermal energy to trans-

(a) (b)

kT/A=10

3
“ 2.5
5 2
1.5
1

0.5 2

0 0.5 1
elA
FIG. 2. (a) Key ratio vskT/A for several values of the electric field paramete, 1, ..., 5from bottom up at=5. The dashed line represents the threshold

for minority-spin injection.(b) Key ratio vs dimensionless electric fietdA for kT/A=1-10from bottom up.
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30 window of device operation, bounded by the requirements

for sufficient carrier energy and maintenance of ferromag-
netism, will expand downward for intermediate barrier sizes,
or equivalently, that larger barriers can be accommodated for
a fixed temperature while still preserving minority-spin in-
jection.

We are now ready to discuss the behavior of th¢
characteristics, calculated according to Ex). Clearly when
the key ratio is very large, say5, the contribution of the
second term in the square brackets of Exj.is completely
negligible. In this case the spin curreljtreduces to a strictly
even function of voltage, the ratio of the spin to the charge
currentJs/J, (which serves as a measure of spin polariza-
tion) is odd-in-voltage, and they are both nonlinear. Fig.
3(a)—-3(c) shows an example of the behavior of the spin cur-
rent, the charge current, and their ratio, within the first region
F,. The dashed lines show the results obtained from(&g.
when the value of key ratio is set to the zero-field value. The

domain is again of intermediate thickne®s=2.5), but at
temperatureT=0.5A/k the zero-field value is clearly quite
small andJ; has a large odd-in-voltage component. When the
voltage dependence of the key ratio is included, its rapidly
increasing behavior, previously noted, leads to a quite differ-
ent curve, which is shown by the solid line. This is clearly
much closer to the “ideal” behavior of the spin current, de-
scribed in Ref. 7.

0.7 () 0. 75 () In conclusion we have shown that the electric field can

0.5 0.5 assist in maintaining the spin polarization of carriers travers-
2 0.25 gy,o.zs ing a magnetic domain wall, and consequently the ideél

SN, 0 \\/ characteristics of the spin diode should be more easily attain-

025 o =025 able than expected.
-0.5 ’ -0.5
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FIG. 3. Plots of the sp£1 currerd;, the charge currenl,, and their ratio from DARPA/ARO Grant No. DAAD19-01-1-0490. and

Jg/Jq vs bia_s voltage foa=2.5 and two different values of the temperature: from the UMC arts and science undergraduate mentorship

(a)—(p) kT/A:O.S_and(d)—(f) kT/A=0.2. The dashed lines sho_w the res_ults program, under which this work was initiated.
obtained by treating the key ratig/ty; as a constant equal to its zero-field
value, while the solid line is the result obtained with the voltage-dependent,
key ratio.
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