TWO SPINORIAL DRIFT-DIFFUSION MODELS FOR QUANTUM
ELECTRON TRANSPORT IN GRAPHENE

NICOLA ZAMPONI AND ANSGAR JUNGEL

ABSTRACT. Two drift-diffusion models for the quantum transport of electrons in gra-
phene, which account for the spin degree of freedom, are derived from a spinorial Wigner
equation with relaxation-time or mass- and spin-conserving matrix collision operators
using a Chapman-Enskog expansion around the thermal equilibrium. Explicit models
are computed by assuming that both the semiclassical parameter and the scaled Fermi
energy are sufficiently small. For one of the models, the global existence of weak solutions,
entropy-dissipation properties, and the exponential long-time decay of the spin vector are
proved. Finally, numerical simulations of a one-dimensional ballistic diode using both
models are presented, showing the temporal behavior of the particle density and the
components of the spin vector.

1. INTRODUCTION

Graphene is a new semiconductor material, which is a subject of great interest for
nanoscale electronic applications. The reason for this interest is due to the very remark-
able properties of graphene, such as the high electron mobility and long coherence length.
Therefore, graphene is a promising candidate for the construction of a new generation of
electronic devices with far better performances than current silicon devices [8]. Potential
applications include, for instance, spin field-effect transistors [12, 24|, extremely sensitive
gas sensors [23], one-electron graphene transistors [19], and graphene spin transistors [3].

Physically, graphene is a two-dimensional semiconductor with a zero-width band gap,
consisting of a single layer of carbon atoms arranged in a honeycomb lattice. In the
energy spectrum, the valence band intersects the conduction band at some isolated points,
called the Dirac points. Around these points, quasiparticles in graphene exhibit the linear
dispersion relation E = vr|p|, where p denotes the crystal momentum and vy ~ 10°m/s is
the Fermi velocity [16]. This energy spectrum resembles the Dirac spectrum for massless
relativistic particles, F = c|p|, where ¢ is the speed of light. Hence, the Fermi velocity vp ~
¢/300 takes the role of the speed of light. The system Hamiltonian can be approximated

Date: May 20, 2012.

2000 Mathematics Subject Classification. 35K51, 35B40, 82D37.

Key words and phrases. Wigner equation, semiclassical limit, Chapman-Enskog expansion, spinorial
drift-diffusion equations, existence of solutions, long-time behavior of solutions, entropy dissipation,
graphene.

The second author acknowledges partial support from the Austrian Science Fund (FWF), grants P20214,
P22108, and 1395, and from the Austrian-French Project of the Austrian Exchange Service (OAD)

1



2 NICOLA ZAMPONI AND ANSGAR JUNGEL

near a Dirac point, for low energies and in the absence of a potential, by the Dirac-like
operator

0 0
1 Hy=—i — 4t o—
() 0 ihvg (Ul 0xy 083:2) ’

where A is the reduced Planck constant, and oy and oy are the Pauli matrices (see (3)).

In order to understand and predict the charge carrier transport in graphene, transport
models, which incorporate the spin degree of freedom, have to be devised. Theoretical mod-
els for spin-polarized transport involve fluid-type drift-diffusion equations, kinetic transport
equations, and Monte-Carlo simulation schemes; see the references in [18]. A hierarchy of
fluiddynamic spin models was derived from a spinor Boltzmann transport equation in [2].
Suitable matrix collision operators were suggested and analyzed in [20]. Drift-diffusion
models for spin transport were considered in several works; see, e.g., [1, 6, 22]. A mathe-
matical analysis of spin drift-diffusion systems for the band densities is given in [10].

Fluiddynamic equations provide a compromise between physical accuracy and numer-
ical efficiency. Another advantage is that they contain already the physically interesting
quantities, such as the particle density, momentum, and spin densities, whereas other mod-
els usually involve variables which do not have an immediate physical interpretation, like
wavefunctions, density operators, and Wigner distributions. In the latter case, further
computations have to be made to obtain the quantities of physical interest.

In this work, we address the quantum kinetic and diffusion level of spin-polarized trans-
port in graphene. More precisely, starting from a spinorial Wigner equation, we aim to
derive via a moment method and a Chapman-Enskog expansion macroscopic drift-diffusion
models for the particle density and spin vector. Furthermore, we prove the global existence
of weak solutions to one of these models and we illustrate the behavior of the solutions in
a ballistic diode by numerical experiments..

We note that there are only very few articles concerned with kinetic or macroscopic
transport models for graphene. In the physics literature, the focus is on transport properties
such as the carrier mobility [11], charged impurity and phonon scattering [4], and Klein
tunneling [17]. Wigner models were investigated in [15]. Starting from a Wigner equation,
hydrodynamic spin models were derived in [27], and the work [26] is concerned with the
derivation of drift-diffusion models for the band densities. In contrast, we will work in
the present paper with all components of the spin vector. Furthermore, we provide a
mathematical analysis of one of the models and numerical simulations of both models.

In the following, we describe our approach and the main results. ;From the unique
features of graphene follow that Fermi-Dirac statistics would be more suitable to describe
quantum transport in the material than Maxwell-Boltzmann statistics, since the energy
spectrum of the Hamiltonian (1) is not bounded from below. We overcome this problem
by modifying the Hamiltonian Hy. In fact, we assume that the system Hamiltonian is
approximated by the following operator which is bounded from below:

h2
(2) H = HO — (%A) 0o,
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where m > 0 is a parameter with the dimension of a mass and oy is the unit matrix in R?*>
(see (3)). This is not a very restrictive assumption since the operator (1) is itself only an
approximation of the correct system Hamiltonian, valid for small values of the momentum
[pl.

Starting from the Hamiltonian H + Voo, where V is the electric potential, Wigner
equations were derived from the Von-Neumann equation in [27]. In order to derive diffusion
models, we consider two types of collision operators in the Wigner model.

First, we employ relaxation-time terms of BGK-type, Q(w) = (¢ — w)/7., where w is
the Wigner distribution, 7. > 0 is the mean free path, and ¢ is the thermal equilibrium
distribution derived from the quantum minimum entropy principle [5]; see Sections 2.1
and 2.2. We assume that the wave energy is much smaller than the typical kinetic energy
(semiclassical hypothesis) and that the the scaled Planck constant is of the same order as
the scaled Fermi energy (low scaled Fermi speed hypothesis). Performing a diffusive limit
and a Chapman-Enskog expansion around the equilibrium distribution formally yields the
first quantum spin diffusion model (QSDE1) for the particle density ny and the spin vector
7l = (ny,n2,n3), which are the zeroth-order moments of the Wigner distribution w:

atn() — div J() = 0, Jo = Vno + TL()VV,
On; —divJ; = F;, J; = Ap(ii/ng)Vii+ 1@ VV + By(ng, 1), j=1,2,3,

where Ay and B, are some functions, and Fj depends on ng, 7, Vi, and VV. We refer
to Section 2.3 for details. Note that the equations for the particle density and spin vector
decouple; only the spin vector equation depends nonlinearly on ng and 7. The functions A
and By are well defined only if 0 < |7i|/ny < 1. Hence, the main difficulty in the analysis
of this model is the proof of lower and upper bounds for |7|/ny.

