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A FINITE-VOLUME SCHEME FOR A SPINORIAL
MATRIX DRIFT-DIFFUSION MODEL FOR SEMICONDUCTORS

CLAIRE CHAINAIS-HILLAIRET, ANSGAR JUNGEL, AND POLINA SHPARTKO

ABSTRACT. An implicit Euler finite-volume scheme for a spinorial matrix drift-diffusion
model for semiconductors is analyzed. The model consists of strongly coupled parabolic
equations for the electron density matrix or, alternatively, of weakly coupled equations
for the charge and spin-vector densities, coupled to the Poisson equation for the elec-
tric potential. The equations are solved in a bounded domain with mixed Dirichlet-
Neumann boundary conditions. The charge and spin-vector fluxes are approximated by
a Scharfetter-Gummel discretization. The main features of the numerical scheme are the
preservation of nonnegativity and L bounds of the densities and the dissipation of the
discrete free energy. The existence of a bounded discrete solution and the monotonicity of
the discrete free energy are proved. For undoped semiconductor materials, the numerical
scheme is unconditionally stable. The fundamental ideas are reformulations using spin-up
and spin-down densities and certain projections of the spin-vector density, free energy
estimates, and a discrete Moser iteration. Furthermore, numerical simulations of a simple
ferromagnetic-layer field-effect transistor in two space dimensions are presented.

1. INTRODUCTION

The exploitation of the electron spin in semiconductor devices is one of the promising
trends for future electronics. Since the electron current can be controlled without changing
the carrier concentration, this may allow for (almost) energy-conserving and fast-switching
devices and, more generally, for electronic devices based on new operating principles. In
the literature, several models have been proposed to describe the spin-polarized transport
in semiconductor structures [8, 24|. Drift-diffusion approximations are widely employed
[18, 23], since they do not require large computational resources but still describe the main
transport phenomena. In this paper, we aim to analyze a finite-volume scheme for a spin
drift-diffusion system. Before we explain the model equations, we sketch the state of the
art in spinorial drift-diffusion modeling.

The existing drift-diffusion models can be classified into two main groups. The first
group is given by two-component drift-diffusion equations for the spin-up and spin-down
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densities. One version of this model was rigorously derived from the spinor Boltzmann
equation in the diffusion limit with strong spin-orbit coupling (compared to the mean-free
path) [6]. A mathematical analysis of the limit model was performed in [11], proving the
global-in-time existence of weak solutions and their equilibration properties in two space
dimensions. In three space dimensions, the well-posedness of the stationary system was
shown in [10]. A quantum correction of Bohm potential type was derived in [3].

The second group consists of spin-vector drift-diffusion models in which the spin variable
is a vector quantity. Combining the charge density with the spin-vector density, we can
define the electron density matrix which solves a spinorial matrix drift-diffusion system.
These models can be derived from the spinor Boltzmann equation by assuming a moderate
spin-orbit coupling [6]. Projecting the spin-vector density in the direction of the precession
vector, we recover the two-component drift-diffusion system as a special case. In [6], the
scattering rates are supposed to be scalar quantities. Assuming that the scattering rates
are positive definite Hermitian matrices, a more general matrix drift-diffusion model was
derived in [19]. The global existence of weak solutions to this model was shown in [16].

The aim of this paper is to analyze an implicit Euler finite-volume approximation of the
spinorial matrix drift-diffusion model of [19] and to present some numerical simulations in
two space dimensions. A numerical analysis of a finite-volume scheme of the stationary
two-component drift-diffusion equations was performed in [10]. A finite-element scheme
for a spin-vector equation with given electron current density (but coupled to the Landau-
Lifshitz-Gilbert equation) was analyzed in [1] and simulated in [2]. However, no numerical
analysis seems to be available so far for general spin-vector drift-diffusion models.

1.1. The model equations. The spin-vector model of [19], which is analyzed in this
paper, consists of the scaled drift-diffusion equation for the (Hermitian) electron density
matrix N € C**? and the current density matrix J € C?*2,

1/1

(1) 0N + div J 4+ iy[N,m - 5] = — (étr(N)ao—N> :
T

(2) J=—DyP Y (VN + NVV)PY2 inQ, t>0,

where [A, B] = AB — BA is the commutator of two matrices A and B and ) C R? is a
bounded domain. The scaled physical parameters are the strength of the effective magnetic
field, v > 0, the (normalized) direction of the precession vector m = (mq, ms, m3) € R3,
the spin-flip relaxation time 7 > 0, and the diffusion coefficient Dy > 0. The precession
vector plays the role of the local direction of the magnetization in the ferromagnet. In the
analytic part of this paper, we assume for technical reasons that the precession vector m
is constant. The triple & = (01, 09, 03) are the Pauli matrices and oy is the unit matrix in

C2X2I
(10 (01 (0 = (10
00 = 0 1)/’ o1 = 1 0/ 09 = i 0 ) 03 = 0 =1/

where i is the imaginary unit. Furthermore, tr(/N) denotes the trace of the matrix N and
P = 0¢ + pm - &, where p € [0,1) represents the spin polarization of the scattering rates.
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The product m - & equals myoy +myos +mgos. The electric potential V' is self-consistently
given by the Poisson equation

(3) —ALAV = tr(N) — C(x) in Q,

where Ap > 0 is the scaled Debye length and C(z) > 0 denotes the doping profile in the
n-doped semiconductor [15]. The boundary and initial conditions are specified below. In
the semiconductor literature (e.g. [15, 21]), the sign of the electric potential is opposite.

We have chosen the above sign convention in order to be close to the notation of [19]. It
does not affect the analytical results.

Remark 1. Equations (1)-(2) are scaled using the time scale 75 and the length scale L,
where L > 0 a typical length (e.g. the device size). In the numerical part, we choose T
to be equal to the physical spin-relaxation time 7* such that 7 = 7*/7, = 1. The density
matrix and the doping profile are scaled by supg, C, and Dy = D*7,/L?, v = v*7,/h, where
D* > 0 is the physical diffusion coefficient, v* > 0 the physical strength of the effective
magnetic field, and 7 the reduced Planck constant. The density matrix is scaled by supg C
and the electric potential by the thermal voltage Uy = 0.026 V (at room temperature). [

In this paper, we investigate a scalar form of equations (1)-(2). For this, we develop N
and J in the Pauli basis via N = %noao +7-6dand J = %joao + -0, where ng is the electron
charge density and 7 the spin-vector density. Setting 7 = (nq,ng,n3) and j = (71,72, J3)
and defining n = /1 — p?, system (1)-(2) can be written equivalently (see [19, Remark 1])
as
(4) Omg + divjo =0,

(5) atne+ding—27<ﬁX7ﬁ>g:——, (= 172737

. D, o . D -
(6) jo= 77_20(J0 —2pJ-m), je= 77—20 (UJe + (1 =n)(J -m)mg — gjome) , £=1,2,3,

(7) Jo=—Vng—noVV, J=(J1,J0,J5)=—-Vii—aVV inQ, t>0.
Moreover, the Poisson equation (3) rewrites
(8) ~A)AV =ny—C(x) in Q.

System (4)-(8) is strongly coupled due to the cross-diffusion terms in (6) and nonlinear due
to the Poisson coupling. Note that any solution (ng,7) to (4)-(7) defines a solution N to
(1)-(2) and vice versa.

