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Unipolar spin diodes and transistors
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Unipolar devices constructed from ferromagnetic semiconducting materials with variable
magnetization direction are shown theoretically to behave very similarly to nonmagnetic bipolar
devices such as the-n diode and the bipolajunction transistor. Such devices may be applicable
for magnetic sensing, nonvolatile memory, and reprogrammable 10gi20@L American Institute

of Physics. [DOI: 10.1063/1.134831]7

Until recently the emerging field of magnetoelectronicswhich will be referred to as a spin transistor. These devices
has focused on magnetic metals for conducting comporientscould function in a similar way to GMR or MTJ devices, in
Multilayer magnetoelectronic devices, such as giant magnewhich the resistance of the device changes due to a change in
toresistive(GMR)? and magnetic tunnel junctiotMTJ)®>™®  the magnetization direction of one layer. As the parallel con-
devices, have revolutionized magnetic sensor technology arfijuration (or “low-resistance state)’ would be of higher
hold promise for reprogrammable logic and nonvolatileresistance than that of the GMR or MTJ devices, these de-
memory applications. The performance of these devices imvices would match better the typical impedance levels of
proves as the spin polarization of the constituent materiatonventional semiconducting technology.
approaches 100%, and thus there are continuing efforts to The aspects of these devices we will emphasize in this
find 100% spin-polarized conducting materials. letter, however, are the presencechfirgecurrent gain in the

Doped magnetic semiconductors are a promising direcspin transistor and the sensitivity of this gain to magnetic
tion towards such materials, for the band-width of the occufield. Specifically, thel =V characteristics—unlike those of
pied carrier states is narrow. For example, for nondegeneragevices based on magnetic metals—are inherently nonlinear,
carriers and a spin splitting of 100 meV the spin polarizationwhich allows the amplification of spin-polarized charge cur-
will be 98% at room temperature. To date high-temperatureent. This suggests new modes of operation of these devices
(Tcuie>100K)  ferromagnetic  semiconductors such asin reprogrammable logic, nonvolatile memory, and magnetic
Ga,_,Mn,As are effectivelyp doped.Semimagneticddoped  sensing.
semiconductors like BeMnZnSe, however, have already been |n our presentation of the current—voltage characteristics
shown to be almost 100% polarizgih the case of BeMn-  of the spin transistor, we will frequently allude to a funda-
ZnSe h a 2 Texternal field at 30 K°® Both resonant tunnel- mental analogy between unipolar ferromagnetic semiconduc-
ing diode$ and light-emitting diodéshave been demon- tors and nonmagnetic bipolar materials. This analogy is best
strated which incorporate one layer of ferromagneticyisualized in the relationship between a spin diode and the
semiconductor. It is inevitable that devices incorporatingraditionalp-n diode. Shown in Fig. (&) are the band edges
multiple layers of ferromagnetic semiconducting materialgf the conduction and valence band for a traditiopah
will be constructed. diode in equilibrium. The quasifermi levels are shown as

Motivated by this possibility, we have investigated the gashed lines. To assist in exploring the analogy with the spin
transport properties of specific device geometries based offiode, Fig. 1b) shows the energies of the elementary carriers
multilayers of spin-polarized unipolar doped semiconduc-n those bands: conduction electrons and valence holes. This
tors. Previous theoretical work in this area includes spinnfamiliar diagram is obtained merely by noting that the
transport inhomogeneousemiconductors'® and calcula-  energy of a hole in the valence band is the negative of the
tions of spin filtering effects in superlatticEsOur interest energy of the valence electrdrelative to the chemical po-
here is on the nonlinear transport properties, particularly thgeptia). We introduce Fig. () in order to point out the
behavior of thechargecurrent, of two- and three-layer het- simjlarities with the band edges for the spin diode. Shown in
erostructures. We focus on two device geometries, which fofijg 1(c) are those band edges, which are also the carrier
simplicity we will assume are uniformiy doped(p doped  energies. Just as for tien diode, in the unipolar spin diode
devices behave similarly, but with opposite sign of theihe majority carriers on one side are the minority carriers on
charge current The first, which will be referred to as a spin he other side.
diode, consists of two layers with antiparallel majority car- o major difference, however, is that the two types of
rier spin polarization and is in many ways similar to the MTJ ¢4 riers in thep-n diode have an opposite charge, whereas in
devices based on metals. The second is a three-layer configye gpin diode they have the same charge. One implication of
ration with alternating majority carrier spin polarization, iis is that in thep-n diode the interface between the layers
is a charge depletion layer whereas in the spin diode the
3Electronic mail: vignaleg@missouri.edu interface is aspin depletion layer. The strong spin—density
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\ B . t_;f\_ For ease of use as components in integrated circuits, a
\ . . . .
E oo <o st oo BEEETNALL magnetoelectronic device should allow for magnetic manipu-
JEm, ST © T=s Y IE=k 4 _ ( : )
-L lation of the charge current gain—to achieve this we describe
the spin transistor, shown in Fig. 2. Analyzing this structure

in a similar way to a bipolar nonmagnetic transistor, the col-
FIG. 1. Standard and carrier energy diagrams for a traditipraldiode vs lector current density is
unipolar spin diode under equilibrium conditiote@—(c), forward bias(d)—
(f), and reverse biaq)—(i). J
lo=— =00 [ (g aVea/kT_1)
sinh(W/L)

radient is maintained by the gradient of a self-consistent
g y 9 — (e 9Vee/kKT— 1)cosHWI/L)]