Second, we employ a mass- and spin-conserving matrix collision operator suggested in
[20] for a semiconductor subject to a magnetic field. Performing a diffusive limit and a
Chapman-Enskog expansion similarly as for the first model, we derive the second quantum
spin diffusion model (QSDE2) in which the equations for the particle density ng and the
spin vector 7 are fully coupled:

atno —div Jo = 0, J() = Al(Vng + RQVV) + Bl : (Vﬁ + n &® VV) + Cl(no,ﬁ),
oy —divJ; = Gy, Jj = As(Vng +noVV) + By - (Vit + 12 @ VV) + Cy(ng, 1),

where A;, B;, and C; are some functions depending also on the (given) pseudo-spin polar-
ization and the direction of the local pseudo-magnetization, and G; depends on 7 and J;.
We refer to Section 2.4 for details. Because of the cross-diffusion structure, the analysis of
this model is not immediate, and we solve this model only numerically (see Section 4).
Thanks to the decoupled structure of the model QSDE1, we are able to perform an
analytical study. More precisely, we show in Section 3 the global existence and uniqueness
of weak solutions, some entropy-dissipation properties, and the exponential long-time decay
of the spin vector. As mentioned above, the main challenge is the proof of |7i|/ng < 1. By
the maximum principle, it is not difficult to prove that ng is strictly positive. However, an
application of the maximum principle to the equation for the spin vector is less obvious.
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Our idea is to show that u = 1 — |7i|>/n3 satisfies the equation
Oru — Au — V(logng + V) - Vu = 2G[ii/ny],

where G[7i/ng] is some nonnegative function. This simple structure comes from the fact
that certain antisymmetric terms in Ag and By cancel in this situation. By Stampacchia’s
truncation method, we conclude that there exists a positive lower bound for v which proves
that |7i|/ng < 1.

Finally, we present in Section 4 some numerical results for the models QSDE1 and
QSDE2, applied to a simple ballistic diode in one space dimension. The equations are
discretized by a Crank-Nicolson finite-difference method. We illustrate the behavior of
the particle density ng and the spin components n; for various instants of time and the
exponential convergence of the particle density to the steady state.

The paper is organized as follows. Section 2 is concerned with the derivation of the
models QSDE1 and QSDE2. The model QSDE] is analyzed in Section 3. Finally, numerical
experiments are presented in Section 4.

2. MODELING

2.1. A kinetic model for graphene. We describe the kinetic model for the quantum
transport in graphene associated to the Hamiltonian H +V oq, where H is given by (2), and
V is the electric potential. Let w(x, p,t) denote the system Wigner distribution, depending
on the position x € R?, momentum p € R?, and time ¢ > 0. The Wigner function takes
values in the space of complex Hermitian 2 x 2 matrices, which is an Hilbert space with
respect to the scalar product (A, B) = itr(AB), where tr(A) denotes the trace of the
matrix A. The set of Pauli matrices

o o) () wm(5) ()

is a complete orthonormal system on that space. Therefore, we can develop the Wigner
function w in terms of the Pauli matrices, w = Z?:n wjo;, where w;(z, p,t) are real-valued
scalar functions. We set @ = (wy, ws,ws), P = (p1,p2,0), p = (p1,p2), & = (01,09,03),
and we abbreviate 8, = 9/0t and V = (9/dx1,0/0x5,0). With this notation, we can write
w = wyog + w - ¢. By applying the Wigner transform to the Von-Neumann equation,
associated to the Hamilonian H + V, the following Wigner equations for the quantum
transport in graphene have been derived in [27]:

o+ (Z9 ) -t ve 4 4]V uw = 21,
(4) m Te

— . . 2 —»_ —
Oy + (%v) @+ vp (Vwo—i—ﬁw’/\ﬁ) + 0, V]w ===

Te

where A is the reduced Planck constant. The parameter m, which has the dimension of a
mass, appears in the Hamiltonian H; see (2). The expressions ((p/m)-V)w; are originating
from the quadratic term in the Hamiltonian H. Compared to Formula (12) in [27], we have

allowed for BGK-type collision operators on the right-hand sides of (4) with the relaxation



TWO SPINORIAL DRIFT-DIFFUSION MODELS 5

time 7, and the thermal equilibrium distribution g = ggoo+ ¢ & which is defined in Section
2.2. The pseudo-differential operator 6,[V]w is given by
i1

VW)@ 0) = 7 55 /R 2 /R OV (@, u(z, pe” ) dgdy,

5wﬂazv<m+%>—vG—gg.

In order to derive macroscopic diffusive models, we perform a diffusion scaling. We
introduce a typical spatial scale Z, time scale ¢, momentum scale p, and potential scale V:

with its symbol

T =T, t—it, p—pp, V—VV,

where the scales are related to

~

2’UF]/)\ V 2}/?\1)}77'6 h ~ /
= ==, — — = — mk T
h xp h QpUFt p B

Here, T is the (constant) system temperature and kp the Boltzmann constant. The third
relation means that the typical value of the momentum equals to the thermal momentum.
Let L denote the average distance which a particle travels with the Fermi velocity vg
between two consecutive collisions, i.e. L = 7.vp. Then the first relation can be written as

T 1 V()
L 2 (p*/m)(mv})
Thus, the ratio of the typical length scale and the “Fermi mean free path” is assumed to

be of the same order as the quotient of the electric/wave energies and the kinetic/Fermi
energies. The second relation

t 1 (h/r)?
Te 4 (p2/m)(mvZ)
means that the ratio of the typical time scale and the relaxation time is of the same order

as the quotient of the square of the wave energy and the kinetic/Fermi energies.
We introduce the semiclassical parameter e, the diffusion parameter 7, and the scaled

Fermi speed ¢, given by
h 2DUp T, mu,
€ = ==, T = s C = .
xp h kgT

We suppose the semiclassical hypothesis ¢ < 1 and the so-called low scaled Fermi speed
hypothesis,

(5) 'y:zgzO(l) as € — 0.
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With the above scaling, equations (4) become

1 - €= -
Tatwo + Z(ﬁ V)’UJO + §V : 117+ 9€[V]w0 = g0 - U)[),
(6) 1 e e G-
TOW + —(p- V)W + =Vwy + W A p+ 6.V =
2y 2 T

The “drift” terms (¢/2)V - & and (¢/2)Vw, are of order O(e), whereas the “precession”
term w A p'is of order one. This means that we have chosen a time scale which is of the
same order as the magnitude of the precession period of the spin around the current, which
is smaller than the typical time scale of the drift process.

