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The magnetic bipolar transist0MBT) is a bipolar junction transistor with an equilibrium and nonequilib-
rium spin(magnetizatiohin the emitter, base, or collector. The low-injection theory of spin-polarized transport
through MBT’s and of a more general case of an array of magpetigunctions is developed and illustrated
on several important cases. Two main physical phenomena are discussed: electrical spin injection and spin
control of current amplificatiomagnetoamplification It is shown that a source spin can be injected from the
emitter to the collector. If the base of a MBT has an equilibrium magnetization, the spin can be injected from
the base to the collector by intrinsic spin injection. The resulting spin accumulation in the collector is propor-
tional to exp@V,e/ksT), Whereq is the proton charge/,, is the bias in the emitter-base junction, ag is
the thermal energy. To control the electrical current through MBT's both the equilibrium and the nonequilib-
rium spin can be employed. The equilibrium spin controls the magnitude of the equilibrium electron and hole
densities, thereby controlling the currents. Increasing the equilibrium spin polarization of théebater
increasegdecreaseshe current amplification. If there is a nonequilibrium spin in the emitter, and the base or
the emitter has an equilibrium spin, a spin-valve effect can lead to a giant magnetoamplification effect, where
the current amplifications for the parallel and antiparallel orientations of the equilibrium and nonequilibrium
spins differ significantly. The theory is elucidated using qualitative analyses and is illustrated on a MBT
example with generic materials parameters.

DOI: 10.1103/PhysRevB.69.115314 PACS nunifer72.25.Dc, 72.25.Mk

[. INTRODUCTION also Ref. 28 where we analyzed spin injection and current
amplification of npn MBT’s with a source spif® Special
Integrating charge and spin properties of semiconductorsases of MBT’s without a source spin were recently studied
is the central goal of semiconductor spintrofiagose pros- by Flatteet al>° who calculated the spin current polarization
pect has been fueled by the experimental demonstration @ a magnetic-basenpn MBT, and by Lebedeva and
electrical spin injection into semiconductdr$,as well as by ~ Kuivalainen®! who calculated the current amplification in a
the discovery of III-V ferromagnetic semiconductof§Eu-  magnetic emittepnp MBT. Of spin transistors, the closest
based ferromagnetic semiconductors have even been usede to MBT is the so-called SPICEpin-polarized injection
earlier as effective spin filtets% and observations of rela- current emitte 32 which employs ferromagnetic metals in
tively long spin relaxation time5-'2 Many important ad- the emitter and base-collector regions. One of the principle
vances have already been made toward an efficient spin codfives for proposing all-semiconductor spin transistors is the
trol of electrical current in semiconductors and, vice versapossibility of controlling current amplification by spin.
control of magnetism by electrical means. Recent examples MBT’s integrate ferrémagneti¢ and nonmagnetic semi-
include a control of ferromagnetism by incident light*or ~ conductors in the wusual bipolar junction transistor
by gate voltagé®'® spin injection induced magnetoresis- geometry?>33 Material and electrical properties of hybrid
tance in nonmagnetic semiconductdfsr the spin-galvanic  ferromagnet/semiconductor heterostructures are currently an
effect!8 active area of research.The potential of ferromagnetic
Transistors are naturally suited for spin control of electri-semiconductors for bipolar devices has been shown already
cal currents since the three regions, emitter, base, and colleis Ref. 35 where a ferromagnetic diode was preseffted.
tor, can serve as a spin injector, transport medium, and spiMore recently (Ga,MnAs/GaAs p-n heterojunctions have
detector, respectively. There has been remarkable experimebeen fabricatef and electrical spin injection through mag-
tal progress by employing hybrid ferromagnetic metal andhetic bipolar tunnel junctions has been demonstrit&d
semiconductor structures as the hot-electron transistong  showing up to~80% injected electron-density spin polariza-
magnetoresistance of such transistors can be as large tisn at 4.6 K*° Finally, in Ref. 41 a CoMn dopeg-Ge and
3400% (Ref. 20 and they can be used as effective spinann-Ge were put together to form a ferromagngtio het-
injectors?! The theoretical proposals for spin transistors fo-erojunction which showed magnetization dependent current
cus largely on the field-effect systeffs?* In this paper rectification, with up to 97% electrical current variations due
we analyze magnetic bipolar transist¢dBT’s) which are  to the applied magnetic field. Such hybrid junctions can also
conventionalspin-unpolarizegbipolar junction transistofS  be used for MBT’s, where the requirement is that the mag-
with added spirf® MBT’s were first proposed in Ref. 2Bee  netic region has a sizable equilibrium spin polarizatisay,
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10%). This polarization can be provided by the exchange n emitter p base n collector

splitting in ferromagnetic semiconductors or by the large s

Zeeman splitting of dilute magnetic semiconductors. For ex- @jq’gb

ample, Zeeman splitting can be significantly enhanced by 4 ©

large effectiveg factors in magnetically dopedd|~500 in A S8 E,
! \WP,\ 7 o o N )

Cdy Mg gsSe at low temperaturg®r in narrow-band-gap i E

semiconductorg|g|~50 in InSb (Ref. 42 even at room E, uw\j/bu$ d

temperaturgé Another possibility would be to use a ferro- ~ VEe be S E,

magnetic semiconductor slightly above its Curie tempera-

ture, a regime also expected to give laggfactors. However, ~ SOUrce © be bc ¢

before there is an additional progress in fabricating junctions FiG. 1. Scheme of a magnetipntransistor in equilibrium. The
using reported room-temperature ferromagnetic semicondugonduction bandE. is populated mostly with electronéilled
tors[for example(Zn,CnTe (Ref. 43], the demonstration of circleg in the emitter and collector. In this example the base is
the operation of MBT’s will likely be limited to temperatures magnetic with the conduction-band spin split byZ2 . The valence
below ~150 K.* Room-temperature MBT is certainly a bandE, separated by the energy gig from the conduction band

great challenge. is populated mostly by holegmpty circles in the base. The small
We formulate here a fully analytical theory of spin- population of electrons in the base has an equilibrium spin polar-
polarized transport through MBT's in the small bidew- ization ag,=tanh@¢,/kgT), holes are assumed spin unpolarized.

injection) regime, where the injected carrier densities areThe electron spin is indicated by the ddsipin-up and light(spin-
smaller than the equilibrium ones. The theory uses the gerflown shadings. The Fermi levéthemical potential Er is uni-
eralized Shockley model for the spin-polarized transporform. Between the bulk regions, built-in potentiafh, andVy are
through magnetiq-n junctions‘,‘S as well as the theory of formed defining the depletlon_ Iayt_a(shadeai in t_he bas&_a-emltter
conventional bipolar junction transistors, as developed byP-€) and base-collectorbc) junctions, respectively. Finally, la-
Shockley2.5'33 Our theory can thus be viewed as a general- els “source,”e, be, bc, aqdc stand for the regions at which they
ized Shockley theory of bipolar transistors. Two different '€ ShoWn. For examplée is the region in the base at the bound-
phenomena are studied in detail: electrical spin injectionary with the depletion layer.

