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In an inhomogeneously-doped magnetic semiconductor, spin relaxatiof tiwen be determined

by all-electrical measurements. Nonequilibrium spin injected in a magretic junction gives rise

to the spin-voltaic effect, in which the nonequilibrium spin-induced charge current is very sensitive
to T, and can flow even at no applied bias. It is proposed Thatan be determined by measuring
thel -V characteristics in such a geometry. In a magnetio junction, for which the results can

be calculated analytically, it is also possible to extractgtiactor and the degree of injected-carrier
spin polarization. ©2003 American Institute of Physic§DOI: 10.1063/1.1536270

In examining the properties of spin-polarized transportdonors. Within the depletion region<{d,<x<d,), we as-
in solid state systems, one of the key physical quantities isume that there is a spatially-dependent spin-splitting of the
the characteristic spin relaxation time, and the related carrier bands. Such splitting, a consequence of doping with
length scale, spin diffusion length,, both describing the magnetic impurities, can occur in different situations. For
decay of nonequilibrium spin. These spin relaxation paramexample, in ferromagnetic semiconductdtsr in the pres-
eters play crucial roles in various novel spintronic ence of magnetic fiel@, the spin splitting could arise from
applications: Unlike conventional charge-based electronics,either having inhomogeneousfactors or by applying an
spintronic devices rely on manipulating nonequilibrium spin.inhomogeneous magnetic field. While our method is appli-
SinceT, andL determine “spin memory,” they effectively cable to all of these cases, we focus here on the last two
set an upper limit on the time required to perform variousinstances and further assume that the carriers obey the non-
device operations and the possible optimal size of spintronic
devices. In semiconductor spintronfcspin relaxation of (a)

injected
carriers(electrons and hol¢ds a complex process® For a qu%m ©
given temperature and doping, several different mechanisms =
contribute to spin relaxation, which is sensifieo strain, B #m

dimensionality, and magnetic and electric fields. It would be [
highly desirable if the same semiconductor structures that
hold promise for spintronic applications could also be used .

to probe spin relaxation. Previous methodiso measurel; (b) R =

have typically used optical techniques or electron spin reso-

. . ’ p n ©

nance, and there are suggestions for employing various trans-

port effects?® ~ § n ‘J@
In this letter, we discuss a proposal to determileby €LV

all-electrical measurements from the-V characteristics. o _ _
This method can be viewed as a generalization of the conf'G- 1. Scheme of a magneti-n junction. (a) Band-energy diagram with
spin-polarized electron@rrow9 and unpolarized holegircles. The spin-

cept ofspln-chargecouplmg, 'erdulced in metals by Sils- splitting 2q¢, the nonequilibrium spin polarization at the depletion edge
bee and Johnson, to inhomogeneously-dopeda(d,), and the region where the spin is injected, are depid®dCircuit
semiconductor8.We show how several features, specific togeometry corresponding to panéd). Using circularly polarized light

semiconductors(bipolar transport by both electrons and (photo-excited electron—hole pairs absorb the angular momentum carried by
incident photol, nonequilibrium spin is injected transversely in the non-

holes, bias-de_pe_ndent depletion _region, and_highly non_”_ne%agneticn region and the circuit loop fof—V characteristics is indicated.
| -V characteristics can be exploited to provide a sensitive Panels(c)—(e) indicate alternative schemes to inject spin into theegion.
probe forT;. Schemegc) and(d) rely on the magneti¢paramagnetic or ferromagnetic

. . . material to inject spin electrically. Realizations depictedbiy (c), and(e)
To illustrate our proposal, we consider a magneten are suitable to demonstrate spin-voltaic effeatere:(1) in a closed circuit