The boundary 99 = I'’ UT¥ is assumed to consist of the union of contacts I'” and the
isolating boundary part I'V. Then the boundary and initial data are given by

9) ng=n", 7=0 V=VP onIP, t>0,
(10) Vng-v=Vn,-v=VV-vr=0 onIV, t>0, ¢(=1,2,3,
(11) no(0) =ng, @(0) =" in Q,

where v is the exterior unit normal vector to 0f2.
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1.2. Mathematical background. We aim to design a numerical scheme which preserves
some qualitative properties of the continuous model, in particular preservation of the posi-
tivity of the charge density, boundedness of the density matrix, and dissipation of the free
energy. The main difficulty of the analysis is the strong coupling of the equations (the dif-
fusion matrix is not diagonal), since maximum principle or regularity arguments generally
do not apply. The key idea is to introduce two transformations of variables which make
the diffusion matrix diagonal and thus reduce the level of coupling.

The first transformation is defined by the spin-up and spin-down densities ny = %no +
7i - m. Then system (4)-(7) becomes

(12) Oy + div (Do(1 + p)(—Viny —n, VV)) = —%(m _n),
(13) - +div (Do(1 — p)(—=Vn_ —n_VV)) = —Z(n, —ny)
and the boundary conditions (9), (10) imply

(14) nizgonFD and Vni-v=0onT?", ¢t>0.

We observe that (4)-(7) implies (12)-(13) but not vice versa. Physically this is clear
since the spin-up and spin-down densities contain less information than the full density
matrix N. By the Stampacchia truncation method, the nonnegativity and boundedness of
n4 was shown in [16], thus giving the nonnegativity and boundedness of the charge density
ng = ny +n_. Using the notation ), ay = a4 +a_, the (relative) free energy of the above
system is given by the sum of the entropy and the electric energy,

nP nP bY:
(15) E(t) = 2/ (ni(logni —1) —nilog — + —) dzx + —D/ IV(V — VD) 2da.
— Jo 2 2 2 Jq

Some formal computations show that it is nonnegative and nonincreasing for ¢ > 0.

The second transformation is given by the decomposition of 7 in the parallel and per-
pendicular components with respect to m: 71 = (7 - m)ni and 7, = 7 — 7). The equation
for | reads as
(16) Oyt + div (%(—vm - mvm) — 2y(f) % 1) = —”7%

In [16], it was proved by a Moser-type iteration technique that 7, is bounded. Since
it = 3(ny —n_)n is bounded as well (see above), this implies an L> bound for 7i and
consequently for the density matrix N = %TZ()O'O +n-40.

The task is to “translate” these ideas to a finite-volume setting. We approximate the
diffusive and convective part of the fluxes simultaneously by using a Scharfetter-Gummel
discretization. These fluxes were introduced by II'in [14] and Scharfetter and Gummel
[20] for the classical drift-diffusion model (without spin coupling). The discretizations are
second-order accurate in space and preserve the steady states. The dissipativity with an
implicit Euler discretization was shown in [9]. The discrete steady states were proved to
be bounded [10]. Discrete entropy (free energy) estimates and/or the exponential decay
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of the free energy along trajectories towards the global equilibrium were investigated in
[5, 12] but still without any spin coupling.

Our main results, detailed in Section 2, are the existence of a bounded discrete solution
to a fully discrete finite-volume scheme for (4)-(11) and the monotonicity of the discrete free
energy for the spin-up and spin-down densities. The mathematical challenge is the proof of
lower and upper bounds for the discrete densities. The “translation” of the Stampacchia
truncation argument from the continuous to the discret case in, e.g., (16) faces some
difficulties due to the drift term. The main difficulty lies in the fact that the monotonicity
of the drift term (with respect to the density variable) cannot be exploited. Therefore, a
Moser-type iteration method was employed in [16]. The idea is to derive a uniform estimate
for 77, in the LY norm of the form

d — —
il < callil, >0,

where || - ||, denotes the L?(£2) norm and ¢ > 0 does not depend on ¢ € (1,00). By
Gronwall’s lemma, this implies that

I17(E) [l < (|7 (0)]]g,
and the limit ¢ — oo shows the claim. The discrete equivalent of the estimate is
NG — 172 < et g,

where 7% is an approximation of 77, at time t* and At is the (uniform) time step size. In

order to solve this recursion, we require 1 — cqAt > 0, thus imposing a condition on the
time step size for fixed ¢q. This motivates additional conditions on the model parameters,
which are described and discussed in Section 2.3.

The paper is organized as follows. In Section 2, we detail the numerical scheme and
present the main results, in particular the existence of discrete solutions (Theorem 1) and
the dissipativity of the discrete free energy (Theorem 2). The proofs are given in Sections
3 and 4. Some numerical tests are presented in Section 5.

2. NUMERICAL METHOD AND MAIN RESULTS

In this section, we specify the numerical discretization of the spin drift-diffusion system
(4)-(11) and state the main results of the paper.

2.1. Notations. Before we state the numerical scheme, we need to define the mesh of the
domain (2 and to introduce some notation. We consider the two-dimensional case only but
the scheme can be generalized in a straightforward way to higher dimensions.

Let Q C R? be an open bounded polygonal set. The mesh M = (T ,&,P) is given by
a family 7T of open polygonal control volumes or cells, a family £ of edges, and a family
P = (k) ket of points. We assume that the mesh is admissible in the sense of Definition
9.1 in [7]. This definition implies that the straight line between two neighboring centers
of cell (zg,xy) is orthogonal to the edge o0 = K|L between two control volumes K and L
and therefore collinear to the unit normal vector vk, to o outward to K. For instance,
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triangular meshes satisfy the admissibility condition if all angles of the triangles are smaller
than 7/2 [7, Example 9.1]. Voronoi meshes are also admissible meshes [7, Example 9.2].

Each edge o € & is either an internal edge, 0 = K|L, or an exterior edge, 0 C 02,
and we set £ = &y U Eoxt. We assume that each exterior edge is an element of either the
Dirichlet or Neumann boundary such that we can set o = EZ, UELN,. For a given control
volume K € T, we define the set Ex of the edges of K, which can be written as the union
of Excints ER extr AN E o For every o € &, there exists at least one cell K € T satisfying
o € £k, and we denote this cell by K,. When o is an interior edge with 0 = K|L, we have
K,=Kor K,=1L.

For K € T and o € £k, we denote by di, the distance dg, = d(zk,0). Then, for
0 € &, 0 = K|L, we define d, = dg,+dp, = d(zk, 1) and for o € E with o € Ek,
d, = dk,,. Furthermore, the measure of o € £ or a set w C € is denoted by m(c) or m(w),
respectively. In the numerical scheme, we need the so-called transmissibility coefficient
7, =m(0)/d, for o € £. We assume that the mesh satisfies the regularity constraint

(17) A >0: VK eT: Voelk: dlag,o) > diam(K).

The finite-volume scheme for a conservation law with unknown wu provides a vector
ur = (ug)ger of approximate values and the associated piecewise constant function, still
denoted by ur, ur = Y o7 ux1x, which approximates the unknown u. Here, 1x denotes
the characteristic function of the cell K. The approximate values of the Dirichlet boundary
provide a vector ugn = ('U/U)Uegel))(t. The vector containing the approximate values in the
control volumes and at the Dirichlet boundary edges is denoted by upxg = (ur, ugn).