from the emitter to the collector and spin control of the cur-

rent amplification(also called gain Electrical spin injection fuse towards the collector. The base-collectorc) junction

is shown to be effective in the amplification mode of theis reverse biased. This means that any electron reaching the
transistor, the mode where the transistor amplifies currenjunction from the base is swept by the electric field in the
Spin control can be achieved by modifying both the equilib-depletion layer to the collector, forming the electron current
rium and nonequilibrium spin, since both can modify the(holes’s contribution is negligibje The base current is the
electrical current. The control by the equilibrium sggimhat  difference j,=j.—j.. This difference comes from two
we call the magnetoamplification effecesults from the de-
pendence of the equilibrium minority carrier density on the
equilibrium spin polarization, while the control by the non-
equilibrium spin(what we call the giant magnetoamplifica-
tion effech controls the current via the spin-charge coupling
of the Silsbee-Johnson tyf&*’

We first describe the model of MBT’s in Sec. Il and for-
mulate the analytical theory in Sec. lll, leaving the formal
aspects of the theory for the Appendix. We then apply the
theory to study electrical spin injection through MBT’s in
Sec. IV, and spin control of the current amplification in Sec.
V, where we also discuss the spin current in MBT’s.

Il. MODEL FIG. 2. Scheme of the magnetipntransistor from Fig. 1 in the
amplification mode. Thé-e junction is forward biased wittV,
>0, lowering the barrier and reducing the depletion layer width.
The b-c junction is reverse biased with,.<0, raising the barrier

doping i led th . h ith the | dobi and increasing the depletion layer width. The corresponding
oping Is called the emitter, the one with the lower Oplngchanges to the Fermi levEle are indicated. The emitter has a spin

the collector. The base is tieregion(doped with acceptoys g ce, indicated here by the incident circularly polarized light gen-
sandwiched in between. The most useful mode of operatiopyating nonequilibrium electron spin well within the spin-diffusion
of the transistor is the so-called amplificatiGalso forward  |engthL, from theb-e depletion layer. The electron and hole flow
active mode, where the emitter-basb-€) junction is for-  gives the emitterj(), base {,,), and collector {.) charge currents.
ward biased, so that the electrons are easily injected into thene electron-hole recombination is depicted by the dashed lines.
base. Together with the opposite flow of holes, they form thealso shown are the effective widths of the emitter.f, base (),
emitter currentj,. The electrons injected into the base dif- and collector ().

A conventional, spin-unpolarized bipolapn transistor®
consists ofn, p, and n regions connected in seriésonsult
Figs. 1 and 2 Typically then region with the higher donor
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sources. First, from the hole current which is present in theing mostly in the emitter and the base is spin independent, a
emitter but not in the collector. Second, from the electron+easonable approximation for unpolarized holes. We also as-
hole recombination in the base which diminishes the numbegsume that the spin splitting is uniform in the bulk regions,
of electrons that make it to the collector. These two factorliminating magnetic driftmagnetic drift in semiconductors
form the generally small,. The current amplificatiog is  is discussed in Ref. 450ur other assumptions are those of
defined as the ratio of the large collector current to the smallhe standard Shockley theofy?® Temperature is large
base current. For practical transistgBsis of order 100, enough(say,T=50 K) for all the donors and acceptors to be
meaning that small variations iy, (input signal lead to ionized; the carriers obey the nondegenerate Boltzmann sta-
large variations inj. (output signal. To maximize the gain tistics; the injected minority carrier densities are much
one needs t@d) minimize the relative contribution of holes in smaller than the equilibrium densities; the electric fields in
je or (i) inhibit the electron-hole recombination in the base.the bulk regions are small eliminating electrical drift. Fur-
Typically silicon is used to make bipolar transistors, since thdhermore, we neglect the carrier recombination and spin re-
indirect gap makes it a poor material for the electron-holdaxation inside the depletion layers. These effects are impor-
recombination. We will show below that MBT’s allow spin tant at very low biases and are not relevant for our
control of the gain by realizing). observations, although may by themselves lead to nice phys-
The magnetic bipolar transistor is a bipolar junction tran-ics. Finally, the contacts with the external electrodes are
sistor with equilibrium spin due to spin-split carrier bands, asohmic, maintaining the carrig¢but not necessarily spirden-
well as with a nonequilibrium source spin introduced, forsities in equilibrium.
example, by external electrical spin injection or optical
orientation*® The equilibrium spin can be a result of the
Zeeman splitting in an applied magnetic field or of the ex-
change splitting due to ferromagnetic semiconductors inte- We generalize the Shockley theory of bipolar transistors
grated into the device structure. For our purposes the equie include spin. The theory is valid in the small bias regime
librium spin splitting should be on the order of thermal and is applicable to any operational mode of the transistor,
energy for the spin-charge coupling discussed below to beaot only to the amplification regime. Physically, the theory
significant. If no equilibrium spin is present, this restriction describes electron and hole carrier and spin diffusion in the
becomes irrelevant, but the spin effects are limited to elecbulk regions, limited by the electron-hole recombination and
trical spin injection. spin relaxation. The depletion layers provide only boundary
A MBT in equilibrium is described in Fig. 1. The base is conditions for the diffusion, by connecting the charge and
magnetic, with the spin splitting &, . In the emitter the spin currents in the adjacent regions. The most essential as-
majority carriers are electrons whose number is essentiallgumption is that the spin-resolved chemical potentials remain
Nge, the donor density. Similarly in the collector, where the constant across the depletion layers.
donor density iNy.. Holes are the minority carriers in the  The transistor is viewed as twe-n junctions in series.
two regions. The base is doped willy,, acceptors. Holes The minority carrier density in each junctiob-g¢ andb-c)
(electrong are the majority(minority) carriers. We assume is determined by the bias voltage across each junction. In
that only electrons are spin polarized. The inclusion of theMBT’s the densities are determined also by the spin polar-
hole spin polarization is straightforward and adds no newzation, which needs to be calculated self-consistently, as is
physics to our considerations. Furthermore, in many imporexplained below. Within the limits of the theory it is enough
tant semiconductorsuch as GaAsholes lose their spin ori- to know the minority electron densitieg,, andn, to deter-
entation very fadf and indeed can be treated as unpolarizedmine the electron charge currents, amndand p. to deter-
Note that the electron density is==n;+n, the (electron mine the hole charge currentsee Fig. 1 for labeling the
spin density iss=n;—n;, and the spin polarization i& regions. We divide the presentation of the theory into two
=s/n. (Spin polarization of the charge current is studied insteps. First, we recall the main results of the generalized
Sec. VC) Shockley theory of magnetie-n junctiong® and second, we
The equilibrium in MBT’s can be disturbed by applying a use these results to formulate a theory of a series of magnetic
bias as well as by introducing a nonequilibrium source spinp-n junctions and solve it fonpn MBT. The first step is
Figure 2 depicts the nonequilibrium physics and introducesiecessary to also understand our qualitative analyses of the
the relevant notation. We assume that the source spin is inransistor operations in the amplification mode. The second
jected into the emitter within the spin-diffusion length from step, which is rather technical, is left for the Appendix.
theb-e depletion layer so that enough spin can diffuse to the In the following we present selected results of the theory
base. At theb-e depletion layer the electrons feel a spin- of magneticp-n junctions. The notation, which is easily
dependent barrier: in Fig. 2 the barrier is smallargep for ~ adapted for use in MBT'’s, is summarized in Fig. 3. Both the
the spin-up(down) electrons. As in the conventional bipolar p andn regions are in general magnetic, biased with voltage
transistors there is a significant accumulation of the minorityv. The nonohmic contadto simulate the conditions at the
carriers around the forward biasbek depletion layer, while  base of a transistpat thep region maintains nonequilibrium
there are few carriers around the reverse bidsedlayer.  electronn, and spins, densities. Similarly, there are non-
The widthsw of the bulk regions depend on the applied equilibrium densitiesn, ands; at the left of the depletion
voltages as well as on the equilibrium spin polarizaffton.  layer. In then region electrons are the majority carriers
We assume that the electron-hole recombination, occumhose densities can be considered fixed by the donor density