junctior"® as sketched in Figs.(d@ and Xb). In the p (n) charge current can flow, even at no appliEhgitudina) bias, in which the
region, there is a uniform doping withN, acceptors iy direction can be reversed either By-—B or by the reversal of the orien-
tation of the injected spin an@) for an open circuit, an analogous reversal
in B or in the spin orientation would change the sign of the voltage drop
¥Electronic mail: igor@cooperon.umd.edu across the junction.
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degenerate Boltzmann statistics. In the low-injection regimetion between the source of spin injection and the depletion
it is possible to obtain the results for spin-polarized transportayer edge and2) the spin diffusion lengti_¢,= DT,
analytically and to decouple the contribution of electrons andtharacterizing the spin decay, that &y(w,). Indeed, one
holes? Following the approach from Ref. 4, we consider can show that
only the effect of spin-polarized electrondt is simple to _ ~
also include the net spin polarization of holéshe result- da(dy) = Sa(Wy)/COSHTW /Lsp), @)
ing Zeeman splitting of the conduction bafEig. 1(a)] is  which from Eq.(3) implies a high sensitivity ofls, to T,
2qZ=gugB, whereg is theg-factor for electronsug is the  (throughLsy). In contrast,J, , do not contain the nonequi-
Bohr magnetong is the proton charge, anglis the electron librium spin and thus have nb, dependence. A direct mea-
magnetic potentia. surement of total charge current to identify [based on
Nonequilibrium electron and hole densities argthe  Js,=Js,(T1)] implies some limitations. At vanishing bias
sum of spin-up and spin-down componentstn|) andp, (V<Vry), whereJ, ,—0, J—Jg, is small, while at higher
while the spin density and its polarization aren,;—n and  bias (V>V andV<Vy) Jis dominated by, andJ,, a
a=s/n, respectively. Equilibrium valuegwith subscript largeT;-independent background. For a simple estimate, we
“0" ) satisfynypo=n? cosh{/Vy) anday=tanh(/Vy), where ~ assume that the electrons have typically higher mobility than
n; is the intrinsic (nonmagnetig carrier density andv;  the holes §,>J,). Consequently, a “signal-to-background
=kgT/q, with kg being the Boltzmann constant afdthe  ratio” Jg,/J,~ao(—d;,) da(d,), if needed, can be readily
temperature. We assufhequilibrium values(ohmic con-  increasedeven above 10%by recalling thatag(—dp) in-
tacty for minority carriers atx=—w,, w, and atx=—w,, creases with I7. To fully exploit simplel -V measurements,
for spin density. To characterize the spin injection,xat Wwe note thafl;=T,(|BJ|) (the preciseB-dependence differs
=w,, we imposeds(w,)=a(w,)Ny, whereds=s—s, and  for various spin-relaxation mechanism§Ve also use the
Sa=a—ay. [Neglecting sp(w,,), which can accompany Symmetry properties of the individual contributions to the
8s(wy), is an accurate approximation whilav{—d,) is  charge current with respect to the applied magnetic field:
gr_eat_er than the hole diffusion Ier_rggchln_ add_ition to spin Inp(—B)=Jpp(B), andJg(—B)=—Jg,(B). (5)
injection by optical mearfs! [depicted in Figs. (b) and _ _ _
1(e)], an electrical spin injectiofiFigs. Xc) and Xd)] has  This follows if we recall that{=B, J,xcosh¢/Vy), Jp is
been reported using a wide range of magnetic mateiald.  ¢-independent, andg,sinh({/Vy). Consequently, by mea-
For a magnetip—n junction, total charge currefitiensity J ~ SUringJ(V,B)—J(V,—B)=2J,,, the largeT;-independent
can be decomposédas the sum of equilibrium-spin elec- background hes then been effectively rernoved. In optical
tron J,, and holeJ, currents, and spin-voltaic curredt,, ~ Schemegsee Figs. (b) and 1] an alternative background
which originates from the interplay of the equilibrium mag- Subtraction can be performgdecall Egs.(1)-(3)] by mea-
netization(i.e., equilibrium-spin-polarization in theregion  Surng the dlfference of th? tota! charge current with left- and
and the nonequilibrium spifinjected in then region. The  fight-hand circularly polarized light, respectively.

individual contributions of) as a function of applied biag To optimize the experimental sensitivity we assume that,
andB [recall that¢ = ¢(B)] are®® with the exception ofT,, all the material parameters are

known, and consider variable sample size that would yield a
D W
.anqL—nno(—dp)cotr(l_—p
n n

