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ABSTRACT

The thesis is devoted to mathematical investigation of spin-transport
in semiconductor material. The main object of the study is a spino-
rial matrix drift-diffusion model describing evolution of charge and
spin densities. The model consists of parabolic balance equations for
the densities incorporated with the Poisson equation for the electric
potential. The system is fully coupled and nonlinear.

The work is composed of three parts. The first two parts consider
analytical and numerical aspects of the model respectively. The key
idea of the analysis is a usage of different reformulations: in spin-
up and spin-down as well as parallel and perpendicular variables.
The first part considers analysis of the model. We show that the sys-
tem has a unique bounded solution. The proof of the global-in-time
existence is based on the Leray-Schauder fixed-point theorem. Stam-
pacchia and Moser techniques are used to prove the boundedness.
Dissipation of the free energy is also shown.

The second part presents an implicit Euler finite-volume scheme
for the model. The charge and spin fluxes are approximated by a
Scharfetter-Gummel discretization. Existence of numerical solution is
proven by means of the fixed-point theorem of Brouwer. It is shown
that with a restriction on the time step the scheme features nonnega-
tivity and boundedness of densities as well as the discrete free energy
decay. As an illustration to the analysis numerical results for a diode
in 1D and for a metal-semiconductor field-effect transistor (MESFET)
in 2D are presented, some simple experiments on different variation
of material properties (magnetic properties, doping) are performed.

The third part of the thesis considers the extension of the system to
a spinorial energy-transport drift-diffusion model where along with
the balance of charge and spin densities the balance of energy is con-
sidered. The derivation of the model is based on the spinorial matrix
Boltzmann equation with energy conserving collision operator and
exploits entropy maximization. The straightforward version of the
model is implicit. To obtain an explicit formulation some simplifying
assumptions are used. Numerical results are presented for the illus-
tration.
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INTRODUCTION

1.1 SPIN IN SEMICONDUCTOR PHYSICS

According to quantum theory an electron additionally to its charge
possesses an intrinsic angular momentum, or spin [33]. If there is a
predetermined space direction the measurement of spin with respect
to this direction gives one of two values. It is either 1/2 or —1/2. In
the first case one can name the electron “spin-up”, or directed along
the chosen axis, in the second — “spin-down”, or opposite to the axis.
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Figure 1: Giant magnetoresistance (Ry < Rz) could be observed in the thin-
layer structures when ferromagnetic layers (F) are separated by a
nonmagnetic layer (N), preferably d < £.

Ry Ry

The crucial discoveries involving the electron’s spin degree of free-
dom were made in 1980s. That time the Giant Magnetoresistance
(GMR) was first observed and it gave a strong impulse to develop-
ment of spintronics, a research area studying spin and opportunities
of its control and exploitation. The GMR effect takes place in the thin-
layer-structures (see Figure 1). If two ferromagnetic layers are sepa-
rated by a non-magnetic one and the magnetisation of ferromagnetic
layers is parallel (spins of the electrons in both layers are parallel) the
resistance of the structure can be much lower than when the magneti-
sation of the layers is antiparallel. Nowadays the GMR effect is widely
and actively used in computer memory. Thanks to such a successful
application in the last decades spintronics became a booming branch
of microelectronics. Though the investigations of spintronics are not
restricted only to GMR and ferromagnetic materials.

Semiconductor spintronics being widely investigated and highly
promising still does not have any real application. The one of the
most known possible semiconductor spin devices is a spin transistor.
It has various modifications proposed but still lacks demonstrations
in realistic physical conditions. One of the pioneering works on spin
transistor was published in 1990 by S. Datta and B. Das [14]. They
proposed a scheme of a spin field-effect transistor (SFET). The source
and drain are made of ferromagnetic material, the first one plays a
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Figure 2: Principle of the spin transistor operation