2.2. Thermal equilibrium distribution. We define now the thermal equilibrium distri-
bution g = goo + ¢ - ¢ using the minimum entropy principle. We introduce the (unscaled)

quantum entropy by
h(p)
t L 1 dxdp,
/Rz/R2 r( ( glw) - +/<?BT)>

where Log(w) = Op_ ' log Op_(w) is the so-called quantum logarithm introduced by Degond
and Ringhofer [5], Op, is the Weyl quantization, defined for any symbol ~(z,p) and any
test function ¢ by [7, Chapter 2]

(Op.(7)¥) (=

RQ

T+ I
( Y )ww)e“w D e/hdydp,
RQ

and

|p|2
hip) = 2o + +
(p) = o 00 + vp(p1o1 + paos)

is the symbol of the Hamiltonian H, i.e. H = Op(h).

According to the theory of Degond and Ringhofer [5], we define the Wigner distribution
at local thermal equilibrium related to the given functions ng and 7 as the formal solution
g = g[no, ] (if it exists) to the problem

Alg[no, )] = min {A[w] : / wodz = ny, / wdr = ﬁ} ,
w R2 R2

where the minimum is taken over all Wigner functions with complex Hermitian values and
w is decomposed according to w = wgog + W - ¢. This problem can be solved formally by
means of Lagrange multipliers; see [26, Section 3.2]. For scalar-valued Wigner functions,
such problems are studied analytically in [14]. Formally, the (scaled) solution is given by

2
(7) glno, 7| = Exp(—hap), hap= (ﬂ + A) oo+ (ecp+ B) - 7,

—

where A = A(z,t) and B = B(x,t) = (By, By, Bs)(z,t) are the Lagrange multipliers
determined by

®) [ stna e )ip = ooty [ gl ). 0 = . 1),
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and Exp(w) = Op_ " exp Op,(w) is the quantum exponential [5].

We wish to find an approximate but explicit expression for g. To this end, we expand
the quantum exponential in terms of powers of €, using the semiclassical and the low scaled
Fermi speed hypotheses. The expansion follows the lines of Section 3.4 in [26]. We obtain
from (7):

p|?
9

Note that a and b are of order one, in view of (5) Employing formulas (29), (37), and (38)
of [26], we deduce that g = g(© + eg® + O(e?), where

g0 = = (A+IPP/2) <cosh | Blog — sin|%|’B| B- 5) :

g[no, 7| = Exp(a +¢b), a=— ( —i—A) oo—B-3, b=—vp-3.

B sinh | B
g0 = e (A+lsP? /2{ sSmh 1Bl 5 50,

|B|

. sinh|B|\ B® B h|B

B [(<C08h|B|_sm_‘| |> (i@ +Sln | | )p
|B| |B|? |B]
inh | B B

<cosh|3| sinh | |><<p V.)B) A 5}’

|B] 27| BJ?
where I denotes the unit matrix in R3*3. Finally, it remains to express the Lagrange
multipliers A and B in terms of ng and 77 by means of the contraints (8). We find after
tedious but straightforward computations that

N 1 - il no + |7
10 A= — 2 — i)+ 0(?), B=-——Ilog\|—— +0(
( ) € 27T nO ‘n| + (E )7 ‘ﬁ‘ 0g ne — ‘ﬁ“ + (6 )7

where I denotes the unit matrix. Equations (9) and (10) provide an explicit approximation
of the thermal equilibrium distribution. The functions gy and § are defined by ¢(®) +e¢™) =
gooo + G- 0.

2.3. Derivation of the first model. We derive our first spinorial drift-diffusion model.
We assume that both the semiclassical parameter ¢ and the diffusion parameter 7 in (6)
are small and of the same order. We will perform the limit 7 — 0 and £ — 0, setting

WL

— = =0(1) as7 —0.

From (6) follows that the lowest-order approximations of wy and  are go and g, respec-
tively. In order to compute the first-order approximation, we employ a Chapman-Enskog
expansion of the Wigner function w = wg 4+ @ - ¢ around the equilibrium distribution g.
Inserting the expansions wy = gooo + 7fo, @ = § -+ 7f into (6) and performing the formal
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limit 7 — 0, we infer that
1, = - > > 1 .=, = - L
foz—g( -V)go + VV - V00, fz—g(p-v)ngVV-Vpg—g/\p.

Here, we have used the expansion 0.[V] = =VV -V, + O(e).
The moment equations of (6) read as

1 — —
Tatn0+_v ﬁondp+ VT_?::O,

€

2 2

(11) ) ! o

TOm + —V - w®ﬁdp+—Vng—l—/ w A pdp =0,
2’}/ R2 2 R2

since [, 0:[V]w;dp = 0 for j = 0,1,2,3. We need to compute the first-order moments

/ ijJkdp, ] = 1727 k= 07 172737
R2

in order to close the moment equations (11). For this, we insert in these integrals the
expansions for wy and w as well as the expansions (9)-(10). After long but straightforward
computations and rescaling x — x/(27) and V' — V/(27v) in order to get rid of the factor
1/(27), we arrive at the expressions, up to terms of order O(7?),

/ pkwodp = —T()\nk + 8kn0 + noﬁkV),
R2

/ Prwsdp = —T(AQps + Opng + 150V + nsornie),
RQ

where we have set &y = 9/0xq, 0y = 0/0x4, 03 = 0,

0 no

2y
Oy =y 21— 0<y<l1
W)=y ( log(1+y)—log(1—y))’ e

using Einstein’s summation convention, and (7¢) is the only antisymmetric 3-tensor which
is invariant under cyclic index permutations such that 723 = 1. In other words, n;iea;b; =

(@n g)g for @, b € R3. Inserting these expressions into (11), we find the model QSDEL1:
(12)  Omo—divy =0, Jo = Vng+neVV,

(13) Oy —divJ; = F;,  Fy = njuenzddV — 2n; + byt /no|8n, — b;[ii /ne]V - 7,
(14) Jjs = (5jg + by, [ﬁ/no]njkg)(?sng + 105V — 2n;s0n + b [11/10] (055 — 0j5n0%),

1 n .
Qrs = NoOks — n—q) (u) (1722 0s — mms + Mgjen;Opme),

where j, s = 1,2,3. The functions

s Vi 2’17’
b = —(1—-
o) = A ( log(1 + o)) — log(1 — |4])

), k=1,2,3, veR? 0< |7 <1,
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satisfy 0 < b[v] < A for all 0 < |7] < 1, limyg ¢ bx[0] = 0, and the function |0] — ®(|v]) =
bp|V]/(Avg) is increasing. This allows us to set bi[0] = 0 such that by is defined for all
0< |7 < 1.

The above equations are complemented by the Poisson equation

(15) ~ALAV =ng — C(x)
for the electric potential, where Ap > 0 is the scaled Debye length.