The numerical scheme can be formulated in a compact form by introducing the following
notation. For any vector uag = (ur, ugn), we define, for all K € T and o € &k,

up if o = K|L,

Uko =14 Uy fo= Sf()ﬁxt,
ug ifo = é}]g exts

and we set Dug, = ukg, — ux. We remark that the definition of ug, ensures that

Dug,, = 0 on the Neumann boundary edges. Then the discrete H' seminorm for u, can
be defined by

el

1/2
’u./\/l‘l,./\/l - (ZTU’DuK,UP) )

where the summation is over all edges 0 € £ with K = K,. The L” norm of us reads as

1/p

lurlp (Z m(K)|ul ) orlsp<oo and [urle = max|uxl
KeT

When formulating a finite-volume scheme, we have to define some numerical fluxes Jg

which are consistent approximations of the exact fluxes through the edges fa J - Vi ods.

We impose the conservation of the numerical fluxes Jg , + Ji, for 0 = K|L, requiring that
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they vanish on the Neumann boundary edges, Jx, = 0 for o € 5% Then the discrete

integration-by-parts formula becomes

(18) Z Z JKoux = — Z Jk.oDug o + Z JK UK o

KeT oe€yk o€ oc&l

ext

ext*

2.2. Numerical scheme. At each time step & > 0, we define the approximate solution

ub = (uf.) et for u € {ng, 7, V} and the approximate values at the Dirichlet boundary,

up, = (Uﬁ)o.egel))(t (which in fact does not depend on k since the boundary data is time-
independent). We first define the initial and boundary conditions corresponding to (11)

and (9). We set
1
19 0 M) = —/ O 7%dx for all K
( ) (nO,KanK) HI(K) K(”(J?n ) T or a € Ta
1

m(o)

(ndy, 712, VD) = /(nD,(i VP)ds forall o € EZ,.

Note that 72 = 0 for o € EZ,.
for a given K € T.

We consider a temporal implicit Euler and spatial finite-volume discretization. The
scheme for (4), (5), (8) writes, for all K € T and k > 1, as

We may define similarly the quantities 7, Cx, Do k, Px

(20) m(K)T + Z Jo,K,oc = 07
c€EK
ﬁk — ﬁk_l - 5 - m(K -
Q) m() BT S () ) =~
o€k
(22) —Xp Y wWDVi, = m(K)(ng  — Cro),
oEEK
where the discrete counterpart to (6) is, for all K € T, 0 € Ex, k > 0,
. DO' —
(23) jg,K,a = n_Q(J(lf,K,U - 2paj§(,o ’ mo’)7
kL DO’ _7g _7g — — pO’ k —
(24) Fio =5 (o Tk + (1= )Tk i — T e ).

The numerical fluxes J§ ., and Jfj , are approximations of the integrals [ Jo - v ,ds

and fo Jo - Vi »ds at time kA, and we set j}“w = <J£K7J)g:172’3. We recall that J, and J
are defined by (7). We use a Scharfetter-Gummel approximation for the definition of the
numerical fluxes. For given K € T and o € £k, we set

(25) JéfK,a =Ts (B(DV;&U)H?’K - B(_DVII;J)”ZK,J)? l= 07 17 27 37
where B is the Bernoulli function defined by
x
(x) o orx#0 an (0)
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It remains to define the quantities D,, m,, p, and 7, appearing in (23) and (24). We
use a weighted harmonic average on the interior edges and a classical mean value on the
boundary edges,

do Do,k Do, 1, 1 / D
D, = : : for o € &, 0 =K|L, D, = Dy(s)ds for o € E;,
dk.o Do +dre Dok ' | m(o) J, o(s) '

and similar definitions for mi, and p,. Furthermore, we set n, = /1 — p2.
Finally, the boundary conditions are

(26) NG, =1y, fe=0 VFI=VP foroeé&l,

(27) Dng g, =DVi,=0 foroeéf o (=0,1,23 k=>0.

We remark that they imply Jl’ija =0foro € Ef(v,ext, (=0,1,2,3, and k£ > 0.
For later use, we note that, using the elementary property B(x) — B(—xz) = —x for

x € R, the numerical fluxes can be reformulated in two different manners:

(28) JZK,U = Ta( - DVI@,:;”ZK - B(_valé,a)Dnleg,K,a)

(29) =7,( = DVE 1} i o — BDVE ,)Dng ), €=0,1,2,3,

and adding these expressions leads to a third formulation:

(30) o = (~5 ks + oDV, = B(DVE D, ).

where

(31) B (x) = 2 coth (1) = B) 23(_@.

2.3. Main results. We impose the following assumptions on the domain and the data:
) Q C R? bounded domain, 9Q =TP UTY, TP NTY =@, m(I'P) > 0, TV open,
33) Dy, p, Ap, mi are constant and |m| =1, C € L>(Q), C(z) >0,
)

)

1
ng, i, n? € L>(Q), éngﬂ:ﬁo-m >0, n”? >0, n?, VP € H'(Q),
M = (T,E,P) is an admissible mesh satisfying (17).

We first remark that if (nf -, 7%, V) is a solution to scheme (20)-(27) for a given k > 1
((ng ) are defined as the discretization of the initial conditions), we can define nf , =

—

sner £ -m, i ;= i — (7% - m)m. Moreover, as n” and V" are defined on the whole
domain 2, we can define n? and VP by taking the mean value of n” and VP on each
control volume K € T.

Then the following existence result holds.

Theorem 1 (Existence of a solution to the numerical scheme and L* bounds). Let as-
sumptions (32)-(35) hold. We impose the following constraints:

1 A2 Nz
36 At < — = D , oT< —"D
& o T D+l = DillCl




A FINITE-VOLUME SCHEME FOR A SPINORIAL DRIFT-DIFFUSION MODEL 9
Then for k > 1, there exists a solution (ng -, 5, Vi) to scheme (20)-(27) satisyfing
0<ngy<2M°, 0<nf, <M |[|dh]<2M" inQ,
where M* = M°(1 — a/At)™* and

M° = max (1 supn®, sup (1718 + |7 - 771|) , sup |7 |, sup C) )
2 b0 o \2 Q

In the continuous case, similar L> bounds for the spin-up and spin-down densities, and
therefore for the electron charge density, were shown in [16]. These bounds do not depend
on time. The mixing of the spin-vector components prevents the use of the monotonicity
argument for 77, solving (16). Therefore, both in the continuous and discrete situations,
the L* bound for the spin-vector density depends on time.

The constraint on At is needed in the definition of M*. Furthermore, the condition on
T is necessary to prove the L*° bound for ﬁ’LT. The numerical results presented in Section
5 indicate that the latter restriction is technical. We stress the fact that our scheme is
unconditionally stable if the semiconductor is undoped, i.e. C' = 0. In this situation, At
and 7 can be chosen arbitrarily.

Let us discuss the conditions under which the constraint on 7 in (36) is satisfied. Choos-
ing 7, = 7 (see Remark 1) and observing that the scaled doping profile satisfies ||C||» = 1,
we obtain

D*T*
12
where €, is the relative permittivity of the material, €y the permittivity of vacuum, and g,
the elementary charge. This gives a bound on the spin-flip relaxation time or the maximal
physical doping value:

nereoUr

= Dy < p)\2, = 074
0= qeL*supg C’

nereoUr
q.D*

For silicon at room temperature and with the choice D* = 1073 m?s™! (see Section 5),
we obtain 7*sup, C' < 10"pm?s. With the relaxation time 7* = 107!%s, a small spin
polarization (such that n ~ 1), the above bound is satisfied for lowly doped semiconductors,
supg C < 1019 m=3.