role of a spin polarizer, when the second is a spin analyser. The chan-
nel between them should be a two-dimensional electron gas, which
means that the electrons are free to move in two dimensions and con-
fined in the third one. The work of the device is based on the spin
orbit interaction of Bychov-Rashba type [16, 19]. Due to this effect,
moving electrons confined in 2D and subjected to asymmetry of the
potential experience an effective magnetic field which forces the spin
of electrons to rotate (see Figure 2). The gate potential regulates the
strength of the spin-orbit interaction and the respective rotation of
the spin on the way of the electron from the polarizer to the analyser.
If there is no potential applied to the gate the electrons do not change
their spin and enter the analyser (open state). If the gate potential and
the respective effective field are big enough to rotate the spin of polar-
ized electrons by 7t the electrons will bounce from the analyser which
will increase the resistance of the device (close state). This scheme
was sensational when it was published. However, it does not take
into account spin relaxation or the problem of effective spin polariza-
tion and other difficulties which one encounters trying to implement
such a device [6, 9]. Later in gos and 2000s more and more different
modifications containing metallic and insulating regions or exploit-
ing pure spin current were proposed [34, 43, 50]. Though, despite the
fact that theoretically the spin transistor could be more effective than
the classical one, practically there is still no real device implemented.

In the current work we consider the models which take into ac-
count only a part of all effects related to spin physics but even with
this restricted case the mathematical problems behind becomes really
complicated. Resolving this complicity helps to clarify some aspects
of spin modelling in semiconductors.

1.2 THE CUTTING EDGE OF SPIN MODELLING

In the literature, several models have been proposed to describe the
spin-polarized transport in semiconductor structures [19, 50]. Drift-
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diffusion approximations are widely employed [35, 39, 49], since they
do not require large computational resources but still describe the
main transport phenomena. 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
densities. Some versions of this model were rigorously derived from
the spinor Boltzmann equation in the diffusion limit with strong spin-
orbit coupling (compared to the mean-free path) in [23] and in [27].
Two-component models are well known in the physical community;
see Formulas (II.39)-(I.40) in [19]. They are parabolic equations which
are only weakly coupled through spin-flip interaction terms. The exis-
tence, uniqueness, and boundedness of weak solutions to such mod-
els (for spin-polarized electrons and holes) was proved by A. Glitzky
in two space dimensions [25]. In three space dimensions, the well-
posedness of the stationary system was shown in [23]. A quantum
correction of Bohm potential type was derived in [7].

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 den-
sity 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 [27], [36]. Projecting the
spin-vector density in the direction of the precession vector, we re-
cover the two-component drift-diffusion system as a special case. In
[27], the scattering rates are supposed to be scalar quantities. Assum-
ing that the scattering rates are positive definite Hermitian matrices,
a more general matrix drift-diffusion model was derived in [36]. We
consider the system from [36] completed with the Poisson equation
for potential. Because of the strong coupling of the model equations
and the quadratic-type nonlinearity of the drift term, there are no
analytical results available for spin-vector drift-diffusion systems like
this. This thesis fills this lacuna.

In the second part we analyze an implicit Euler finite-volume ap-
proximation of the spinorial matrix drift-diffusion model and present
some numerical simulations in two space dimensions. One of the fea-
tures of the presented scheme is the simultaneous approximation of
the diffusive and convective part of the fluxes by using a Scharfetter-
Gummel discretization. These fluxes were introduced by I1'in [30] and
Scharfetter and Gummel [40] for the classical drift-diffusion model
(without spin coupling). The dissipativity with an implicit Euler dis-
cretization was shown in [21]. The discrete steady states were proved
to be bounded [23]. Discrete entropy (free energy) estimates and/or
the exponential decay of the free energy along trajectories towards
the global equilibrium were investigated in [11, 26] but still without
any spin coupling.

In the current work we consider magnetic field as a given function.
We do not study the opportunity of incorporation of self-consistent
magnetization in our system, though theoretically there could be
some methods for that ([38, 46]). For example, in [38] the Landau-
Lifshitz-Gilbert equation (LLG) was incorporated with the spin sta-
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tionary drift-diffusion equation. A finite-element scheme for a spin-
vector equation coupled to LLG (but with given electron current den-
sity) was analyzed in [5] and simulated in [4].

In the last part of the thesis we investigate the situation when hot
electron thermalization has to be taken into account. Then the carrier
transport needs to be described by higher-order moment equations in-
cluding energy transport. This leads to semiclassical energy-transport
equations in semiconductors, see, e.g., [1, 2, 12, 13, 32]. A spinorial
energy-transport model was derived in [3], but the equations are not
explicit and their structure is not easy to analyze. We present the
derivation and the analysis of the explicit versions of this model.