2.4. Derivation of the second model. In the model (12)-(14), the particle density ng
evolves independently from the spin vector 7. We will modify this model in order to derive
a fully coupled system by adding a “pseudo-magnetic” field which is supposed to be able
to interact with the charge carrier pseudo-spin.

Possanner and Negulescu [20] consider a semiconductor subject to a magnetic field which
interacts with the electron spin and they build a purely semiclassical diffusive model for
the particle density ny and the spin vector 7 by a Chapman-Enskog expansion around
the equilibrium distribution. Instead of the relaxation-time model used in Section 2.3, we
employ here the mass and spin conserving collision operator (49) of [20],

Q(w) = P'*(g —w)P'?,

where ¢ is the equilibrium distribution, defined in Section 2.2, and P = 09 + (& - 7 is
the polarization matrix with the pseudo-spin polarization ((z,t) of the scattering rate and
&(x,t) is the direction of the pseudo-magnetization (see [20, Section 4.1]). The quantity
C(z,t) € (0,1) satisfies

_ 14 [¢(, )]

St = TS
1= |¢(,1)]

where s;) are the scattering rates of electrons in the upper and lower band, respectively,
and it holds |&(z, )| = 1. We introduce the collision operators Qo and @ by

Q(w) = Qo(w)og + @(w) o

We start from the scaled Wigner equations

1 - - 1
T@tw0+—(ﬁV)wo+§ w+95[v]w0 = —Qo(’LU),
(16) 2y 2 T
1 - - 1=
Tl + 5 (7 V)i ngo BN+ OV]E + 70 AT = ~Glw).

Compared with the Wigner system (6) in Section 2, the second equation in (16) contains
the (heuristic) term 7 A, which describes the “precession” of w around the local pseudo-
magnetization. We assume again that A := e7/7 is of order one (as 7 — 0) and we perform
a Chapman-Enskog expansion of the Wigner distribution w = woog + w - &. The result
reads as follows:

(17) w=g— TP_I/QT[g]P_l/Q,
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Lo 1 - - .
T[g]:(—ﬁ-V—VV-Vp)gOUQ+((%ﬁ-V—VV-Vp)g%I—ﬁ/\ﬁ)-c?.

To compute P~Y2T[g] P~'/2 we employ the following lemma whose proof is an elementary
computation.

Lemma 1. For all Hermitian matrices a = agog + a - @, it holds

Pil/zapil/Q = (ao — Cc_d' . 5)0’0

o
+T%?K@m+@®&+v@—éu—ﬁ®mﬁk&

Since the collision operator Q(w) is conserving mass and spin, the moment equations of
(16) become

1 — —
Tatn(] +—=V- ﬁU)Odp +=-V.n= 0,

=
2’}/ R2 2
1 - .
T@tﬁ+—v-/ zﬁ@ﬁdp—FEVno—F/ WA pdp+ 10 A1t = 0.
27 R2 2 R2

The first-order moments fR2 prwodp and fn@ prwsdp can be calculated up to order O(e?) =
O(7?) by using (17) and Lemma 1, leading to the spin diffusion model QSDE2:

(18) atno = div Jo, atnj = div Jj + Gj, ] = 1, 2, 3,

where

Jos = (1 = )7 ((8smo + 100sV') — Cwr(Osms, + 05V + Miesie) ),
Jis = (1— )t [ — Cw;(0sng + np0sV)
(19) + (wjwk + V1 = C(0jr — wjwn)) (Dani + DV + Mieane) ],
Gy = Njrs (s + news) + Os (bi[7/10] (Njedsne + djuns — dj5my))
+ by[ii/no|dsn; — b;[ii/no]V - .

In contrast to the model QSDE1 (12)-(14), this system is fully coupled. It is possible to
show that the system is uniformly parabolic if ||(||r=(0 ;=) < 1 but the presence of
the cross-diffusion terms makes it hard to prove any L* bounds, in particular the bound
|71 /no < 1.
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3. ANALYSIS FOR THE FIRST MODEL

In this section, we consider the model QSDE1 (12)-(15) in a bounded domain Q C R?
with 9Q € O, For convenience, we recall the equations:

(20) Omng —divJy =0, Jy=Vng+nyVV,

(21) Oy —divJ; = F;,  F; = njpenig0)V — 2n; + bi[7i/no|Okn; — b; [ﬁ/no]ﬁ -,
(22) Jjs = (5]-@ + by, [ﬁ/no]njkg)ﬁsng + 105V — 2n;50m0 + bi[11/10] (0515 — dj5m),
(23) —AMAV =ng—C(z) inQ, t>0,j=1,2,3, s=1,2,

and the functions

bud] = Ak (1 -
1= (1 T o

We impose the following boundary and initial conditions:

(24) ng=np, n=0 V=Vp ondQ, t>0,
(25) no(0) =ny, @(0) =7; in Q.

Finally, we abbreviate Qp = Q x (0, 7).

), k=1,23 7R 0< |7 < 1.

3.1. Existence of solutions. We impose the following conditions on the data:
(26)  np € H'(0, T3 HA(Q)) 0 HA(0,T; LA(Q)) N L*(0, T; L¥(Q),

27 7€ H'(Q), infn] >0, n]=np0 o9 inf 0
(27) n; € H(Q), infny >0, n; np(0) on 09, 89120,T)HD> :

(28) Vp e L0, T; W (Q))n H'(0,T; H'()), C e L®(Q), C>0inQ,

for some p > 2. Under these assumptions, we are able to prove the existence of strong
solutions (ng, V') to the drift-diffusion model (20) and (23).

Theorem 2. Let T' > 0 and assume (26)-(28). Then there exists a unique solution (ng, V')
to (20) and (23) subject to the initial and boundary conditions in (24)-(25) satisfying

ng € L0, T; H* () N H'(0,T; H' () N H*(0, T; (H'())"),
O<me ™ <ny<M inQ, t>0, Ve&L>0,T,W-(Q)),

where = \p5* and

M =max<{ sup np, supny, supC(z) ¢, m:min{ inf np, infn?} > 0.
80x(0,T) Q 0 80x (0,T) Q

Proof. The existence and uniqueness of a weak solution (ng, V') to (20), (23), and (24)-(25)
satisfying
ng >0, nge€ L*0,T; H'(Q)NHY0,T;(H(Q))), VeL*0,T;H(Q))

is shown in [9], also see Section 3.9 in [13]. It remains to prove the regularity assertions.
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First, we show that ng is bounded from above and below. Employing (ng — M)* =
max{0,ng — M} € L*(0,T; H}(Q)) as a test function in the weak formulation of (20) and
using (23), we find that

1d
= — [ ((no — M)+)2dx + / |V (ng — M)t Pde = — / noVV -V (ng — M)*dx

1
:—§/VV-V<(nO—M)+)2dx—M/VV-V(nO—M)+dx
0 Q

1 M
_ ——2/(n0 = C@)((no — MY 2o — = [ (ng — C()) (g — M)*da
2AD Ja Ap Ja

<0,
since ng—C(x) > 0 on {ng > M}, by the definition of M. This implies that (ng—M)" =0
and hence, ng < M in Q, t > 0.