We note that Stampacchia’s method applied to the discrete Poisson equation (22) gives
an L> bound for the electric potential V.¥. This bound depends on M and is uniform
in time. The proof follows the lines of the proof for the continuous equation; see e.g. [22,
Section 2.3].

Next, we prove that the scheme dissipates the discrete free energy, defined by

TLD nD
E" = Z Z III(K) (nft,K(logniK — 1) — nlj:,K log 7K 4 71()

T*sup C <
Q

(37) + %D > DV = VP)k,)”
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Theorem 2 (Dissipation of the discrete free energy). Let assumptions (32)-(35) hold and
let (ng7 75, Vi) k=0 be a solution to scheme (20)-(27) satisyfing 0 < nf , < M°. We
further assume that n® > n, > 0 and that log(n®/2) + VP is constant in Q. Then the
mapping k — E* is nonincreasing, i.e., the scheme dissipates the free energy (37):

(38)

Ek—i-—ZDO 1+p) Zramm{niK,niKJ}( (logn’;—i-vk);(,o)ngk’l, k>1.

el

The above dissipation inequality for the free energy is the discrete counterpart of the
continuous estimate for the free energy (15) [16, Formula (28)]:

E(ty) + = / / ZDO (14 p)n=|V(ogns + V) Pdzds < E(ty), 0<t; <t,.
Q

The energy dissipation vanishes if logny + V' = const.. This equation coincides with the
definition of the thermodynamic equilibrium (together with 7 = 0 and V' solving (22)).
Consequently, the assumption log(n?/2) + VP = const. in Theorem 2, imposed on the
Dirichlet boundary, means that we require that the Dirichlet boundary data is compatible
with the thermodynamic equilibrium.

Since our estimates are local in time, we may also use nonconstant time step sizes At*
as long as condition (36) is satisfied.

One may ask if the discrete solution converges to the continuous one when the approx-
imation parameters tend to zero. However, it seems to be difficult to extract a discrete
gradient estimate for n’;ﬂ— from the discrete free energy estimate in Theorem 2 since we

do not have a suitable discrete version of the chain rule ny|Vlogni|? = 4|V, /nL|?.

3. PROOF OF THEOREM 1

The proof of Theorem 1 Will be presented in two subsections. We first establish the
existence of a solution (nf T itk VE) at each time step k¥ > 1 by an induction argument.
The proof is based on the fixed- point theorem of Brouwer. In this subsection, we also show
L bounds on n’g’T and n’;fr which depend on k. Then, in the second subsection, we prove

that these bounds are in fact uniform with respect to k.

3.1. Existence of a solution to the scheme. We first note that the initial condition
(79 7+ "7’) is well-defined by (19). Moreover, the definition of M° ensures that [n9 | < M°,
0 <nf ;< M°and therefore 0 < nf < 2M° and |72 | < 2M°.

The proof is done by induction. Let k& > 1. Assuming that (n07—1,ﬁ'§— L VE) s given
and verifies [nf 1| < M*1 0 < n’; P < M* 1 we will prove the existence of (nf -, i, Vi),
solution to (20) (27) satlsfymg these bounds With k instead of k—1. Scheme (20)-(27) is a
nonlinear system of equations. We prove the existence of a solution by using a fixed-point
theorem. Let us denote by 6 the cardinality of the mesh 7 (the number of control volumes)
and let p > 0. We define an application Fy : R* — R* such that F}(pr) = ny, where
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pr = (po1,pr) and ny = (ng7,77). It is based on a linearization of the scheme and
defined in two steps:

e First, we define Vi € R? as the solution to the linear system

(39) b > 7 DVie =m(K)(pox — Ck) for K €T,

o€€K
V,=VP for o c £

ext’

DV, =0 for o € ciﬁext.

e Second, we construct ny = (ng.r, ) € R as the solution to

m( K _ m( K .
(40) Lt ) (noyK — n’é’Kl) + u gt ) (7107[( — po,K) -+ GZS Jo. Ko = 0 for K € T,
o€k
m(K) - m(K) .
(41) N (nex — anl) + N (ne.x — pex) + Z JtK.o
oEEK
K
— 2’ym(K)(ﬁK X m)g = —m( )n“{ for K € T, (= 1,2, 3,
where jo x, and j k, are defined in (23) and (24), with Jy , defined in (25), but
without the superindex k. The boundary conditions read as
(42) noe =n2, nyy,=0 foroe&, (=123,
(43) Dnyge.=0 foroe&f ., KT, (=0,1,23.

The parameter > 0 allows us to prove unconditional stability for the linearized prob-
lem; see e.g. [4]. The corresponding term vanishes for fixed points pr = nr, so that a fixed
point for F¥ is a solution to scheme (20)-(27). We choose

DollCl 11
(44) MZLQHIH&X —,ﬂ At.
Ah n? 2

The existence and uniqueness of Vr, solution to (39), are obvious since the corresponding
matrix is positive definite. As this matrix does not depend on py and the right-hand side
is continuous with respect to py, the first mapping py — Vi is continuous from R* to
RY. This property is not so obvious for the second mapping, based on the linear system
of equations (40)-(43). We will prove this property below (Step 1), in order to guarantee
that the mapping F ;]f is well-defined and continuous.

Then, in order to apply Brouwer’s fixed-point theorem, we will prove that Fl’f preserves
the set

(45) Sk = {n7— = (no,T,ﬁT) S R49 : 0 < n4 1 < Mk, ‘ﬁj_77'| < Mk}

It is a bounded set because each element ny € S* verifies 0 < ng 7+ < 2M* and |7ir| < 2M*.
This part of the proof is the most challenging one. Given pr € S* and ny = F /’f (p7), we

will first establish the nonnegativity of ny 7 (Step 2), then the upper bounds for ny 7+ (Step
3), and finally the L> bound for 77, + (Step 4).
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Step 1: Existence and uniqueness of solutions to (40)-(43). The linear system of equa-
tions (40)-(43) is a square system of size 46. The existence of a solution is equivalent to the
uniqueness of a solution and to the invertibility of the corresponding matrix. Therefore,
we just have to prove that if the right-hand side to the system is zero then the solution is
zero. Thus, we may work with the original linear system assuming homogeneous Dirichlet
boundary conditions and setting nlg}(l = pox = 0 and 7k-! = px = 0, in order to set the
right-hand side to zero.