(eVIVT_1), (1) large difference inJg, as T, is changed, that is, large

d[da(d,)]/dLs, [see Eg.(4)]. For a givenlLg,, this is
achieved withv,, /Lsy~ 1.5, and to increase the magnitude of
)(eV’VT—l) (2) Jw it is favorable to choose a shom regiort? [Jg,
xcoth@,/L,)] and to consider forward biag>V+y, while
D @ still remaining in the low-bias(low-injection) regime
n Pl viv i iori i
JsU=qL—no(—dp)C0t"< L_)e Tag(—dp) da(dy), <Vy). Sincea priori we can only estimate a range of ex-
n n pected values fof 4, the choice ofw,, should maximize the
) corresponding values of[ a(d,)]/dLs,. The results ob-
whereD,, (D) is the electron(hole) diffusivity, L, andL, tained by this procedure are illustrated in Fig. 2.
are the mrnorrty diffusion length® and % Wp=wp— dp (wn The material parameters are based on GZA®,
=w,—d,) is the width of the bulkp (n) region. There isan =10D,=103.6cnfs !, L,~1.0um, L,~0.3um, andnI
implicit V-dependence div,, , since for the depletron layer =1.8X 106 cm 3, Doplng with N, = Nd 5x 10 cm 2 at
edgé’ d,,*\V,—V, where V,=V;In(N,;Ng/n?) is the V=0 yieldsd, d ~0.4um. For example, expecting that
built-in voltage. The derivation of the Eg&l)—(3) assumes the spin relaxation time will be within 0.01 and 0.16 ns, to
that the depletion region is highly resistivdepleted from  optimize sensitivity, we choose that, for=0.16 ns(which
free carriers®%! The voltage drops between the two ends ofcorresponds td_q,~1.3um) W,/Lsy~1.5. We set(at V
the junction(see Fig. 1, and betweex= —w, andx=w,, =0) W,~0.3um, which leaddsee Figs. (a) and Xb)] to
can then be identified. wW,=0.7um andw,=2.3um. For the injected spin polar-
We next explore some properties of charge current thatzation, we useda(w,)=0.5, and for the maximum spin
will be used to formulate the method for determinifig. splitting 2q¢/V+=0.2, where at room temperature aid
From Eq.(3), we notelg,> da(d,), the spin-voltaic part of [Tesld, one can also writgZ/Vr~900B/g.* The sensitivity
the charge current is related to the nonequilibrium spin. For @f our methods is displayed in Fig. 2, where for approxi-
given injected spin, represented bBw(w,), it follows [see  mately an order of magnitude changeTip, the spin-voltaic

Fig. 1(@] thatJs, should be sensitive td1) W, the separa- currentdg, changes bywo orders of magnitude. Considering
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D,
=) " po(dn)cot
P



Appl. Phys. Lett., Vol. 82, No. 2, 13 January 2003 iutié, Fabian, and Das Sarma 223

10° 4 { andT, are unknown, this procedure to obtdishould then
E be followed by measuring the spin-voltaic current to extract
10 i T,, as discussed earlier. Finally, our analysis could be ex-
3 tended to determinéa(w,) (in addition to andT;). We
42 1 would employ the nontrivial effect of applied bias, which
“-‘E 10 3 modifiesd,, . Effectively, we are changing the separation be-
2 3 ] tween the point of spin injection and spin “detection,” since
~ 10 3 at the depletion edge=d,,, the remaining nonequilibrium
= <] spin can be detected by its measurable effect on charge cur-
10 rent.
We have proposed here hall-electrical measurements
10° 3 can be used to identify several quantities fundamental to the
/L S Sy A S B S understanding of spin-polarized transport in semiconductors.
0.6 V((\)/.ths) 08 The general principle that the nonequilibrium injected spin

can produce measurable effects on charge current should be
FIG. 2. Calculated spin-voltaic curredy, for the magnetigp—n junction as US?fUI bF)th for developlng. deV'Ce. concepts in Ser_n'cl:ondUCtor
a function of forward biagin volts). Lines (top to bottom correspond to  Spintronics, as well as a diagnostic tool for the existing struc-
T,=0.16, 0.08, 0.04, 0.02, and 0.01 ns, revealing the high sensitivity foryras.

probing the spin relaxation time. The dopingNg=N4=5X 10" cm™2. In

the inset the results are displayed fdg=Ny=5x10" cm 3 2 (all the This work was supported by DARPA, NSF-ECS, and the
other parameters remain unchangeddicating that the high sensitivity to |, 5~ NR ' '

T, is preserved at different doping levels.
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