Ill. THEORY
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np nL Noped“/ks™ 1— a(z)p
Sp SL SR Sn V= N— Y1 COSKWP/LSp)l_—z (7)
d aon
. epletion . _
p—region depletie n-region +yaa Yop~ %on )
layer 3%op -, o2
Typically v is a number smaller than 0.1, so the corrections

Wp Wn to the spin injected density are upmost 10%. Knowifgs
we can calculate the injected minority densitiés, and
FIG. 3. Magneticp-n junction. The input densities are the car- dsy
rier and spin densities at the end of fheegion,n, ands,, as well
as at the end of the region,s,,. The densities to be calculated are
at the edge of the depletion laysy: in the p andsg in then region. on = Nop
Also indicated are the effective widths of the two bulk regions.

2
®on

don— X
qu’kBT( 1+ 6aRM) - 1] )

Ng4. However, the spin density can vary, bemgat the right
of the depletion layer angl, at the contact with the external OSL=Sp
ohmic electrode. We use subscript 0 to denote equilibrium

quantities. The equilibrium minority densities arg, (elec-  The following relation connects the spin polarization across

trons inp), po, (holes inn), andsg, (electron spin inp). the depletion layer:
These densities are uniform across the corresponding re-

qu/kBT

1+ (10

dar 1—agpaon 1
aop l-a%n

gions. The equilibrium density spin polarizations in thand app(1— a%n) + Sar(1l—agpagn)
p regions arexg, andaq,, respectively. These are also uni- a = 5 (11
form. We denote the excesmjected quantities bys. For 1—agn+ dar(agp— aon)

example,6s. =S, —So, . We next denote by, the electron  £quations(1) and (9)—(11) will be referred to as thenag-
diffusion length inp, and byL, andLg, the electron spin- atic pn junction equations

diffusion length inn andp, respectively. FinallyD (D) In the second step we wish to generalize the magmpetic

stand for the electron diffusion coefficients mgp). Simi- junction equations to the case of several magneticjunc-

larly for holes. . _ .. . ftionsin series. Such a generalization is straightforward in the
The spin injection efficiency in magnetfen junctions is  ynpolarized case, where each junction acts independently

measured byrg= 8sg/Ng, wheré® from the others, since the minority carrier densities are fixed

only by V. The inclusion of spin complicates the matter in

ISR= 7005+ Y1( IS aopdNp) T yaoL oy (1) following sense. In a single junctiain,, ds,, andds,

— 7,COSHW, /L .)So (e9V/keT—1): 2 are the known boundary conditions, fully det.erminiﬁg.R
¥2C0SHWp/Lnp)SoL( ) @ and §s_ . Suppose we now connect two junctions as in the
the transport/geometry factors are npn MBT in Fig. 1. Take theb-c junction to be the one in

Fig. 3. Densities, ands;, becomen,¢ andsy., themselves

Vo= 1 , 3) unknown so thatdsg (now 8s;) is undetermined. On the
coshiw,/Lgp) other hand, considering-e to be the junction in Fig. 3sg
becomess,(s, becomes the spin source dengigndn, and
_ ( Dnplsn| tanhw, /Lsp) 4) s, becomen, ands,.. These three densities are determined

" Dnnbksp/ sinh(wy/Lgp)’ also fromn, ands,, which are now denoted ag. andsy,.

This loop shows the need to obtain the densities inside the
Dnplsn|taniiw, /Ly) transistor (or a more general junction deviceself-

Y2= Dnbnp/ SinA(w, /Loy ) consistently. Charge and spin are coupled both across the

. . _ depletion layerdthrough Eqgs.(9) and (10)]—intrajunction
Equation(1) is accurate up to the terms of the relative Ordercoupling—as well as across the bulk regions between two
of noexp@V/kgT)/Ny. While such terms can be safely ne- yepletion layers—interjunction coupling. This theory is for-
glected when dealing with the spin and carrier densities, the)hally developed in the Appendix.
must be included when calculating the spin current infthe |5 the following we consider specific applications of the
region, where a difference between two small spin dens't'e?neory. Since we will deal mostly with the amplification
of the same order needs to be evalua(@tiese terms are not e where the excess densities in e junction are neg-
prese_:nted in Ref. 4}6‘.I'he_exact formula for the |njec_ted SPIN jigible, we can get useful insights even without the self-
density 5sg can be cast in the form of E41), but with the  consistent solutions, using only the results presented in this
coefficientsy divided by the factor & v: section. We refer to this as qualitative analysis. However, we

support each case using a numerical example of a generic
y= (1t w), ©) MBT, calculated with the full theory presented in the Appen-
where dix. The numerical model is a “silicon”-based MBT with the
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following room-temperature parameters. Since the main fea- 10'® 7] ,

tures of the full theory are captured by the qualitative formu- 10 Y —
las, one can easily check the properties of MBT's with dif- > ", | ‘ \ PAEDEEREN e
ferent parameters. The parameters given below, while §10 | RERRAR 4] 1
generic, are for illustration only. Unless specified otherwise, TZ 10’ “ TT T LF | | lectron densityn=
the nominal widths of the emitter, base, and collector are = |6[= | izauaml spin density s TS
2 um, 1 um, and 2um, respectively. The donor doping 3 — s
densities of the emitter and collector akg,=10 cm 2 10 ' I r ;
andNg.= 10" cm~3, while the acceptor density in the base 0.8

is N,,=10' cm™3. The intrinsic carrier density at room 0.6

temperature isn;=10cm 3. The carrier and spin- 04

relaxation times are taken to be 100 ns and 10 ns, and the 021

electron (hole) diffusion  coefficients D,=100 (D, e

=10) cnts %, all uniform throughout the sample. The car- AR BN AR
rier and spin-diffusion lengths atg,,= (D,,7)°°~30 um, 0 1 2 510 3 4 3

Lpn=(Dpn7)®?~10 um, Lgo=(DppT1)%?>~10 um, and

Lsp~Lsn- The dielectric constant is 12. We assume a spin  FIG. 4. Calculated electron- and spin-density profileg) and

“ohmic” contact (6s=0) at the end of the collector, while at the spin polarizatiortbottom in a nonmagnetiopn transistor with

the end of the emitter an external spin injection givesa source spin of polarizatiofa**""*=0.9 in the emitter. The den-

8s%°Ue£ 0 in general. sities inside the depletion layetshaded boxesare not calculated;

they are shown, with no justification beside guiding the eye, as

straight lines connecting the densities at the depletion layer edges.