We multiply the corresponding equation (40) by i”& & and (41) by ng g, sum these four
equations, and sum over all control volumes K € T

0:(1+u)212(£)n3,[<+(1+u)2 m(K) |* * + ZZJOKU”OK
KeT

KeT KETJGSK
+ Z ZJK,a'ﬁK_QWZm( (Mg xm)-7ig + — Z K)|iig|?
KeT o€l KeT KET

Note that Ty = 0 and T3, T5, and Tg are nonnegative. Thus, it remains to estimate the
terms T3 and Ty. By discrete integration by parts (note that the problem is homogeneous)
and the definitions (23)-(24) of j, k, (omitting the superindex k),

D > -
Ty = =25 > (Joxo = 2pTice - 11)Dno o =: Tt + T,
47) oce€
T B DO - g —\ — p — — .
4= —? NJrke + (1 —=n)(Jre - M) — §J0,K,o—m Diig g = Tay + Tap + Tus.
ce€

With formulation (30), definition (31) of B®, and the discrete chain rule (ngx + ne ko)
xDny i, = D(n?) k.., we have

D
T31 = 8_7;; To (ZBS<DVK,U)(DnO,K,U)2 + D(ng)Kﬂ'DVKvU) ’
el
T3 = _]9_Do Z To (2BS(DVK o)Diik o -+ (Mg + Tk o) - mDVKU)DnO Ko
4n? ' ’ ’ ’ o
o€l
D R _
Ty =Y 7, (2B°(DVk )| Ditk o) + D(|1*) ks DV ) »
277 o€l
1—n)D . - -
1y = LS (0B DV, ) (D ) + DG 7)), DVic)
N o€l
D S S
Ty = _% > 7 (2B*(DVik.o)Dno k.o + (n0.x + 10,1.0)DVic o) Dt o - 1.
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We collect all terms from 73 + 7} involving the function B*:
D 1 . S -
I = 77_20 7,B°*(DVk ») (Z(DHQKJ)Q +n|Diig > + (1 —n)(Diig o - 1)
oce€

- pD”o,K,aDnK,a : m)

_ Dy . Dnore \' (1/4  =p/2 \ ( Dnoxe
—p (DVK"’)[(DﬁKU-m —p/2 1—12/2) \Ditre
S
UK U
+ §]D5K70|2 +n <1 - §) (|Diigq|* — |Ditg,o - m|2)} :
The eigenvalues of the 2 x 2 matrix appearing in I; are

1 1 1
Ay = §<5 — 2% £ g\/(5 —2n2)2 — 8n% > 10

Then, using the inequalities B*(z) > 1 for all z € R and |Drig,|* > |Drig, - m|* (since
|m|* = 1), it follows that

el

D L e
L > n_zo ZTa <)\((D7”L(J,1(,a)2 + (Diig o - m)2) + %‘DHK,C)"Q) > 0.

Next, we collect in I, the remaining terms from 73 + T, involving the discrete gradient
DV . Taking into account that

(kg + Mk o) - MDng ko + (No,x + Mo ko)DKo - m = 2D((7 - M)no) k.0,

integrating by parts, and employing the discrete Poisson equation (39), we infer that

D 1 . .
I = 2,72 7o DVic o (ZD(HS)K,U +nD(|7*) ko + (1= n)D((7 - 1)) k0
el
- D )
T 922 Zm(K)(PO,K—OK) 7105+l "+ (1 —n)(7ix - 1)
20*Ab KeT 1

— p(ﬁ[{ . ﬁ)nO,K) .
The sum of the terms in the brackets is nonnegative since

4”(2),K + |k + (1 —n)(Ax - m)* — p(iik - m)nox

1 A L. . L.
= <§n0,K —an~m> + 07 (i - m)* + (il — (Ax -m)*) > 0.



14 C. CHAINAIS-HILLAIRET, A. JUNGEL, AND P. SHPARTKO

Therefore, the term involving pg x > 0 can be omitted, giving

D 1 — — — — —
L> =5 > m(K)Cr | 7ng s +nliik|* + (1= n)(fix - 1) — p(fik - 7)no x
202\, 4%
KeT
Dy 1 . Dy 1 -
> g Il Y m() (G4 2l = =2 [l (Gl + 1713 )
D KeT D

This shows finally that

Dol|Cl (1 2 = |12
T54+Ty > —W ZHHO,THQ + 77l ),

and summarizing the estimates for 77, ..., Ts, we conclude that

1+p  DollClso 1 2 S 12
(- 2o ) (ol + i) <o,

Hence, choosing p as in (44), the first bracket is positive, showing that ng 7 = 0 and 7i = 0,
which proves the invertibility of the linear system of equations (40)-(43). The second step
involved in the definition of F If, (Vr,p7) — nr, is a well-defined mapping. Moreover,
the matrix and the right-hand side of the linear system of equations are continuous with
respect to (Vr, pr) so that the mapping is continuous.

Step 2: Nonnegativity of ny 7. We will prove that ny x > 0 for all K € 7. Multiplying
(41) by 1 and adding or subtracting it from (40), multiplied by 1, we find that

m(K _ m(K
(46) Lt ! (ne e = n ) + Mé—t)(ni,K — p+x) + Do(1 £p) ; Ji ko
OCCK
m( K
=+ 57_ )(n+7K - n—,K))
where P+, K = %povK + ﬁK . T?LK and Ji7K7U = %JO,K,U + jKJ . T?L, i.e.
(47) Ji,K,a‘ = Ts (B(DVKJ)TLLK — B(—DVKJ)ni,K,U).

Then, multiplying (46) by n} ; = min{0, ns x }, summing over all control volumes K € T,
and adding both equations, it follows that

m(K L m(K -
0= Z Z ét : (s — ni}()niK + ILLZ Z it ) (n+x — p:l:,K)ni’K

+ KeT + KeT
_ m(K) _ _
(48) + Do Z(l + p) Z Z Jr Koy g+ Z or (4,10 — ”—7K)(n+,K - ”—,K)
+ KeT oelk KeT

=: Ty +Tg + Ty + Tho,
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Since ny gny x = (n;K)Z, nljt_}( > 0, and py g > 0, the first two terms in (48) can be

estimated as
m(K), _ m(K), _
T7 > Z Z At (ni,K)Qa 15 = NZ Z Ttmi,K)Q-
+ KeT + KeT

The monotonicity of the mapping z — 2~ shows that 77 is nonnegative. By the discrete
integration-by-parts formula (18), the third term in (48) becomes

Tg = _DO Z(]_ :l:p) Z J:E,K,JD(n:T:)KJ'
+ oe€

The sum over the boundary edges vanishes since ny ;- , =0 forall o € £ D . We claim that

ext*
1
(49) —Ji ko DN} ) ko > §TUDVK7J((n;K,U)2 — (n;K)Q), for K € T and o € &k,
such that
Dy _
(50) Ty2 > (1£p) Y mDVieaD((n3)?) -
+ o€l
To prove (49), we distinguish the cases DVk, > 0 and DVk, < 0. If DVk, > 0, we
apply a formulation similar to (29), leading to
—Ji ko DN )k o = Ts (DVK,anﬂ:,K,a + B(DVK,U>Dn:|:,K,O')D(n;)K,U‘

Then, using the nonnegativity of the function B, the monotonicity of the mapping z — 27,
and the inequality z(z~ —y~) > 1((27)? = (y™)?), we obtain (49). If DV, < 0, we employ
formulation (28), so that

_J:t,K,UD(n:T:)K,J =Ts (DVK,onﬂ:,K + B(_DVK,J)Dn:t,K,J)D(”;)K,a

and similar arguments lead to (49).

Applying discrete integration by parts to the right-hand side of (50) (the boundary
term vanishes since the boundary data is nonnegative) and employing the discrete Poisson
equation (39), we find that

Ty > —% DD DV (L+p)(n7 1) + (1= p)(nZ x)°)
KeT oefi
= 2 S () (e — Co) (1 4+ )05 40 + (1= D)™ 1))
D ket
> —;j—%ucnm S m(E) (1 4+ p)(ng ) + (1 - p)(n= 1)?).