Next, we employ the test function (ng — me )~ = min{0,ny — me **} in the weak
formulation of (20):
1d
= — [ ((no — me’“t)’)de + / |V (ng — me )" |*da
= — / (ng —me ")VV - V(ng — me ")~ dx — me_“t/ VV - V(ng — me ") dx
Q Q

+ pme+* / (ng — me ")~ dx
0

=g | (0= C@) (0 = me)) s
1 MY dr + pme M [ (ng — me M) " dx
“5z Q(nO_C(x))(nO—me )"dx + p /Q(o )" d

I 1
SﬁﬂW“”m/“%—m€”>%wi/(ﬁ“‘>meww—mem(m
D [¢) Q 5

since we integrate over {ng < me #*}. By the definition of yu, the last integral vanishes.
Then, the Gronwall lemma implies that (ng — me )~ = 0 and hence, ng > me **.

The above bounds show that the right-hand side of the Poisson equation is an element
of L>=(0,T;L>®()). Then, by elliptic regularity, V' € L>(0,7; W*?(Q)), where p > 2
is given in (28). Since W*P(Q) — WH=(Q) (we recall that Q C R?), it follows that
VV e L>(0,T; L>=(2)). Consider

—A%Aatv = 8tn0 in Q, 8,5‘/ = atVD on 0f).
The right-hand side of this equation satisfies dng € L*(0,T;(H'(Q2))'). Hence, 9,V €
L2(0,T; HY(Q)).

Finally, we prove the higher regularity for ng. For this, we consider the equation satisfied
by p=mng—np:

Op—div(Vp+pVV)=finQ, t>0, p=00nd, p(-,0)=n)—np(0),
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where f = —9np + div(Vnp + npVV). We use the following result: If f, 9,f € L*(Qr)
and p(-,0) € H*(Q) N H} () then ng € C°([0,T]; H*(Y)), ding € L*(0,T; H(Q)), 0fng €
L*(0,T; (HY(Q))) (see, e.g., [28, Theorem 1.3.1]).

The boundedness of VV implies that f € L?(Qr). This gives the regularity dng €
L?3(Q27). As a consequence, V € H'(0,T; H*(Q)). Our assumptions on the data show that
—np + Adinp € L*(Qr), and it remains to prove that d,div(npVV') € L*(Qr). Now,

8 div(npVV) = 0,Vnp - VV + Vnp - VO,V + 0mnpAV + npAd,V.

The first term on the right-hand side lies in L*(Qr) since VV € L*>(0,T; L>=(f2)). Fur-
thermore, Vnp € L>(0,T; H'(Q2)) and Vo,V € L*(0,T; H'(Q?)) from we conclude that
the second term is in L?*(Q7). In a similar way, this property can be verified for the third
and fourth terms. This shows the claim and the regularity statements for ng. O

Next, given (ng, V') as the solution to (20) and (23), we prove the existence of a solution
7 to (21) with the corresponding boundary and initial conditions in (24)-(25), satisfying
the bound |7i|/ng < 1.

Theorem 3. Let (ng, V') be the solution to (20), (23), and (24)-(25), according to Theorem
2, and let iy € HY(Q)? satisfy
|71 ()]
su
et 1 (x)

Then there exists a weak solution 7 € L*(0,T; H(Q))> N HY(0,T; HY(Q))? to (21)-(22)
and (24)-(25) satisfying

(29) sup [z, 1)

< 1.
(@1)er No(T,1)

Furthermore, there ezists at most one weak solution satisfying (29) and n € L*(0,T;

WLA(Q))3,

Proof. We prove first the existence of solutions to a truncated problem by applying the
Leray-Schauder fixed-point theorem. Let 0 < x < 1 be a fixed parameter and let ¢, €
C°(R) be a nonincreasing function satisfying ¢, (y) = 1 for y <1 — x and ¢,(y) = 0 for
y > 1. Then define

bX[8] = b, (|8))bu[0]  for all & € R,

Step 1: Application of the fized-point theorem. In order to define the fixed-point operator,
let p'e L*(Qr)? and o € [0,1]. We wish to solve the linear problem

d
(30) E/Qﬁ cZdr +a(i, 2;t) =0 for all 7€ Hy(Q)?, #(0) = o7y,
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where

a(n, 25t) = / ((5jg + oby [P/ no]nike) Osne + n;OsV — ansgng)agzjd$
Q
+ U/ bX[o/mol(duns — djsmu)Oszjdx
Q

_ / (njkmkaﬂ/ —2n; + obX[p/ng|Osn; — Ub;< [p_’/no}asns)zjdx,
Q

for Z € Hg(2)*. The bilinear form a : Hj(Q)*x H}(Q)? — R is continuous since |b[5/no]| <
A and |[VV] e L*(0,T; L>°(£2)). Furthermore, using the antisymmetry of 7;x,

a(m, m;t) = /Q (|IV7]|? + n;0,VOsn; — 2mj5emedsn;)
- 0/ bX 1o/ nol(dkns — dj5my)Osnjda
Q

+ / (2n; — ob¥[p/n0)0sn;j + ob[5/n0|0sns ) njder,
Q

where ||V7i||? = Z?kil(ajnk)2. All the terms on the right-hand side can be written as
a product of n;, ﬁk;u, and possibly an L*> function. Note that the only term, which
does not have this structure, b{n;,0sne0sn;, vanishes because of the antisymmetry of 7;x.
Therefore, the Holder and Cauchy-Schwarz inequalities yield

— = 1 — —
a(id, ;1) 2 il g = ellfillzzq)

for some constant ¢ > 0 which depends on the L* norm of VV. Hence, there exists a
unique weak solution 77 € L*(0,T; H}(Q))> N H'(0,T; H'(Q))? to the linear problem (30)
25, Corollary 23.26]. Moreover, there exists a constant ¢ > 0 independent of p and o such
that

(31) ||ﬁ||L2(O,T;H1(Q))3 —|— ||at7_iHL2(O’T;H—1(Q))3 S C.

This defines the fixed-point operator F' : L?(Qr)3 x [0,1] — L*(Q7)?, F(p,0) = . We
note that F'(g,0) = 0.