Bias voltages ar&/,,=0.5 V andV,.=0 V. Somewhat less than
Electrical spin injection through MBT will be studied in 10% of the source spin polarization is transferred to the emitter.

two cases: spin injection of the source spin from the emitter o o

to the collector and spin injection into the collector from the ~ The general formula for the spin injection, combining the

equilibrium spin in the base. The spin injection efficiency in Processesi) through (iii) in a magnetic transistor follows

both cases is proportional to the Boltzmann factorfom the magnetig-n junction equations:

exp@Vhe/kgT), but the physics behind them is rather dispar-

ate. Unless specified otherwise, we work in the amplification o oure NopeVoe 8T 1— agparoe

mode, whereV,>kgT (forward biag and V,.<0 (reverse dae= 8a*"yopeyipe Nge 1-a2 (12)

biag, and in the thin base limit, wheng, <L p,Lsp. oe

IV. ELECTRICAL SPIN INJECTION

In the small injection limitng, exp@Vye/ksT)/Nyc is small

A. Source spin (Ie;g than .about O):'-'Yq,be i-s of orQer 1. The spin i_njection
. . source o efficiency increases with increasing .. In the thin base

Suppose a source spin dgnsm (_)f polarlza'glon limit and for a wide collector \.>L.), for example, ob-
Sa®OU%e= §sSOUCIN . is injected into the emitter. What is the . - :

! | de ) s tains y; ,c~Lsc/W,. This can be as large as a 10 or a 100,
spin response in the collector? Consider first a nonmagnetlﬁ]aking’a a significant fraction ofr,~ %' The decrease

c e .

case @o=0 everywherg The spin injection involves three of w,, can be achieved by increasing the width of the

steps. depletion layer, which, in turn, increases with increasin
(i) The source spin diffusion towardse. At the deple- |Vf| yer ' ' 9
d-

tion layer the nonequilibrium spin i8se= y 8" The
spin polarization isda.= 6s./Ng.. Note thatbe in 7 e
(7i.bc) means thaty; given in Egs.(3)—(5) are evaluated for
the b-e(b-c) p-n junction. Since we assume thaj.=w,, it

Figure 4 illustrates the electrical spin injection of the
source spin in our numerical model system using the full
theory. The source spin of polarizatida>°""*% 0.9 first dif-

Source fuses towards the base with a small decrease due to spin
follows that Sae~ 5a>™ _ relaxation. The spin polarization remains a constant through

(i) Transfer of the spin into the base. From Efil) it  he e depletion layer, resulting in a nonequilibrium spin

follows that @e= ay,e, showing the efficiency of the spin gensity in the base. The spin polarization remains steady in
injection by the majority electrons. The corresponding Spifhe pase, while botm and s decrease to their equilibrium

density iS6Spe= darpeNon €XP@AVhe/ksT), as follows from Eq.  y4jyes in going towards tHe-c depletion layer. Right before
(10) for the forward bias case. o the depletion layer the spin polarization sharply drops, to get
(iii ) Spin injection into the collector. Equatid) implies  gq5) witha,.~0.075. Such sharp drops are characteristic of
that 5= y1pcSpe @nd so the nonequilibrium spin polariza- ¢ spin pumping by the minority carriefs.
tion in the collector iswc= v pSpe/Ngc, @ result of the mi-
nority electrons spin pumpint: spin in the base diffuses
towards the reverse biased depletion layer where it is swept
by the built-in field to the collector. Here the spin density Is there a way to accumulate spin in a MBT without first
accumulates as it is bottlenecked by spin diffusion and spilnjecting a source spin into the structure? The answer is posi-
relaxation. tive. In fact, there are two different nonequilibrium spin den-

B. Equilibrium spin
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sities accumulating as a result of the carrier transport through ('8 ‘

the magnetic base. The first results from the spin extraction, 100 = ‘\f — : =
acting in the emitter, the second from the intrinsic spin in- ,77\1014 P £ e, B B B A S e 3
jection, effective in the collector. E 101(2) [ 1| ; \ i :

The extracted spin accumulates in a way similar to the 210 L ‘ | loniron density o M-
magnetic diodé>>! The extracted spin density is small, on = 10.L____ demiollendbten - - i density 5 =
the order of the excess minority carrier densities. It is neces- 104: — — / e
sary that the base has an equilibrium spin polarization. The 107 - -
emitter can, but need not, be magnetic. Following @gwe 081 0
get 0.6—_ y

04
856= = Y2106 COSHWy, /L) Sop €XP(AVie/kaT). (13 024710 T

The result is a spin extraction from the emitter, since the 0 s e e ey e
accumulated excess spéis, has the opposite sign than the 0 1 2 3 4 5
equilibrium spin in the base. The extracted spin polarization x (W)

Sae= 6S./Nye is small due to the generally large value of
Nge. This extracted spin density can also be treated as th&e
spin source which propagates to the emitter region, but th
contribution to the collector spin is negligible, being of the

FIG. 5. Spin extraction and intrinsic spin injection. Calculated
ctron- and spin-density profilétop) and the spin polarization
?oottorr) in annpntransistor with a magnetic base and nonmagnetic
emitter and collector. In the emitter region spin density0 (ex-

2

order of[ N, €XP@Vhe/keT)/NgeNac- ) __traction, here plotted as positives{~—s); the spin density is not
Intrinsic spin injection has no analog in the magnetic di-shown in theb-e depletion layer. The equilibrium spin polarization

ode. The following physical processes are at work. in the base isag,=0.762, corresponding to the conduction-band

(i). Minqrity electrgn injection into the base. Th(_e base hassplitting of 1kgT. The bias voltages ar&,.=0.5V and V.
a spin-split conduction band, so the electrons with the pre=0 V. The intrinsic spin injection, acting under the low-injection

ferred spin will move at a faster rate, resulting im@equi-  limit, results in the spin polarization in the collector @,
librium electron minority population, but with thequilib-  ~10%.

rium spin polarization. The spin density is then out of

equilibrium. We expect that both the direct injection of the source spin

(i) The nonequilibrium spin density &te acts as a spin  as well as the spin extraction and the intrinsic spin injection
source in thév-c junction, similar to the spin-polarized solar become more efficient in the limits of large carrier injection

cell > (large biases where our theory does not apply. This expec-

(iii) This “source” spin is injected into the collector, tation is based on the results of numerical calculaffons
where it accumulates. of spin injection in magnetic diodes.