KeT

Summarizing the above estimates, we conclude from (48) that

(P~ 2o 20l ) 3 mla) (.0 + =) <0
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By the choice of i in (44), we deduce that

> m(K)((ng 4)* + (nZ)%) <0,

KeT

which implies that ny g = 0 and hence ny g > 0 for all K € 7.

Step 3: Upper bounds for ny 7. The goal is to show that ny x < M* for all K € T, where
MP is defined in Theorem 1. We multiply (46) by (n4x — M*)" = max{0,ny x — M*},
sum over all K € T, and add both equations:

0= Z Z méftﬂ (Nt — M") - (n’ffl( — M"Y (nyx — MF)F

+ KeT
+MZZ (ne — M*) = (prx — M¥))(nex — M*)*
+ KeT
(51) +Y ) Tt)(M'f — MF Y (neg — M*)*
+ KeT
+DOZ 1+0p) Z Z Jiro(nex — MF)*
KeT oelk
330 ST () (e = MY) — (e = M) (s e — MH))
+ KeT

=Ty +Tig +Tig + Tig + Tis.

Using the inequality (z — y)z* > $((27)? — (yT)?), the first two terms are estimated by

1
Ty > AT Z Z m(K)((nex — Mk>+)2,
+ KeT
Tip > Qizz ni,K—Mk)Jr)Q,
+ KeT

since njE L < M* 1 and p+x < M* by assumption. By definition of M*, the third term
T3 becomes

T3 = aMkZ Z m(K)(ne g — M*)T,
+ KeT

and the last term 7T}5 is nonnegative.
It remains to estimate T}4. By discrete integration by parts (the boundary term vanishes
in view of n , < M* for o € L), we find that

ext

T14 = _DO Z(]- j:p) Z Ji,K,UD(<ni - Mk)+)K,U'
+

ce€
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Similarly as in Step 2, we claim that the following estimate holds:
1
T4 > Dy Z (1+£p) ;T(;DVKUD <§((ni — M"Y 4+ M*(ny — Mk>+)KU.

Indeed, let first DV, > 0. Using the inequalities D(ny — M*) g ,D((ny — M*¥) )k, >0
and (ny ko — M*)D((ne — M*)") ko > 1D(((ne — M*)*)?) g, > 0, it follows from (29)
that

—Ji ko = TeDVi o ((nt.kc0 — M*) + M*)D((ne — M) ")k o
1
> 7DV (5D(((ns = M)+ MD((ns = M) )

The proof for DV, < 0 is similar, employing formulation (28). Then, integrating by parts
and employing the Poisson equation and py x > 0,

Ty, > f—D S (1£p) 3 mlE) (pox — Crc) G((w — MM 4 M M’f>+)

+ KeT
HCHOO +p) Y > m( ( (Mg — M¥)H)2 4 MP(ng  — Mk)+) :
+ KeT
Summarizing the above estimates, we infer from (51) that

1+
( QAf ||C'||OO 1+p ) Z Z (nekx — Mk)+)2

+ KeT
(O‘_Az HCHoo(l—O—p)MkZZm ni,K_Mk)JrSO-
+ KeT

Then, choosing p as in (44) and taking into account the definition of a, we infer that
N4 K < Mk for K € T

Step 4: L>= bound for ﬁ’LT. We prove a uniform L?? bound for 71| x = fig — (7 - 7).
For this, we multiply the vector version of (41) (omitting the superindex k) by m twice,
and taking the difference of the equations for 7ix and (7 - m)ni, we obtain

520 ) e 70) + 20 ST Ty — 2ymE) i < )
celk
m(K)
- - (7_ )nJ_,K7

where g, x = px — (pk - m)m, and JLKJ is given by

(53) T ko = 7o (= DVik itk — B(—~DVik »)Dii1 ko)
(54) =7,(— DVl k0 — B(DVik o )Dity ko).
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Then, multiplying (52) by |7, x|*@ Vi, x (where ¢ € N) and summing over K € T, we
arrive at Tig + 117 + Tis + 119 = 0 with

Be= 7y > m(E) (i — A ) il P,
KeT
T = Ait D () (i — p) -l [27Y,
KeT
D - . o _
Tis = — Z Z Ji Ko TU,K|7M,K|2(q b,
KeT o€k
Tio = Y m(K)|ii, x|*.
KeT

The elementary inequality @20 Da - (@ —b) > (|@% — |b29)/(2q) for @, b € R? shows that

1 . ko
T 5o (Z m(K)ii i =Y m(K)In’L&P‘f) 7

KeT KeT

H = 2 7 |2
Ti7 > M (Z m(K)|iiy | — Z m(K)|7L k| q) .

KeT KeT
By discrete integration by parts (observe that 7, g, = 0 for o € L),

D > . . _ I, _
Tig = = Z JLJ(,O’ : (nL,K7U|nL7K7J|2(q - nL,K|nL,K|2(q 1)).

oe€
Again, we distinguish the cases DV, > 0 and DVk, < 0 for given K € T and o € &k.
First, let DVk, > 0 and use formulation (54) of the numerical flux. This gives

T ko (AL kol ke 29D — i gl k] 297D)

- TO'DVK,O'ﬁL,K,U : (ﬁL,K,U|ﬁL,K,o‘|2(q_1) - ﬁL7K|ﬁL’K|2(q_1))

+ 7o B(DVk o) (ML ko — 1K) - (ﬁJ_,K,cr ﬁJ_,K,o‘z(qil) - ﬁJ_,K’ﬁJ_,KF(qil))-

Because of

@ (ala =" —bp[* V) = |a* — a- blp[* Y > |af* — —|al*! — (1 N 2_> |bJ*
q q
1 — —
> (1 — 2—) (|@** — |b|??) for all @b € R3,
q

applied to @ = 7, k., and b= i1 ., and the monotonicity of the mapping @ + ala|? 7Y,
we find that

_jL,KJ : (ﬁL,K,a|ﬁL,K,o|2(q_l) - ﬁL,K|ﬁL,K|2(q_1))

1 5 -
> T, <1 — Z_q) DVK,U(‘nJ_,K,UPq — Im,KIQq)-
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This result still holds if DV, < 0, thanks to formulation (53). Therefore

D 1
Tis > — (1 - —) > 7DV o DL ko
N 2q ce€

Using discrete integration by parts and the Poisson equation (22) leads to

Dy 1 . D, .
Tio 2 2 (1= 50) S0 m(E) e~ Collisal =~ [l 3 (K
NAD 1/ feer "D KeT

Summarizing the above estimates, we obtain

1 Do||Clls . g
(1t 20m0(2 - PACI=Y ) S i < 3wt
T 17D KeT KeT
Y m(K)|FLk]™.
KeT
Condition (36) on 7, the induction hypothesis ||ﬁ]i_%||oo < MF 1 < M*, and the fact that
p € S* (see (45) for the definition of 8*), such that || 7]l < M*, imply that

7L, 7|2g < meas(Q) D M*  for ¢ > 1.
Passing to the limit ¢ — 400, we deduce that ||n, 7|l < M*.

Conclusion. In Step 1, we have proved that the mapping F Zf is well-defined and con-
tinuous. In Steps 2-4, we have proved that F] l’f preserves the bounded set S*. Thus, the
fixed-point theorem of Brouwer shows the existence of a fixed point to F lf, belonging to
S*. Let us denote this fixed point by n¥ = (n§ -, 7%). It is a solution to scheme (20)—(27)
at step k and satisfies

0<nf x <M" and |id} | < M* for KeT.