Next, we show that F is continuous. Let (5*)) C L*(Q7)® and (¢®)) C R such that
p* — pin L*(Qr)® and 0¥ — o as k — oo. Since bY is bounded, it follows that
b;‘[p(k)/no] — b¥[p/no] in L7(Qr) for all r < co. Let n®) = F(p® ¢*). The uniform
estimate (31) shows that, up to a subsequence,

ﬁ(k) N ﬁ Weakly in L2(07T7 Hl(Q))S and n Hl(O,T, Hil(Q>>37

M — 7 strongly in L?(Qr)?,

7 (
n
since the embedding L*(0,T; H () N HY(0,T; H'(Q2)) — L?(Qr) is compact, by the
Aubin lemma. These convergence results are sufficient to perform the limit £ — oo in
the weak formulation of (30) with 7*) instead of 7 and o instead of o. The limit

equation shows that 7 = F(p,0). As the solution to the linear problem is unique, the
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convergence ) — 7 in L?(Q7)? holds for the whole sequence, and hence, S is continuous.
Furthermore, by the Aubin lemma, F'is compact. Finally, let 77 be a fixed point of F(-, o).
By the boundedness of b} and estimate (31), we find uniform estimates for 7 in L*(Qy)?.
Therefore, we can apply the fixed-point theorem of Leray-Schauder which yields a weak
solution to the truncated problem (30) with g replaced by 7.

Step 2: L* bounds for 1i. We prove that the solution to (30) is bounded in . To this

end, we define the function ¢ = /1 + |77|2. Then, in the sense of distributions,

o = a”;' - i(A(\m?) +2div(|APVV) — VV - V]ii]? — 2G[])
where
(32) G[i) = | VAl]* + 27 - curl 7 + 2|ii|%.

Inserting the identities

1 1
—A(|7i]}) = Ay + —| V|2,
5 AR = A0+ 2|V
1 A
Ediv(|ﬁ|2V\/) =div(yVV) + VV - Vi) — 7‘/,
1 L2
ﬁVV-V|n| =VV . .Vy
in the above equation for 1, we deduce that
(33) O — div(Ve + 9 VV) = = AV — ¢~ (Gil] — [Vo ).

Since |curl 7] < 2||Vd||? for all ¥ € Hj(2)?, Young’s inequality gives
1
(34) G[v] > || V|| - (2|’17\2 + §\Cur117|2> +2|7)* > 0.

Elementary computations show that

. 2 _ s [] L V@HP
Glii] — [V —¢G{a}+2—¢420-
Hence, we can estimate (33) by
. 1 M
Oy — div(Vip + pVV) < )\%—w(no — () < é—(’w <5

By the maximum principle, ¢ < ¢(T") in Qr, where ¢(T") > 0 depends on the end time 7" > 0.
Taking into account that 1 > 1 by definition, we conclude that ¢ € L*>(0,T"; L>(2)) and
hence, |71] € L>(0,T; L>(2)).

Step 3: Proof of |7i|/ny < 1. We show that there exists 0 < x < 1 such that |7i|/ng <
k < 1. Then, choosing x > 0 sufficiently small, we can remove the truncation obtaining a
solution to the original problem.
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Let w =1 — |7i|*/n2. Note that this function is well defined since nq is strictly positive,
see Theorem 2. A tedious computation shows that u solves

Ou — Au = V(logng + V) - Vu + 2G|1i/ng).
in the sense of distributions, where G is defined in (32). We prove a lower bound for u
by testing the weak formulation of this equation by U := (v — k)~ = min{0,u — k} €
L*(0,T; Hy(2)), where k = min{infoox o7 u, infox oy u} > 0.

1d

(35) ——/Uzdx+/ |VU|2d:1:=/UV(logn0+V)~Vde+2/UG[ﬁ/n0]dx.

Since G(7i/ng] > 0, the last integral is nonpositive. The first integral is estimated by
employing the lower bound for ng, obtained in Theorem 2, and applying Young’s and
Holder’s inequalities:

-1
/QUV(logno+V)-Vde§ <isg1fn0) / \U||Vnol|VU|dz
T Q
< f/ VU |2dx +c(5)/ U2 Vng|*da:
2 Jqo Q
3
< 5 [ IVUPds + eIVl 1V oy
The Gagliardo-Nirenberg, Holder, and Poincaré inequalities imply that
£
10174y < cllUlez@ 100y < §||VU||i2<n) + (@)U 20

where ¢ > 0. By Theorem 2, Vng is an element of L>°(0,7;W'*(Q)), in view of the
embedding H?(Q2) — W'4(Q). Collecting the above estimates, we infer that

/UV(lognOJrV)-VUd:Ege/|VU|2dx+c(5)/U2dx.
Q Q Q

Inserting this inequality into (35) and choosing ¢ < 2, it follows that

1d 2 2
—_ < .
5 t/QU dx c(e)/QU dz

Then Gronwall’s lemma and U(-,0) = 0 gives U = 0 in Qr and hence, u > k > 0 in Q7.
Step 4: Uniqueness of solutions. Let @ and ¥ be two solutions to (21) and (24)-(25)

satisfying (29) and @ € L>(0,T; W'4(Q))3. Set @ = @ — v. Taking the difference of the

equations satisfied by @ and v, respectively, and employing @ as a test function, we find
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that

1d
— —/ |117|2dl’ —|—/ HV’Lﬁ”%ZI S / { — wjakwjakv + 277jkgw38kwj
— (bg[d] — by [0]) (MjkeOste + 0jits — 0j5up)Osw; — by [T](0j5ws — 6jswk)8swj}da:,
+ / {(njkﬂwkagv — 2wj)wj + [(bs [ﬁ] — bs [17])8qu -+ bs [U](?swj]w]-
Q
— [(b] [ﬁ] — bj [U})@sus + bj [ﬂ@sws]w]}dx
Thanks to the L* bounds on VV| u, and ¢, we can estimate as follows:

1d

3 | alde s [Valrde < [ (al|9a) + [Val @ + [ Va) @] [Vl ds

1 i 10 = —
= 5/{2||Vw||2dx+CHVUHL4(QT)(1 + ||Vu||L4(QT))/Q|w|2dx7

where ¢ > 0 is some generic constant. Since w/(0) = 0, the W'* regularity for @ and
Gronwall’s lemma imply the assertion. This finishes the proof. O

3.2. Entropy dissipation. Let (ng,7,V’) be a solution to (20)-(23), (24)-(25) according
to Theorems 2 and 3. We assume that the boundary data is in thermal equilibrium, i.e.

(36) np=e'?, V=Vp #@=0 ondl,

where Vp = Vp(z) is time-independent. In this subsection, we will show that the macro-
scopic entropy

5 = [ (0n0-+ 1a0) (Qogna-+ ) ~ 1)+ 50 = 1a1) (10gna = 1) ~ 1)
+ (ng — C(2))V — %|VV|2) drx

is nonincreasing in time. Note that ny < |7i| by Theorem 3 such that log(ng — |77]) is well
defined.

The functional S(¢) can be derived as follows. Inserting the thermal equilibrium dis-
tribution g[ng,7| in the quantum entropy A[w]|, defined in Section 2.2, and taking into
account the electric energy contribution, it follows that the total macroscopic free energy
reads as

S(t) = Alglno, )] — /Q (C’(:U)V + %yvvﬁ) da.