The result of the intrinsic spin injection, again in the limit
of the thin base, is V. ELECTRICAL CHARACTERISTICS

Noped Vbe/kaT The electrical properties of MBT's are determined by both
Sa,= aopYobeYihe T N (14)  the charge and the spin of the current carriers. There are two
dc

ways spin affects the electrical currents: through the depen-
If both &*°U"*€ 0 the total spin polarization in the col- dence of the equilibrium minority electron and hole densities

lector is given by the sum of Eq&l2) and(14). Remarkably, ~©n the equilibrium spin polarization, and through the spin-
for ay.=0, the equilibrium spin polarizatioa, in Eq. (14) c_harge g:ouplmg_ res_ultlng from the presence of a nonqulllb—
plays the role ofsa, in Eq. (14). The equilibrium spin po- "Um Spin. We first introduce the formalism for calculating
larization behavesein MBT's, as a nonequilibrium sourcetlectrical currents in bipolar transistors and then analyze the
spin. This follows from the spin-selective electrical injection WO Ways in detail. We conclude with a discussion of the spin

across théb-e depletion layer. currint thLOUQh MBdT’SH . ion for th .
Spin extraction and intrinsic electrical spin injection '€ Scheme and the sign convention for the currents is

through a MBT are illustrated in Fig. 5 using the full theory. shown in _Fig. 6(see also Fig. 1 for the desgription of sym-
The equilibrium polarization spin in the base isg, bols labeling the regionsBelow we summarize the expres-

=0.762. The electrical transport through the base leads to %{'ons for the currents from the Shockley theory of bipolar

spin extraction from the emitter, with the extracted spin po_tran3|sto_r§.5'33 We write the expressions in a rather ge_neral
larization g~ —0.001, small due to the large value Mdf.. form which tums out to I_oe applicable also to MBTis .
The spin polarization jumps to its equilibrium value in the fqllowsSfrom the ge.nerallzed Shoc_kley theory of mag'?e“c
base, increasing sharpkgee the discussion to Fig) 40 diode4®). Let us define the generation current of a carder

agpt Sa right before reaching the second depletion |ayer_(electr0n or holgin regionr (emitter, base, or collectpas

The injected spin polarization i8a.~10%, relatively large D

due to the small value dfiy. and the large ratit ;./wy, [see ic :MC co I'(
or

Eq. (12)]. Jor = (15
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op, Ony, Ony, dp,

FIG. 6. Charge currents in aipn MBT. The electron emittejg

and collectolj] currents are determined by the excess electron den-

sities dnpe and Sny in the base. Similarly, the hole emitt¢f

(collectorj®) current is determined byp, (Sp.). The base current

ib=Jje—]c is formed by the electrons recombining with holg§)(

PHYSICAL REVIEW B569, 115314 (2004

B=1Uar+y"). (22

Here at measures thén)efficiency of the electron-hole re-
combination in the base, and describes théin)efficiency
of the emitter electron injection into the base. The usual base
transport factot’ is defined asvy=1/(1+ at) and the emit-
ter efficiency factor agy=1/(1+y').

After substituting for the currents, the emittén) effi-
ciency a1 is calculated to be

' Wp
ar=cosh —|—1. (23
I—nb

and by the holes that both recombine with electrons and enter thehs js the value obtained for conventional transistors and is

base from the base electrodgX. Shading on the arrows of the

electron currents indicate that the current is spin polarized.

The electron charge current density in the emitter is

5nbe 1 oy
coshiwy /Lyp) Nop |

je=lgb (16)

Nob

also valid for MBT's. Coefficientar does not depend on
spin since it reflects only the electron-hole recombination in
the base and in our model the recombination is spin indepen-
dent. However, there may be cases whlefg depends sig-
nificantly one«gy,, in which case the gain could be controlled
by spin even througl; . Note thatw,, depends on the equi-
librium spin through the spin dependence of the built-in

The first term in Eq(16) represents the diffusion of electrons fields*® Equation (23) holds even for such cases. On the
in the base at the-e junction. The second term describes aother hand,y’ depends explicity on both the equilibrium
competing diffusion from the excess minority electrons at theand nonequilibrium spin. We describe this dependence by
b-e junction. Through the current continuity, this base diffu- defining a new parametey:

sion current continues to the emitter to becojfe Similar
expression holds for the electron current in the collector:

ONpe N 1 oNpe
COSF(Wb /Lnb) Nop )

jgzjgb - Nop (17)

All the carrier densities appearing in the expressions for the
currents can be calculated from the theory in Sec. lll. Holes
contribute to the currents through the diffusion of their ex-

cess minority populationgp, and dp.. The expression for
the densities is similar to E¢9) with no spin. For example,

Spe=Poe(€TVoe’keT—1). (18)
The two hole currents are
5peb
jP=jP , 19
le=lge Poe 19
5pcb
jP=—jP —— 20
e 9€ Poc 20

The total emitter current ige=jo+jb, and similarly the

total collector current i$.= j¢+jP. Finally, the base current
jc- The task of computing the currents through an

IS jp=Je—

Y=o, (24)

where yg is the emitter efficiency of a conventionapn
transistor>

Naprenize Lanin“Wb/Lnb)
NdeDnbnizb Lpetanr(we/Lpe) ,

I

(29

where we allow for a generally different intrinsic carrier con-
centrations;, andn;, in the emitter and base, respectively.
In the following two sections we discuss the physics behind
7, which we call the magnetoamplification coefficient. We
will, in particular, consider the thin base limit, whetg:
~(Wp/Lnp)?, ¥6~(Wy/Lnp), andy, dominates the current
amplification(for example, in Si In such cases

B~=nlvyy. (26)

If the base transport factor is not negligible, the spin control
efficiency diminishes.

A. Magnetoamplification effect: Influence of the equilibrium
spin

and hole densities at the two depletion layers.
The current amplification coefficierigain) B is defined
as
I

Jb

giv e§‘55

2 2 1

nOb_N tanr(ng/kBT) N (27)

ab \J1— a(z)b

Sincej3b~ Nop [see Eq.(15)], it follows that the base gen-

If B is large, small changes in, lead to large variations in eration current increases agy, (that is, its magnitudein-
jc, allowing signal amplification. The gain is often written creases. In turr],e,jC~ng, so that both the emitter and the

as®

collector currents increase with increasiag, . The equilib-
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500 The opposite role of the equilibrium magnetizations in the
base and in the emitter is shown in Fig. 7, which illustrates
the behavior of3 with respect to the changes @f, and a,
separately. The calculation is done using the full theory, not
the approximate formulas above. However, the approxima-
tion describes the calculation very well, showing that spin-
dependent effects, for example, on the effective widths
which are accounted for in the full theory, play minor role in
our example.