3.2. Uniform bounds for the spin-up and spin-down densities. In order to conclude
the proof of Theorem 1, it remains to prove that the upper bounds on the spin-up and
spin-down densities in fact do not depend on k. The negativity of these densities is already
proved above.

We assume as induction hypothesis that n’i}l( < MO for all K € T (this property is
ensured for k = 1 by the definition of M?). Scheme (20)-(21) implies that
o) P ot Do) 3 e = I k)

o€fK

As in Step 3 above, we multiply (55) by (nf , — M°)", sum over all K € T and add both
equations. This yields S; + Ss + 53 = 0, where

5= 305 P (0 e 0 — (sl - M) (0l - M),
+ KeT
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DOZ LEp) Y Y JE g (nh o = MO,

KeT o€l

1
Sz = . Z m(K)(n’iK - nliK) ((nﬁ—K - M0)+ - (n]iK - MO)+) :
KeT

It is clear that S3 > 0 and, by the induction hypothesis, that
1 k 0y+)?2
512 E;};m(m ((ni,K - M) ) :

The term S5 is the analogue of T}4. Following the same ideas as in Step 3, we obtain

S22 T2 (1) 3w — i) (00 = MO 4 M~ 207
D4 KeT

But, as n’&K = n’j’K + n'iK, the negativity of n’fhK and n’iK and the definition of MY

ensure that nf , — Cx > nf o — M° and nf , — Cx > n* , — M, leading to S > 0.

Therefore, we infer that
> mK) ((nf e — M) <0,
+ KeT

which yields the expected result.

4. PROOF OF THEOREM 2

Let (n% 7, VF)i=o be a solution to (22), (55) with the corresponding Dirichlet-Neumann

boundary conditions. Since we have to deal with the logarithm of the densities n’jt x» which

may vanish, we introduce a regularization of the discrete free energy. For d > 0, we set

kb
nye = nk g + 6 and define

56) B =Y Y () (ol oelnt) 1) -t g (1 +5) + 1)

+ KeT

2
D E : k D 2
+ 7 TU(D<V -V )K,a) .

€€
Therefore, we have E¥ — E('f*l = U; + U,, where
Z Z (niK lognIfK 1) — ni éd(logni;{‘s -1)
+ KeT
nD
(ol =y tos (" 46) ).
Ab
e =" > 7w ((DVF = VP)ko)? = DV =VP)k,)).
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The convexity of z — z(logz — 1) shows that z(logz — 1) —y(logy — 1) < (z — y) log x for
all , y > 0. Hence,

np
U1<ZZ )(nk  — ng)(logniK log(TK—i-é)).
+ KeT

Using the elementary inequality (x — %) < (z — y)z for all x, y € R, integrating by
parts, and employing the discrete P01sson equation (22), it follows that

Uy <AL Y 7D(VF = VE ) ,DVE = VP,

ogeE
=2 Y DV =V (VE - VP2)
KeT o€l
= >0 > mE)(nh o —nk ) (VE - ViE).
+ KeT

We summarize the above inequalities and use scheme (55) to find that

1 _ 1
At(E‘S By < —— Z m(K)(nf x — n’iK)(lognJrK logn )
KeT
D
Y oY Y (bgnf;fK £ VE~log (%K ¥ 5) - v;) |
+ KeT o€l

The first term on the right-hand side is clearly nonpositive. We apply the discrete integra-
tion-by-parts formula (18) to the second term. Then, with the hypothesis on the boundary
data (i.e. log(n?/2) + VP is constant in Q such that DV?, = —D(logn”)k, for all K € T
and o € Ek), we infer that

1
At(Eé Er1 <ZD01ﬂ:p > JE ke Dognt + VF) e,
oef
—i—ZDO 1+p) ZJiKU lognD—log(nD+25))KU
=

Introducing the numerical fluxes associated to the regularized densities,
k.6 k.S k.6
Ji,K,a =Ts (B<DVKa)ni x — B(— DVKO’)ni Ka) = J:i: Ko 5ToDVI’§,m

we can write )
(B — Ej7Y) S Us+ Us + Us + Us,

where

U3:ZDO(lj:p)ZJi’fKJD(logn + V) e

el

U, = ZDO 1+p) ZJiK (logn® — log(n® + 20)) k.0,

oceé
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Us = 521}0 1£p)> 7DVE D(lognt’ + V¥) 0,

=
Us = (52 Do(1+p Z 7,DV D (logn® —log(n” + 25))1{,0
oe€

Now, we employ the following inequalities, which are proved in [4, Appendix A]:

Jf:’,i(,aD(log n:i: + Vk)KU > 7o mln(”fl:i(’ nlj:(sK (f)(D(lOg ni(s + Vk)K 0)27

‘JiK | < Tgmax(niéK,niKU ‘D logni —|—Vk)KU|

The first inequality yields
2

Us < — ZDO 1+p) ZTG min(ny’ K,n’iéKg)(D(lognié + Vk)KJ) ,

o€l

while the second one, together with Young’s inequality, gives Uy < Uy + Uy, where

2
Un = Z Do(1£p Z T, min( n’fK, n]ftaKU) (D(log nljf + Vk)K’J) ,

el

2 (D(logn? —log(n” + 20)) k)
Uspp = ZDO(1 +p) ZTo(maX(niéK’”?KU)) o ) ’
+

ek min(ny KoY Ko
(M + 6)*

< 2DOT’ log(njy + 26) — log ”/I\)/tii,/w

since mln(n’fK, nlj[‘sKU) > ¢ forall K € T and o € Ex. Applying Young’s inequality again,

we obtain Us < U51 + Usy with

Us1 = ZDO 1+p) ZTgmln nij,nle‘;KU)(D(lognjE —|—Vk)KU)2,

oe€

(DV,
U =3 D1 ) Y Vi) D5y DV,

scce NN ”i K?”i Ko ocE

and

Us < 2Dyo <| log(n'y + 20) — log nﬂﬁM + Z TJ(DVI?’U)2> .
o€€
Summarizing the above inequalities we deduce that

1
(57) E(EZ; — EF Y Z Do(1+p) ZTO min( ni e n]fKU)(D(log nt’ 4 Vk)Kp)2
o€l
kN2 (M° +9)? D B D |2
< 4Dgd Y 1, (DVEE ) + 2D, ( 6+ — | log(nf, +26) —logn|; -

ocel

On the one hand, the term Y . 7,(DVf ,)? does not depend on ¢ and is bounded (this
can be seen by using scheme (22) and the L* bound on nf ). On the other hand, we
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20
log (1 + _D)
P/ 11m

2
20 20
:ZTG log 1+T —log(l—l——D) .
oce€ /n/K»O' g

Employing the inequality |logy —log x| < |y — x|/ min(x,y) for z, y > 0, and the fact that
nP > n, > 0, we obtain

rewrite
2

| log(nk, +26) — lognﬂﬁM =

2 462
| log(n/[\)/l +20) — lognf\j,l{LM < F|nﬁlﬁM

Thanks to hypothesis (33), n”? € H'(Q2), and Lemma 9.4 in [7], we conclude that [n¥ |1y <
K ||n®|| g1 () with K depending only on the regularity of the mesh M. Therefore, the right-
hand side in (57) tends to zero when 6 — 0. Passing to the limit § — 0 in (57) then leads
to (38). This concludes the proof of Theorem 2.