Then the expansion of g[n, 7] (see (7), (9), and (10)) yields the above formula for S(t) =
S(t) 4+ O(£?).
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Proposition 4. The entropy dissipation —dS/dt can be written as

ds 1 - 7
a2 / (no + 17]) |V (log(no + |7]) + V) *d
Q

=5 | tno = 1)1V Qogtng — 1) + V)P

=5 [ atios (255 Glalatiae <o

where G is defined in (32).

Note that in the drift-diffusion model without spin contribution, i.e. |7i| = 0, we recover
the standard entropy dissipation term [, no|V(logng + V) |*dz.

Proof. Taking the time derivative of S, we find after some computations that

is 1 no + |71\ 7 7
(37) E_/Q(( log(ng — |7 )+V)8mo+§log(no_|ﬁ)W'atn

+ (no — C(2))0,V — A4VV - vatv) dx

To be precise, the second term in the integral has to be understood in the sense of
L*(0,T; H1(Q)). Since Vp does not depend on time, we have 9,V = 0 on 99, t > 0.
Hence,

/(no — C(2))0,Vdr = —)\%/ AVoVdr = )\%/ VV .-VoVdzx,
Q 0 Q

and thus, the last two terms in dS/dt cancel.
In order to compute the second term in dS/dt, we observe that

1 1
i - Oyt = §A(\ﬁ\2) + div(|7A]*VV) — §V(\ﬁ\2) -VV — G,

where G is defined in (32). Then, inserting this expression and (12) into (37) and integrat-
ing by parts, we infer that

gz_/g{v( log(n? |n|)+V>'(Vn0+n0VV)

1 1 1 1
+ v( lo "OHTj')-(-V(ym?)+\m2vv>
i % no — |7 2
1
b og M0t 7] < v(|7?) - VV+G[ﬁ]> }da:.

207 no — |71

1 7 1 7 1 7
V(TlogM)ZTV(logM)+V( )1 mo + 17|
7| no — |7 |71 no — |7 |7 ng — ||

Since
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we can write

gz_/g{v< log(ng — | )—H/) (Vg + noV'V)

1 no—i—]n] 1 19 519
—~ v i
+ 2WV (og o \ﬁ\) <2V(|n| )+ 7|*VV ) bdx
1 n0+|ﬁ|{ (1) (1 9 L )
—= [ log———=< V| =) | =V(7|") + |[n|"VV
s Jee e tt” () - (3o 1o
1

= (%vqm?) YV + G[ﬁ]) }da;.

7]

Straightforward computations show that

171G L |] v (%) - (%V(|ﬁ|2) + |ﬁ|2VV) + |%| (%vum?) YV + G[ﬁ]) |

which allows us to reformulate the second integral. Together with some manipulations in
the first integral, we obtain

% _ _1/ {Vlog(no + []) + V) - (V(no + |7]) + (no + [A)VV)

+ Y (log(ng — [l) + V) - (Vg — [ii) + (ng — ) VV) }da

~3 Jyes (Gt ) @ L) &

We observe that the expression

— — 1 1 1 — —
o (22 ) 6 [ 2] - L1y (L) 2]
no — |7i] 7} molril/no = \ 1 =il /ng 7]

is integrable because infq,. 1y > 0, supq,. |7|/n¢ < 1, the map

1 1
(0,1 —¢) — R, a:r—>—log< —1—33)
x

1—x
is bounded for all € > 0 and |71|?G[7i/|7|] € L'(Q7). Since
V(no % |7i]) + (no £ |7i])VV = (ng £ |7i])V (log(ng £ |7i]) + V),
this finishes the proof. O

3.3. Long-time decay of the solutions. Let (ng, 7, V') be a solution to (20)-(23), (24)-
(25) according to Theorems 2 and 3. We will show that, under suitable assumptions on
the electric potential, the spin vector converges to zero as t — oc.

Theorem 5. Let 2 < p < co. Then there exists a constant €, > 0 such that if the condition
|VV || Lo (0,13000 () < €p holds then

17(, )l oy < 171l oye ™", t € (0,T),
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for some constant k, > 0 which depends on p, ), and the L> norm of VV'. Furthermore,
there exists €5 > 0 such that if [|AV || Lo (om0 0)) < €2 then

7¢Ol 2y < 7l r2@e™, ¢ €(0,T),
for some constant ko > 0 which depends on 2 and the L™ norm of AV.

Note that we may set T" = oo yielding the desired convergence result. For the proof of
the second part of the theorem, we need the following lemma.

Lemma 6. There exists a constant cq > 0, depending only on ), such that for all @ €

Hj ()2,
/G[ﬁ]dx > CG/ #2dz,
9] 0

Proof. Let > 0 and consider the following bilinear form on Hj ()3

where G is defined in (32).

B, (u,7) = /Q (Vi : VU+a-curl¥+ 0 carl@ + (2 + p)a - 0)da,

where Vi : VU = ng 1 Ojur0;v. The bilinear form B is symmetric, continuous, and
coercive on H{(2)3, since, using (34) and the Poincaré inequality,

Bua@) = Gl +u [ [iFdo > p [ (e > cullgcor
Hence, by the Lax-Milgram lemma, for all f € L2(€)?, there exists a unique solution
€ Hi () to
B(i, 7) = / Fvde, ©e HY(Q)P.
Q

This defines the linear operator L : L2(Q)* — L2(Q)*, L(f) = 4. Since the range of
L, R(L), is a subset of Hj(€)?, which embeddes compactly into L*(Q2)*, L is compact.

Furthermore, L is symmetric (since B is symmetric) and positive in the sense of [, L( -

fdx > 0 for all f # 0 (since B is coercive). By the Hilbert-Schmidt theorem for symmetric
compact operators (see, e.g., [21, Theorem VI.16]), there exists a complete orthonormal
system (7)) of L?(Q) of eigenfunctions of L,

La®y = ™, 0 < A\, \ 0as k — oo

Note that (\z) depends on y since L and B do so. In particular, ¥} € R(L) C H}(Q)?
and

(38) B(a®, 7)) =\, /W -vdr for ¥ € H(Q)®, k € N.
Q
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We claim that ;' > p. Otherwise, if A" < y, the definition of B and (38) yield

/ (|]Vﬁ(1)||2 +2aM - curla® + (2+ u)|ﬁ(1)|2)d:€
Q

= B(a®W /|ﬁ(1)| dr < u/ |7 2 d.

The terms containing v cancel, which gives
/ (Iva®|? + 26" - curla® + 2|@™|?*)dz < 0.
Q

However, in view of (34), the integral is nonnegative and hence, it must vanish. Therefore,
(39) Va2 + 2a® - curl @V +2)dV2 =0 a.e. in Q.