— magnetic base
---- magnetic emitter

i ‘ B. Giant magnetoamplification effect: Spin-charge coupling
in MBT

100 T T T T
_0'.5 (') 0|.5 A nontrivial realization of the Silsbee-Johnson spin-
Ot > O, charge coupli_n_é?_*47 representing the physics of the proxim-
ity of an equilibrium and nonequilibrium spin in MBT’s is
FIG. 7. Calculated gaing of a MBT with a magnetic base what we call here the giant magnetoamplification effect
(solid) and emitter(dashed for our numerical model. No source (GMA), in analogy with giant magnetoresistan&MVR) ef-
spin is present. The equilibrium bagemitten spin polarization is  fect in metallic multilayers® For GMA it is necessary that
aop (@oe). The calculation is done on a structure with the nominalthere be a nonequilibrium spin polarization in the emitter
base_W|dth of 1.5um to kee_p the effective widthv,, positive for the (arising from a source spirand an equilibrium spin either in
considered range of polarizations. the base or in the emittéor both. The physics is illustrated
) ) o in Fig. 2. The charge current through MBT’s depends on the
rium spin controls the charge currents flowing in MBT, lead-rgative orientation of the source and the equilibrium spins,
ing to a magnetoresistance effect. Spin-unpolarized holes t0gac5use of the spin-dependent barrier inlihe junction.

contribute to the spin control of the currents, as shown by |, the presence of a nonequilibrium spin density, , the
Lebedeva and Kuivalainéhfor apnp MBT. If the emitter is magnetoamplification coefficient becomes e’

magnetic, the minority hole density is
5 1- aée )
Ne 1 29 7= N1 .2 [1+ Sae(aop— age)/ (1~ age)]. (31
= — —_, —
Poe Nac V1—age . o . - . L
If only the base is magnetic, the gain in the thin base limit is
analogously for the collectdiin the amplification mode the

hole density in the collector is negligible and does not affect B 1 1+ daeaqy (32
the current propertigs The hole emitter current increases v 1— 2. acz)b

with increasinge e -
The magnetoamplification coefficient amounts to theThe spin-charge coupling is described by the product

simple expression dagagp, Similar to implications of the spin-voltaic effect in
magneticp-n junctions®°1%* Let B« and B, are the
l—aée gains for the configuration of the source and equilibrium
n=\—— (290  spins(parallel or antiparall¢lthat yield the maximum and
1—agp, minimum gain, respectively. For a magnetic basmitten

) . L . . the maximum is achieved at parallehntiparalle] orientation
and in the thin base limit, Eq26) is thus described by the 54 the minimum at antiparaliébaralle) orientation of the
gain source and equilibrium spins, respectively. We define the

GMA coefficient as
1 1-ad, 30
B ’)’6 1— a’gb. ( ) GMA= Bmax Bmm' (33)
Bmin

The gain of MBT's can thus be controlled by controlling the j, gna10gy with a similar expressidinvolving resistivities
equilibrium magnetizatiofor example, by changing the ex- defining the GMR coefficient.
ternal magnetic fieldof the emitter or the base. The collector
magnetization plays no role. On the other hand, the two equi-
librium polarizationse g, and aq, act against each other: The 2| Sagargy)|
gain increasegdecreaseswith a greater spin splitting in the GMA=
base(emitten. This is because the emittéin)efficiency y’
increasesdecreasesf there are relatively more holdglec-  If, for example, Sa= ag,=0.5, GMA=67%. The analogy
trons present in. . If the spin polarization is uniform across with GMR is clear: there is a large magnetoresistance effect
the b-e junction, the gain is spin independent. (greater than 10%which is most pronounced when the rela-

For the magnetic base

_ 34
1~ [Sararos) (39
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the y technique of RashB&®) and to establish the boundary

800 conditions for spin at the interfacésThe current spin po-
J larization ; is the ratio of the spin current, which is the
500 o Zﬁiﬂtaﬁve difference between the charge currents formed by the spin-up

and spin-down electrons, and the total charge current
=]js/j. The current spin polarization is much less intuitive
than the density spin polarization. There are several reasons
for that. First,«; involves not only the carrier and spin den-
sities, but also the drift or diffusion velocities which can be
spin dependent. Next, unlike, the magnitude of; is not
4 restricted to the interval (0,1). The magnitude a@fis not
even bound. Indeed, the spin current can be finite even if
0= | ' | ' | ' there is no charge current, making infinite. Also the signs
05 ao 0.5 of a; and a can be different. Finally, unlike the charge cur-
rent, the spin current need not be uniform. Because of spin
FIG. 8. Giant magnetoamplification effect. Calculated gaiof ~ relaxation,js (and alsoq;) is not conserved. For the above
our MBT example with a magnetic base and source emitter spin, ageasons, unless the relation betweeandc; is obvious or is
a function of ay, for a fixed «**"**=0.9. The solid curve is the explicitly derived, «; is not indicative of the spin injection
calculation using the full theory, the dashed curve is the contribuefficiency. In particular, in inhomogeneo(s hybrid) semi-
tion of the emitter efficiency onlyg~ n/7y', where the magneto- conductors at degenerate doping densities or at large biases,
amplification coefficienty is given by Eq.(31). The calculations  poth spin diffusion and spin drift are relevant and one needs
are done on a structure with the base A long, as in Fig. 7. to employ the Poisson equation to solve the transport prob-
lem self-consistently to obtain a dependence betweamd
tive orientation of two spin polarizations changes from Par-w;. Many of the experimental spin injection results are

allel to antiparallel. If, on the other hand, the emitter is mag-ikely to fall in this category, making realistic theoretical
netic, the effect is opposite: the parallel spin orientationmodeling difficult.

decreases the gain, due to the decrease in the emitter injeC' Fortunate'y, in the |ow_injecti0n limit there is a Simple

tion efficiency. The GMA coefficient is relation between the spin current and the spin, so the knowl-
edge ofe; together with the knowledge of the charge current
2| Sl j suffice to obtainw. The spin current density at poiot(see
GMA= _ 2 : (39 Fig. 1) is readily obtained from Table Il in Ref. 45:
1 a0e+|50‘e0‘0e|
The GMA coefficient vanishes itvge= ag,. TO decide on i =anccotr(w ILoo) 85 (36)
whether to use a magnetic base or a magnetic emitter one 5 Lge o mseTrer

needs to take into account that a magnetic base will have
smallerLgy. If Lgp=w,, a magnetic emitter would be in-

stead preferable. Note that the GMA coefficient is directlyI v ind d he bi Th 0 i
proportional to the magnitude @&«,, and so it can be used argely independent on the biases. The spin injection effi-

to measure the nonequilibrium spin polarization, as in th1€Ncy 1S then determined b, which, in turn, depends

case of magnetic diodés. exponentially orVpe. . .
Figure 8 illustrates GMA on our MBT example with a We adopt the same sign convention for the spin currents

magnetic base and source spin polarizatiéf™e= 0.9 (as in as for the charge currerjts, see Fig. 6. A straightforward ap-
Fig. 2. The solid line represents the calculation &fay) p!|cat|on of the magneti-n junction equationgSec. 1)
using the full theory, while the dashed line is the approxima-9'VeS
tion, Eq.(32), valid for the thin base transistors. The approxi-