5. NUMERICAL SIMULATIONS

As an illustration of the numerical scheme, analyzed in the previous sections, we present
two-dimensional simulations of a simple double-gate ferromagnetic MESFET (metal semi-
conductor field-effect transistor). This device is composed of a semiconductor region which
is sandwiched between two ferromagnetic contact regions (see Figure 1). The idea of
such devices is that the source region plays the role of a spin polarizer. The non-zero
spin-orbit interaction causes the electrons to precess during the propagation through the
middle channel region. At the drain contact, only those electrons with spin aligned to the
drain magnetization can leave the channel and contribute to the current flow. Here, we
focus on the feasibility of our numerical scheme and the verification of the properties of
the numerical solution and less on the physical properties. Therefore, the physical setting
considered here is strongly simplified. In particular, we just modify the standard MESFET
setup by allowing for ferromagnetic regions. For a more detailed modeling, we refer e.g. to
[17].

In the following, we describe the geometry of the device in the (x,y) plane (see Figure
1). The total length is L = 0.6 um and the height equals H = 0.2 um. The source and
drain regions are highly doped with doping C, = 3 -10**m™3. The doping in the channel
region is Cp = 10%>m 3. The length of the source and drain regions are £ = 0.1 ym. The
gate contacts are attached at the middle of the device with a length of Ls = 0.2 um.

The values of the physical parameters are given in Table 5. They are similar to those
used in [13] (there is a small difference in the relaxation time value). The (squared) scaled
Debye length becomes A% = ge,Ur/(q.Cy L?) ~ 1.6 - 10~%. Note that condition (36) on
7 is not satisfied with these physical values but it turns out that the numerical solution
is still bounded (even uniformly in time). This may indicate that condition (36) on 7 is
technical only.
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FIGURE 1. Geometry of a MESFET with ferromagnetic (F) source and drain
regions and nonmagnetic (N) channel region.

Name | Description Value

D* Diffusion coefficient 102 m?s~!

Er Relative permittivity of silicon 11.7

€0 Permittivity of the vacuum 89-10712Fm!
e Elementary charge 1.6-1071°C

T* Spin-flip relaxation time 10725

Ur Thermal voltage at room temperature | 0.0026 V

The gate contact is considered as a Schottky contact. Usually, Robin-type boundary
conditions are prescribed at a Schottky contact but also Dirichlet conditions involving the
Schottky barrier height have been used to simplify the modeling [21, Section 5.1]. This
simplification is possible for Schottky contacts on n-doped materials as it is the case here.
We choose the barrier potential Vg = 0.8 V. The total voltage between source and gate
is Vg + Vs, where Vi is the voltage applied at the gate. The density boundary value at
the gate contact is calclulated according to [21, Formula (5.1-19)], and the potential of the
closed state is taken from [13]. This gives

e at the source: ng = C'y, 17 = 0, potential: 0V,
e at the drain: ng = C, 7 = 0, potential: Vp,
e at the gate:
open state: ny = 3.9 - 10" m~3, @ = 0, potential: Vg,

closed state: ng = 3.2-10°m=3, @ = 0, potential: Vg + 1.2V,
e for the other segments: homogeneous Neumann boundary conditions.

The magnetic field is caused by the local orientation of the electron spin in the crystal and
is predetermined by the ferromagnetic properties of the material. We consider a constant
magnetic field, oriented along the z-axis (perpendicular to the device). The electron spin
may be also changed under the influence of the spin current, but we do not consider this
effect here. In our model, m corresponds to the direction of the local magnetic field, and
the parameter v describes the intensity of the spin precession around this field. We choose
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m = 0 in the channel region and
. (0,0,1) foraz < L/3orax>2L/3,
~ 1(0,0,0) for L/3 <z < 2L/3.

The value for 7 is taken from [19], i.e. ¥ = /7, with & being the reduced Planck constant.
The spin polarization is nonzero only in the highly doped source and drain regions, and
we take p = 0.9.

For the numerical discretization, we have chosen an admissible triangular mesh. Equa-
tions (4)-(8) are approximated by scheme (20)-(25), with the corresponding boundary
conditions. The nonlinear system is solved at each time step by Newton’s method. The
time step size is At = 0.05. The computations are continued until a steady state is reached
or, more precisely, until the difference of the solutions at two consecutive time steps in the
% norm falls below a threshold (typically, 107°).

Simulations for a one-dimensional multilayer structure were presented in [16]. Here, we
consider also a multi-layer structure but for a simple MESFET model. Furthermore, the
authors of [16] employed a standard finite-volume discretization together with a Gummel
iteration method, while we employed here a Scharfetter-Gummel discretization, which is
better adapted to large electric fields than a standard technique, and a full Newton method.

Figure 2 illustrates the scaled steady-state charge density ny and the spin density n3 (note
that ny = ny = 0) in the open state. The densities are scaled by the doping concentration
C, the spatial variable by the device length L. Compared to the closed state in Figure
3, the charge density is rather large in the channel region, which can be also observed in
standard MESFET devices. The charge current density in the closed state is by the factor
10°...10° smaller than in the open state. The spin density is (almost) zero in the closed
state. Furthermore, the electrostatic potential for the open- and closed-state MESFET
from Figures 2 and 3 is presented in Figure 4.

Current-voltage characteristics for MESFETs with and without ferromagnetic regions
are shown in Figure 5. We observe that in the open state (nonpositive gate potentials), the
current densities in the ferromagnetic MESFET are slightly larger than in the standard
device, which allows for an improved device performance. When the transistor is closed
(Vo = 1.2V), the current densities are (almost) zero for both transistor types.

In the left panel of Figure 6, we present the transient behavior of the charge density when
switching from the open to the closed state (Vp = —2V; dotted line). The current values
stabilize after about 1ps. This justifies to define the numerical solution after 12 ps as the
“steady-state solution”. We compare these values with those computed from a standard
MESFET (solid line). The stabilization in the ferromagnetic case is slightly faster which
allows for faster devices.

Finally, we illustrate the free energy decay in Figure 6 (right) for various relaxation
times 7. In this experiment, we have set Vp = 0 (source-drain voltage) and Vi = 0
(source-gate voltage). It turns out that the free energy decays with an exponential rate.
For times larger than about 18 ps, the steady state is almost attained, and the numerical
oscillations are caused by the finite machine precision. We observe that the decay is faster
for smaller relaxation times which is expected. The decay rates are approximately 0.2/ps
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FIGURE 2. Scaled stationary charge density (left) and spin density ns3 (right)
in an open-state MESFET with Vp = -2V and Vg =0V.

n,, density

FIGURE 3. Scaled stationary charge density in a closed-state MESFET with
VD = —2V and VG =1.2V.

for 7, = 100 ps, 0.4/ps for 74 = 10ps, and 1.7/ps for 7, = 1 ps. The nonlinear dependence
of the decay rates on 7, may be caused by the influence of the energy dissipation.
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FIGURE 4. Electrostatic potential in a MESFET with V; = 0V (open state;
left) and Vi = 1.2V (closed state; right).
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FIGURE 5. Current-voltage characteristics for the ferromagnetic (FM) and
standard (NM) MESFET for various gate voltages V. For convenience, the
source-drain voltages are given by their absolute values.
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