1.3 THE MODEL EQUATIONS

The spin-vector model of [36], which is analyzed in this work, consists
of the scaled drift-diffusion equation for the (Hermitian) electron den-
sity matrix N € C?*2 and the current density matrix ] € C2*2,

1/1
0tN +div] +1iy[N,m- o] = p (ztr(N)Go —N) , (1)
J=—DoP V2(UN+NVV)P"/2 inQ, t>0, (2)

where [A,B] = AB — BA is the commutator of two matrices A and B
and Q C R? is a bounded domain. The scaled physical parameters
are the strength of the effective magnetic field, v > 0, the (normal-
ized) direction of the precession vector mi = (my, m, m3) € R3, the
spin-flip relaxation time T > 0, and the diffusion coefficient Dy > 0.
The precession vector plays the role of the local direction of the mag-
netization in the ferromagnet.

In the analytic part of this work, we assume for technical reasons
that the precession vector m is constant. The triple ¢ = (o7, 02,03)
are the Pauli matrices and oy is the unit matrix in C2*2;

1 0 01 0 —i 1 0
0o = ’ 01 = ’ 02 = ’ 03 = ’
0 1 10 i 0 0 —1

where i is the imaginary unit. Furthermore, tr(N) denotes the trace of
the matrix N and P = 0o + pni- G, where p € [0, 1) represents the spin
polarization of the scattering rates. The product m - ¢ equals mjoq +
m,02 + m303. System (1)-(2) is solved in the bounded cylinder Q x
0,T) ¢ R3 x[0,00), supplemented with the boundary and initial
conditions

:
N=3npoo ond0, t>0, N(0) =N° in Q. (3)

The electric potential V is self-consistently given by the Poisson equa-
tion

—ABAV =tr(N)—C(x) inQ, (1)

where Ap > 0 is the scaled Debye length and C(x) > 0 denotes the
doping profile in the n-doped semiconductor [32].
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Equations (1)-(2) describe the time evolution of the density matrix
of the electrons, coupling the charge and spin degrees of freedom.
The coupling is linear in the polarization p of the scattering states.
The commutator [N, M - 6] in (1) models the precession of the spin po-
larization on the macroscopic level. Furthermore, the right-hand side
in (1) describes the relaxation of the spin density to an equilibrium
density due to so-called spin-flip processes.

The above model was derived in [36] from a matrix Boltzmann
equation involving the precession of the spin polarization in the dif-
fusion limit. In this derivation, the scattering operator is assumed to
consist of a (dominant) symmetric collision operator from the Stone
model and a spin-flip operator with the relaxation time T > 0. Gener-
ally, Dy is a diffusion matrix in R3*3. However, under the assumption
that the scattering rate in the Stone model is smooth and invariant un-
der isometric transformations, Proposition 1 in [37] shows that Dy is
a multiple of the identity matrix with a positive factor which is iden-
tified with the positive number Dy.

Remark 1. In the semiconductor literature (e.g. [32, 41]), the sign of
the electric potential is opposite. We have chosen the above sign con-
vention in order to be close to the notation of [36]. It does not affect
the analytical results. O

Remark 2. Equations (1)-(2) are scaled using the time scale T and
the length scale L, where L > 0 is a typical length (e.g. the device
size). In the numerical part, we choose 15 to be equal to the physical
spin-relaxation time t* such that T = /15 = 1. The density ma-
trix and the doping profile are scaled by sup, C, and Do = D*715/L?,
Y =v*1s/h, where D* > 0 is the physical diffusion coefficient, y* > 0
the physical strength of the effective magnetic field, and h the re-
duced Planck constant. The density matrix is scaled by sup, C and
the electric potential by the thermal voltage Ut = 0.026V (at room
temperature). O

1.4 VARIOUS FORMULATIONS

The key idea of the continuous as well as the discrete analysis is to
work with different transformations of the variables which make the
diffusion matrix diagonal and thus reduce the level of coupling.