‘?hus,5a0= 05 /Ngy. is directly proportional tgs.=j ;. As
is shown below,«; is usually comparable tey, or da,

mative formula works very well. The asymmetric curve dem- eWVoe/keT| o 1 Se 1-agpage Y
onstrates the GMA effect. When the equilibrium and the ®TTe a2 ob
source spin are antiparalles, is small; when they are paral- ajc= . (37
lel, B is large. The magnetic control of the charge current and eWVoe/ksT| 1+ Sar @op™ %oe| 1

its amplification is thus predicted to be rather effective. €1 “ge

What is striking(although not so surprisings thate in the

cases of practical bias¢¥,,¢/>kgT is bias independent. In-
Thus far we have studied the spin polarization of the elecdeed, for a forward bia¥,,, that is, in the amplification

tron density as a measure of the spin injection efficiencymode,

This spin polarization is typically detected by optical experi-

ments. Another spin polarization, that of the charge current, aop(1— )+ Sae(1— agpape)

is more convenient for theory and is invariably used in spin ajc= >

injection models to assess the spin injection efficietsse 1- aget dae(agp— ape)

C. Spin-polarized current

(38
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100 current polarization is positive in the emitter, the spin-density
- polarization is negativéspin extraction, cf. Fig. b

— @, =0.762, Soce=0.9

- 0, =-0.762, 80,=0.9 VI. CONCLUSIONS
- 04p=0.762, Soce:O

We have developed an analytic theory for the spin-
polarized transport in magnetic bipolar transistors in the low-
injection regime. We have shown that the transistor displays
a number of different phenomena, not observed either in the
conventional spin-unpolarized bipolar transistor or in the

o

1 ] magnetic diode. One such effect is the intrinsic electrical
1 spin injection, which is a spin injection from a magnetic base
i ' '1 ' ‘2 ' é ' "‘ J X into a nonmagnetic collector, without the presence of a

x(m) source spin in the emitter. The spin injection efficiency de-

pends exponentially on the emitter/base bias. Other effects

FIG. 9. Calculated spin current polarization profile in the mag-are related to the gain which can be influenced in two ways.
netic npn transistor, calculating by the full theory. The source spinFirst, by the equilibrium spin, either in the emitter or in the
at the emitter is fixed aba>*"**=0.9, while the equilibrium base hase, modifying the generation current. Second, by the spin-
spin polarization changes sign at the magnitudegf=0.762, cor- charge coupling, modifying directly the electron injection
responding to the base spin splitting of the order of the thermarqm the emitter.
energy. The biases akg,e=0.5 V andV,.=0 V. The spin current  ging|ar junction transistors are used for ultra-high-speed
remains uniform across the depletion layer, based on the assumptiggy;ic g jications thanks to the fast carrier transport. Spin
of negligible spin relaxation there. The spin current is normallzedcan bring additional functionalities. The magnetoamplifica-
by the emitter and the collector currents in the emitter and the. TS :
collector regions, and by the base electron current in the base. Tﬁ(laon effects can be used to study spin sigrigme varying

horizontal line is for no source spin. The spin current stays uniformSpln polarizationsby detecting charge currents. Indeed, all

throughout the sample at the value given &y,, implying no th? Cu'rrents in-a ME.’T n the amplification mode de'pend
significant spin relaxation, but not necessarily spin injection. p_rlmarlly on 5nbe'_\_Nh_'Ch IS C_ontrolled b_y both the equilib-
rium and nonequilibrium spin. The spin-to-current conver-
This is in sharp contrast, for example, to E42) which  sion can thus be observed by measuring the collector current,
displays the exponential increase of the spin injection effi-or directly the GMA coefficient Eq(33). On the other hand,
ciency with V.. In the limit of no source spin, Eq38)  the amount of the injected spin in the collector depends ex-
reduces taxj.= aq,, the main result of Flattet al® Simi-  ponentially onV,, in the same manner as the charge current
larly, if the transistor has no equilibrium spin, the spin cur-depends on it. Changes in, for example, the base current can
rent polarization isxj.= da,. If the emitter/base bias is re- thus lead to changes in the spin polarizatiéu, . As a re-
verse,V,<0, spin injection is practically nonexisting. Yet, sult, current signals can be detected by observing the accu-
there is a large current spin polarizatier),= ey, , indepen-  mulated spin polarization. Perhaps the most attractive feature
dent of the source spin, confirming our claim that large  of the magnetoamplification effects is that the spin splitting
alone does not imply efficient spin injection. or the source spin polarization are not built-in device prop-
Our analysis is illustrated in Fig. 9. We consider the am-erties but can change on demand, during the transistor opera-
plification mode, but the results vary little with the applied tion, by magnetic field. This is why an MBT is an example of
bias, as explained above. Figure 9 describes three cases. Cm@ariable heterostructure transistor.
with the source spin and the equilibrium spin pointing in the  Another use of MBT's may be in the electrically induced
same direction, one where the two spins are antiparallel, anghagnetization switching, similar to what has been observed
one where only the equilibrium spin is present. In all theas light-induced ferromagneti¢it* or ferromagnetism in-
casesyjc (which is the value ax~3 um) is smaller than 1, duced by the gate voltage of field-effect transistorélf the
but rather considerable, consistent with E88). Note that base is a ferromagnetic semiconductor, the equilibrium mag-
a; in the emitter is much greater than 1 for the case of thenetization depends on the density of free carriers. This den-
source spin, due to the spin-diffusion current being greatesity can be, in turn, controlled by,.. While the scenario of
than the majority electron drift current there. The valuerpf  the electrically induced ferromagnetism in a nondegenerate
decreases at the emitter/base junction, where it becomesMBT is probably not realistic, at higher doping and current
constant, signifying small spin relaxation in both the basenjection levels(where our theory no longer appliethis
and in the emitter. Finally, the case of no source spin polareffect could be observable.
ization (da<agp) shows a flaty; . This case, viewed from We believe that the phenomena we propose to study are
the density spin polarization perspective, is shown in Fig. 5robust and should be observed. For the spin-source spin in-
The nonequilibrium spin that accumulates in the base is injection one does not need a magnetic semiconductor in the
jected to the collector, and extracted from the emitter. Thestructure. The source spin can be generated in the emitter
injection/extraction efficiency increases exponentially witheither optically or electrically, and similarly the spin injected
Vye. For small biases, even df; is equal toag,~0.762, the  into the collector can be observed by detecting the polariza-
spin injection is negligible. Interestingly, even if the spin tion of electroluminescenc® For the phenomena related to
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W v w vy uf v and negative for the reverse direction of the charge current.
u, C, D, Cc, D, C; D, vy The electron density ig, with index zero ) reserved for
_____ ’ i 1 pl 2 ‘ N p + the equilibrium value. The nonequilibriutexcess part of

the density is denoted adn=n—n,. Similarly for the
electron-spin densitys and for the spin polarizationx