On the other hand, using |curl @™ |?> < 2||Va®|?,
1 2
0> Elcurl aM? + 2aW - curla® + 2| ‘—curlu +2aW| |

from which we infer that curl ¥ = 20 and by (39), ||[V@V||246]@™|> = 0. This implies
that @") = 0 which is absurd. Hence, \* > p.

Now let E Hl(Q) N H?(02)3. We can decompose @ in the orthonormal set (@),
U= ey k™ for some ¢, € R. It follows from (38) and the orthogonality of (7@*)) on

L?(Q)3 that
B(ii, @) > Y i B(a®,ia™) => " At = A idl]72 0
keN keN
By a density argument, this inequality also holds for all @ € HJ(2)?. Therefore,

/Q Glidz = B,(@, i) — p / @2de > (A — 2) [y,

and the lemma follows with cg = A\;' — p > 0. g

Proof of Theorem 5. Let p > 2. Using the test function p|i|P~?n; € L*(0,T; Hy(2)) in
(21) and summing over j = 1,2, 3, we find after elementray computations that

d . 4(p — 2) p/2 12
(40) E/ﬂ|n|”dm—|—T/ﬂ|V|n|p/2| dz

= —2(p— 1)/ 7[P2VV -V |i|P P dr — p/ |71[P~2 G 7] da.
Q Q

Now, we distinguish two cases. First, let p > 2. Employing Young’s inequality with
a > 0 and G[7] > 0, we find that

/|n|pdx—|— (p=2) /}v| P2 2 da

(p—1)
< O Vi g [ i+ § [ [ e
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Then, choosing o« = 4(p — 2)/p and employing the Poincaré inequality

[ (i > e / pds,
Q Q

we infer that

/ e < ( >) A A— 02) / rd.

This proves the first part after setting ¢, < v/8(p — 2)Cp/( (p — 1)) and applying the
Gronwall lemma.

For the second part, let p = 2 in (40). By Lemma 6 and integration by parts in the term
containing the potential, we obtain

d
—/ 172 = —/AV|ﬁ|2dx—2/G[ﬁ]dx§ (IAV |1~ 0 10 @) —2CG)/ 17 [2dz.
dt Jo Q Q o Q

With the choice g9 < 2¢¢ and the Gronwall lemma, the theorem follows. O

If the total space charge ng — C'(z) = —\%AV is positive, we are able to prove that
7i(-,t) converges to zero in the L* norm.

Proposition 7. Let 0 < T < co. The following L*° estimate holds:
[17(- )| =0y < [17r]|o=(2) exp ((SuPau o) AV)E), € (0,T).

Proof. Let 2 < p < oo be arbitrary. From (40) we deduce that, by integrating by parts,
d
—/ |7i|Pdx < (p — 1)supAV/ |7i|Pd.
dt QO Qp Q

Therefore

172G, )| ooy < exp (1 = 5)(supq, AV)E)[17ir]|Le(), ¢ € (0, T).
Passing to the limit p — oo in this inequality yields the claim. U

4. NUMERICAL SIMULATIONS

In this section, we present some numerical results for the models (12)-(15) and (18)-(19),
(15) in one space dimension, €2 = (0, 1). We choose the boundary conditions

ng=C, n=0, V=U ondQ={0,1}, t >0,
where U(x) = Vaz and V4 = 80 is the scaled applied potential, and the initial conditions
no(z,0) = exp(—Veq(z)), 17(z,0) =0,
where V,q is the equilibrium potential, defined by
—A50% Viq = exp(—Vey) — O(z) in Q,  Voo(0) = Vig (1) = 0.
We choose A2, = 1073. The doping profile corresponds to that of a ballistic diode:
Clr) =Chm forz<z<l-—z, Cz)=1 else,
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where Ch,y, = 0.025 and # = 0.2. The pseudo-spin polarization and the direction of the
local magnetization are defined by

(=05 &=(00,1)".

Table 1 shows the values of the units which allows for the computation of the physical
values from the scaled ones.

space unit 10-"m
time unit 0.5x 10785
voltage unit 1.25 x 1072V

particle density unit | 1077 m =2
current density unit | 2 x 102 m=1 s7!

TABLE 1. Units used for the numerical simulations.

Models QSDE1 (12)-(15) and QSDE2 (18)-(19), (15) with the corresponding initial and
boundary conditions (24)-(25) are discretized with the Crank-Nicolson finite-difference
scheme and the space step Az = 1072. The resulting nonlinear discrete ODE system is
solved by using the Matlab routine ode23s.

Since the initial spin vector is assumed to vanish, the particle density ng, computed
from the model QSDEL, corresponds exactly to the particle density of the standard drift-
diffusion model, and the spin vector vanishes for all time. This situation is different in
the model QSDE2 since the equations are fully coupled. For the model QSDE2, Figure 1
shows the particle density ny and the components n; of the spin vector versus position at
various times. The solution at ¢ = 1 corresponds to the steady state. We observe a charge
built-up of ng in the low-doped region of the diode. The spin vector components vary only
slightly in this region but their gradients are significant in the high-doped regions close to
the contacts. Clearly, the components n; do not need to be positive and, in fact, they even
do not have a sign.

The models QSDE1 and QSDE2 are well defined only if |7i|/ng < 1. We plot this ratio
in Figure 2 at various times for the model QSDE2. In all the presented cases, the quotient
stays below one. This indicates that bg[7i/ng] is well defined also in this model.

We have shown in Theorem 5 that the spin vector of the model QSDE1 converges to
zero if the electric potential satisfies certain conditions. In Figure 3, the relative difference
|no(t) — ng(00)]|2/|Ino(00)||o versus time is depicted (semilogarithmic plot), where ng(co)
denotes the steady-state particle density of model QSDE1 or QSDE2, respectively. The
norm | - ||z is the Euclidean norm. The stationary solution is approximated by ng(t*)
with t* = 1. Whereas the decay of the solution to the model QSDE1 is numerically
of exponential type (in agreement with the theoretical results), the decay for the model
QSDE2 seems to be exponential only for small times.

In the final Figure 4, we present the current-voltage characteristics for the models QSDE1
and QSDE2, i.e. the relation between Jy at = 1 and the applied bias V4. The characteris-
tics of model QSDEL correspond to the current-voltage curve of the standard drift-diffusion
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FiGUuRE 1. Model QSDE2: Particle density and components of the spin
vector versus position at times t =0, ¢t =7-10"% and t = 1.
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FIGURE 2. Model QSDE2: Ratio |7i|/ng versus position at various times.

model. We observe that the additional terms in the definition of Jy lead to an increase
the particle current density.

of
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FIGURE 3. Relative difference ||ng(t)—no(00)||/||no(t)|| versus time (semilog-
arithmic plot) for the models QSDEL1 (solid line) and QSDE2 (dashed line).
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FIGURE 4. Static current-voltage characteristics for the models QSDE1 and QSDE2.
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