1.4.1  Charge and spin-vector densities

First of all, we investigate a scalar form of equations (1)-(2). For this,
we develop N and | in the Pauli basis via N = %no 0o+ 1 -0 and
] = %jocro + f 0, where ng is the electron charge Slensity and 7 the
spin-vector density. Setting 1 = (nj,n2,n3) and j = (j1,j2,j3) and
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defining n = /1 —p?, system (1)-(2) can be written equivalently (see
[36, Remark 1]) as

0tno +divjo =0, (5)
atng—i—ding—Zy(ﬁxﬁm)e:—%, 1=1,2,3, ©6)
. D >

jo = n—;’uo —2pJ - i), (7)

1'2225 (ﬂ]e+(1—ﬂ)(T'ﬁ)me—g]ome)/ t=1,23, (8)

Jo==Vno—moVYV, )
J=01,J2.]3) =—VA—AVV inQ, t>0. (10)

Moreover, the Poisson equation (4) rewrites
—A5AV =ng—C(x) inQ. (11)

System (5)-(11) is strongly coupled due to the cross-diffusion terms
in (7)-(8) and nonlinear due to the Poisson coupling. Note that any
solution (ng, ) to (5)-(10) defines a solution N to (1)-(2) and vice
versa.

In the simplest physical configuration boundary and initial data
could be given as follows

ngo=np, A=0 ondQ, t>0, np(0)= ng, A(0) =i° in Q.
(12)

This configuration we use in the continuous analysis (Chapter 2).

In Chapter 3 devoted to numerical analysis we assume that the
boundary 9Q = I'P UTN consists of the union of contacts 'P and the
isolating boundary part 'N. Then the boundary and initial data are
given by

no:nD, A=0, V=VP onTP, t>0, (13)
Vg v=Vng-v=VV:-v=0 onTV, t>0,0=1,2,3, (14)
no(0) =ng, #(0)=R° inQ, (15)

where v is the exterior unit normal vector to 0Q).
1.4.2 Spin-up and spin-down densities

The other transformation is defined by the spin-up and spin-down
densities n4 = %no +1-m. Indeed, multiplying (6) by m, some terms
cancel, and combining the resulting expression with (5), we find that
(n,n_) solves

atn+ + div (DO(] +p)(—Vn+ —TI+VV)) = —%(n+ —Tl_),
(16)

d¢n_ +div (Do(1 —p)(=Vn_—n_VV)) = —l(nf —n,)

27
(17)
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and the boundary conditions (13), (14) imply

D

ni:%onFD and Vni-v=0onTN, t>0. (18)
This formulation is only possible if the precession vector mi is con-
stant. Its advantage is that the above system is only coupled in the
source terms (and through the electric potential) so that we can ap-
ply a maximum principle. We observe that (5)-(10) implies (16)-(17)
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. In fact, drift-diffusion equations similar to (16)-(17) have been thor-
oughly investigated in, e.g., [22].

1.4.3 Parallel and perpendicular densities

For the proof of the boundedness of 7, we employ a third formulation,
the decomposition in the parallel and perpendipular components of
with respect to M. For this, let i = (- m)m and 7} =71 — (- m)n.
Then an elementary computation, using that m is constant, shows
that (7,1, ) solves

. (D= P i

0t —div (112 ((] S — zjom)) = (19)
. . (D - . - ust

0l —div H(an +1m, VV) | —2y(i, xn) =——" (20)

The second equation depends on 1| only, which makes the applica-
tion of a maximum principle possible.

1.5 LIST OF THE MAIN RESULTS AND THE THESIS STRUCTURE

Here we shortly list the main results and the exploited methods to
give the reader a clearer structure of the work.

Chapter 2 is devoted to the continuous analysis of the spinorial
drift-diffusion model (1)-(4). For the existence of the weak solution
we use Leray-Schauder fixed point theorem [24], the proof of non-
negativity and boundedness of the charge density ng is based on the
Stampacchia method, for boundedness of @ we exploit the Moser iter-
ation technique. Moreover, we present the free energy of the system
and demonstrate the numerical solution in 1D. Thus, the main results
of this chapter are:

* global-in-time existence and uniqueness of the weak solution
(o, 1, V)