FIG. 10. Notation scheme for an array p#n junctions. The =s/n. The doping densities afdy for the donors in then
figure illustrates ampnp (thyriston structure. The depletion layers region andN, for the acceptors in thp region.
are shaded. The known quantities are shown above the junctions, We make the complex notation more compact by intro-
the unknown below. Each junctidnis characterized by the scalar ducing some unifying symbols. We first denote b?, the
u? and by the triplet of vectors?, C;, andD;, which are deter- scalar characterizing the nonequilibrium spin density due to
mined by the doping densities and the equilibrium carrier and spithe carrier extraction:
densities of the regions adjacent to the junction, and by the applied
voltageV; across the junction. The nonequilibrium spin densigy ul=—v, Cosf‘(wp/an)sop(qukBT— 1). (A1)
(note that the symbol O here denotes the region, not an equilibrium . } .
and the charge-/spin-density vecigrwould be the boundary con- HerekgT is the thermal energy, with denoting temperature;
ditions here. The densities andv; at the depletion regions are to d IS the proton charge. Parametersare introduced in Egs.
be obtained self-consistently. These densities are all what is needé@)—(5). To properly account for the spin current in the
to calculate the charge and spin currents. region, one needs to apply the rescaling in B). We also

introduce vector® which specifies the nonequilibrium elec-

the equilibrium magnetism, the rule of thumb is that the spintron and spin density in the region as a result of the carrier
splitting should be comparable to the thermal energy in ordeinjection (we stress that the upper indices do not indicate the
to create noticeable spin polarizations. While to see GMA agquilibrium valueg
room temperature may be difficult at present, at smaller tem-

u; Vi V2 Uy Us V3

0_ VIikgT
peraturegstarting from 50 K where the shallow donors and vi= (e = 1)[Ngp ,Sop]- (A2)
acceptors start to ionizéhe effects could be detected at the The dimensionless vect@ characterizes intrajunction cou-
spin splitting levels of~1 meV. pling:
ACKNOWLEDGMENTS C=[agp(y2=v1),71ls (A3)
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B . . . . g O
APPENDIX: AN ARRAY OF MAGNETIC p-n JUNCTIONS characterizes interjunction coupling. The quantiti€s v ;
C, and D are presumed to be known. They are the input

We introduce a formalism for evaluating the carrier andparameters.
spin densities in an array of magnepien junctions. An array The unknown quantities are the nonequilibrium carrier
of two junctions forms a MBT, while three junctions would and spin densities at the depletion layers. In the low-bias
form a magnetic thyristor. The boundary conditions are apfegime considered here, the electron density inrtihegions
plied for the densities; it is straightforward to adapt theis fixed:n,~Ny4, and only8s, needs to be calculated. In the
method to have boundary conditions specified by the spip regions the excess electrdapin density én, (Js;) is
currents. All the junctions need to be considered simultaunknown. We denote by scalar the nonequilibrium spin
neously since there is both intrajunction and interjunctiondensity §s, in the adjacent region:
charge and spin coupling. The intrajunction coupling arises
from the generalized Shockley conditinsf the uniformity U=2s,. (AS)
of the spin-resolved qhemical potentials aqd of .the, ContinUi.tX/ectorv will describe both the nonequilibrium electron and
of the charge and spin currents, across a junction’s depletiof _: PR L
layer. The interjunction coupling arises from the carrier andgpln density in thep region:

y ] piing

spin diffusion in the bulk regions between the depletion lay- v=[dn,,ds,]. (A6)
ers: the carrier and spin density at one end influences the promP
current at the other end, and vice versa. The two couplingghe boundary conditions are given by the correspondiog
lead to a set of linear algebraic equations for the densities.v (depending on whether theor thep region is the contact

The array we consider is shown in Fig. 10. Each junctionregion at the beginning and the end of the array.
is given a numbei starting from one. The junctions are Using the above notation, the magnefien junction
either of thep-n (p left andn right) or of then-p (n leftand ~ equations, Eqs(1), (9), and(10), are greatly simplified and
p right) type. In the following the indices andp relate to  can be adapted to solve the array problem. Indeed, for junc-
the n andp regions adjacent to the junction in question. Lettion i the p-n junction equations can be written as
us introduce the notation using a generic junction, as in Sec. 0
[ll. The biasV across the junction is positive for the forward Ui=ui+ yoili=1+Ci-Vizy, (AT)
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Vi=ViO+ Diu;, (A8) tric field in this layer sweeps the spin into the collector,
where it becomes the spin of the majority carriers again, by
the process of the minority carrier spin pumpfig°Can the
injected spin polarization in the collector be greater than the
source spin polarization? The answer is negative in the low-

where the uppeflower) sign is for thep-n (n-p) directed
junction. For thenpn MBT described in the main text, the
equations take the form

U1:U(1)+70 Wo+Cy-Vs, (A9) injectipn regimg. It would be tgmpting to let the spin-
' diffusion length in the collector to increase to large values to
vi=V0+Djuy, (A10)  9get a greater pumped spin. But that would increase the im-

portance of the electric field in theregions and the theory
(which is based on the charge and spin diffusion and not on
_.0 the spin drify would cease to be valid. However, the spin
U= U705+ Cor V1, (ALD) density in the collector can be greater than that in the base,
V2=VS+D2U2- (A12) de_mons.trating that the §patial c_iecay of the nonequ_ilibrium
spin (spin accumulationis not, in general, monotonically
for junction 2. Analogous equations can be written for holesdecreasing, in line of what was demonstrated in nonmagnetic
The solution to Eqs(A9)—(A12) is p-n junctions® as well as in inhomogeneous unipolar
semiconductors® The same term also describes the transfer
of the nonequilibrium spim? accumulated as a result of the
(A13) electron injection into the magnetic base. The second term of
where we have neglected the terms of orfleg, exp(V)/ Eqg. (A13), which is independent of the source spin, results
Ngl?, small in the low-bias regime. The formulas foy, v,, from the (intrinsic) spin pumping by the minority channel of
and v, can be obtained directly by substituting E#13)  the nonequilibrium spin generated in the base by the forward
back to Eqs(A9) through(A12). current through junction 1. This term vanishes if the base is
Equation(A13) describes spin injection through a MBT, nonmagnetic ¢q,=0). The third term of Eq(A13) repre-
since u, is the nonequilibrium spin in the collector at the sents the spin extraction due to the magnetic base. This term
depletion layer with the base. The first term on the right-hands controlled byV,, the bias at the base/collector junction.
side of Eqg.(A13) represents the transfer of source spijn  For the reverse bias, used in the amplification mode, this
from the emitter to the collector. Indeed, for a nonmagnetiderm can be neglected. Finally, the last term of E413)
transistor (the equilibrium spin polarizations are zgrthe  describes the diffusion of the source spin in the collector.
transferred source spin isi3= yq1¥1,2N0p EXPV1/KgT)U. The knowledge of the carrier and spin densities at the
Here vy, describes the transfer of the source spin through thelepletion layers allows us to calculate the charge and spin
emitter—a majority carrier spin injection. Once the spin is incurrents in the systems, as well as the density spatial profiles
the base, it becomes the spin of the minority carrjeence  throughout the bulk regions, using the formulas for magnetic
the minority density factong, exp(V;/kgT)], diffusing to-  p-n junctions in Table Il of Ref. 45. This is done for our
wards the base/collector depletion layer 2. The built-in elechumerical MBT model presented in Secs. IV and V.

for junction 1, and

Up=(Cy D1) (¥ U+ U3) +Cyr Vi+ U3+ yo i3,
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