exchange field? Another major difference resulting from the

charges of the carriers is the way the carrier energies shift —qJo[edVes/kT—1] (4)
under bias. ) )
In the p-n diode under forward bias, the barriers for both @nd the emitter current is
valence hole and conduction electron transport across the qJdo Ve T
junction are reduced. As shown in Figgdland Xe) this le=— sink(TL)[(e aVes’ " —1)cosiWI/L)
leads to an increase in the conduction electron current to the
left-hand side and the valence hole current to the right-hand — (e WVes/kT—1)]+qJ [ edVes/kKT—1]. (5)

side. Because_the c_arriers have an opposite charge_, both iJi‘he base width i8V, the voltage between emitter and base is
creases result in an increased charge current to the right-ha | <0, and the voltage between collector and baséds

side. For the spin diode, only the barrier for spin up electrons>0 The base current is=1c—1c. WhenW/L is small

moving to the Ieft-ha_nd side is rgduced—thg bamgr for Spin s<<lc, which is the desired situation for transistor operation
down electrons moving to the right-hand side is increased,

. . ; . urrent gainl ¢ /1g>1).
The charge current is thus directed to the right-hand side ang g e ) ) . .
the spin current to the left-hand side. Under reverse bias the The “emitter efficiency” y, defined as the ratio of the
barriers for carrier transport are both increased inghe  Majority spin—direction charge currefy, to the total emit-
diode [Figs. Xg) and 1h)], yielding rectification of the ter currentlg,™is 1-ed £ and thus very close o one.
charge current. For the spin diofigig. 1()], one barrier is However, in contrast to bipolar nonmagnetic transistors, the
reduced and the other increased. Thus, the charge current igolléctor multiplication factor” M, defined as the ratio be-
not rectified but the spin current is. Applying analogous asfween the full collector currente. and the majority spin—
sumptions to the Shockley assumptions for an ideal diodedirection charge currer ,™ is given by
we find the charge current densify, and the spin current M = 1+ sinh(W/L e Veet Vesl/kT, 6)

densityJs depend on the voltageé according to o _ )
which is close to 1 only ifWW/L is small.

Jq=2qJg sinn(qV/KT), 1) Thus, we have shown that it should be possible to pro-
) gram a logical circuit which behaves like a bipolar logical
Js= 21y SintF(qV/2KT), (2 Gircuit, using a uniformly doped unipolar magnetic material.

The “p”-like regions correspond to regions with the magne-
tization pointing one wayZ) and the ‘h”-like regions cor-
respond to region with the magnetization pointing alend
Such logical circuits can include memory circuits, thus indi-
cating that nonvolatile memory can be constructed as well.
We now turn to magnetic sensing applications. For

P=(2qJs/%J,) =tanqV/2kT). 3 GMR and MTJ devices the sensing is performed by allowing
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whereJo=Dn,/L,,, qis the electron chargd/ is the volt-
age,k is Boltzmann'’s constant, is the temperaturé; is the
Planck’s constant) is the diffusion constanty,, is the mi-
nority carrier density, andl,,, is the minority spin diffusion
length. The resulting spin polarization of the current is
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the magnetization of one layer to rotate easily in the presencthere is a finite probability that the electrons emerge from the
of an external field, and observing the resistance change. Gfin depletion region with their spins flipped. We have ana-
course the spin diode could perform this way as well. Thdyzed this case and find that, due to the high resistivity of the
spin transistor, however, can detect magnetic fields sensio-spin—flip channel, the voltage drop still takes place
tively even when the magnetization direction of the semiconmostly across the spin depletion region, unless the probabil-
ductor layers is unchanged. ity of no-spin flip is utterly negligible. The latter case can
The effect of an external magnetic field on any section ofoccur if majority spin orientation carriers from one side of
the spin transistor is principally to shift the minority band the junction can directly tunnel into the majority spin orien-
edge. If the chemical potential is pinned by the external cirtation band of the opposite side, as opposed to being ther-
cuit the majority band edge does not move significantly.mally excited above the exchange barrier into the minority
Thus the spin transistor is a minority-spin devigecontrast  spin orientation band. If loss of spin coherence becomes a
to the “spin field-effect transistor,® which is a majority-  serious problem, the domain wall can be replaced by a non-
spin device. The collector and emitter currents in the pres-magnetic region, as is currently done in MTJs. In the pres-
ence of magnetic fieldBg, Bg, andB¢ applied to the emit- ence of the nonmagnetic region, the relevant length is the

ter, the base, and the collector, respectively, are spin coherence length, which can be quite long.
qJ The remaining three assumptions are of less concern.
le=— ———f(gl~9Ves~9uBal/kT_ 1) 4 cosW/L)} Assumption(2) commonly holds in semiconductor devices
sin(W/L) so long as the applied voltage is not too large. If the spin
— qJqeldVostanBe/kTI_ 11 ) splitting in the magnetic regions is sufficiently large com-

pared to the operation temperature then assumg8pmill
hold. Assumption(4) relies on the spin coherence time
greatly exceeding the transit time through the depletion re-
gion (for the spin diodgor the basdfor the spin transistor
—0Jo- (8) Measurements of long spin coherence times in semiconduc-
Hereg is theg factor andu is the magnetic moment of the tors near room temperatdre® indicate this assumption is
electron. These currents depeedponentiallyon the mag- reasonable.
netic fields applied to the base and the collector, but not on
the emitter fieldBg. Materials such as BeMnZnSe hage
factors close to 1000thus yielding a change in current of
roughly 0.01% per gauss at room temperature, which is stil
in the linear region of the expansion of the exponentials in
Egs.(7) and(8). However materials with still largeg factors
may yet be found(typical sensitivity of GMR devices is G- Prinz, Scienc@82 1660(1998; 283 330(1999.
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