* nonnegativity and boundedness of the charge density no
* boundedness of potential V and spin density
* monotonicity of the free energy

e numerical solution in 1D
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In Chapter 3 we present an implicit Euler finite volume scheme for
the model (1)-(4), the analysis of the numerical solution and the nu-
merical results obtained for the scheme in 2D. The existence proof is
based on the fixed-point theorem of Brouwer [17] could be accom-
plished only with some restriction on the time step. Also for the
boundedness of the numerical counterpart of 17 we need a restric-
tion on the relaxation time. Numerical experiments show that the
last restriction is likely to be technical. Summing this up, the main
achievements of the chapter devoted to the numerical solution are:

e finite volume numerical scheme for 2D (3D)
e existence of the numerical solution

* nonnegativity and boundedness of the discrete charge density

boundedness of discrete potential and spin densities
* monotonicity of the discrete free energy
* numerical solution in 2D

The last part (Chapter 4) expands the drift-diffusion model (1)-
(4) to the spinorial energy-transport model. Exploiting the implicit
model for spin-dependent energy transport proposed in [3] we de-
rive an explicit version obtained with some simplifying assumption.
The derivation is based on the entropy maximization principle and
the energy conserving collision operator. The results presented in the
third chapter are:

¢ derivation of an explicit energy-transport model
* monotonicity of the free energy

e numerical solution in 1D
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SPINORIAL DRIFT-DIFFUSION MODEL






CONTINUOUS ANALYSIS

In this chapter we study the properties of the matrix drift-diffusion

model (1)-(4). First in Section 2.1 we shortly present (in the form of

theorems) the main results including existence of a unique bounded

weak solution (Theorem 1) and monotonicity of the free energy (Propo-
sition 2). Theorem 1 is proven in Section 2.2. Proposition 2 and for-

mula (25) are shown in Section 2.3. Some numerical results for a one-

dimensional ballistic diode in a multilayer structure using a finite-

volume scheme are presented in Section 2.4.

2.1 MAIN RESULTS

Our first result is the global-in-time existence of weak solutions to (1)-
(4) (or equivalently, (4)-(12)) under the assumption that the diffusion
coefficient D and the spin polarization p are constant. We introduce
the space

W'2(0, T, H), L2) = H' (0, T; H1(Q)) N L2(0, T, HY(Q)).
Recall that m is assumed to be a constant vector.

Theorem 1 (Existence of bounded weak solutions I). Let T > 0 and
let Q C R3 be a bounded domain with 9Q € CV'. Furthermore, let A\p,
v, D >00<7p <1, andm € R with |W| = 1. The data satisfies
CelL*(Q)and

0<np e H(Q)NL®(Q), VpeW>9%(Q), qo>3,
0. e L®(Q),

nd, it nd+ /% m>0.

N =

Then there exists a unique solution (N, V) to (1)-(4) such that N = %no 0o+
T - G satisfies

no, i € WH2(0, T, HY,12), vV el®(0, ;W29 (Q)), qo >3,

1
0< 310 +7-mel®0,T;L*(Q)), k=123

Moreover, ng and 1 - m are bounded uniformly in t > 0. If additionally
0] € L°(Q), then [fi] € L=(0, T; L>°(Q)).

For simplicity, the boundary data is assumed to be independent of
time. The general situation can also be treated but is more technical;
see, e.g., [47]. The proof is based on the Leray-Schauder fixed-point
theorem. The key idea is to employ the variables (ng, 7 - 1) for the
ellipticity argument. More precisely, consider the main part of the

13
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differential operator in its weak formulation (Equation (5) is divided
by four),

D 1 o
I:J (*Vno-Vd)o—EV(ﬁ‘Tﬁ)'Vd)o—l-nVﬁ:Vd)
n? Jo \4 2

— —

where ($o, $) is some test function. Then, choosing ¢o =np, ¢ =1
and using 1(1 —n/2)[|VA|? = n(1 —n/2)|Vii - m|?, the above integral
can be estimated by

D 1 5 o
I= T? JQ (Z|VT10| —pV(R-mM)- Vno (21)

2
n 2, 1N 112 _ = =12
(1= 2)IV#)2 + LI VAI2 + (1 =)V (- /)1 ) ax

-
>D2J ( Vo ) (1/4 —p/Z)( Vo >dx

n*Jao \V(ii-ni) —p/2 1-m?%/2) \V(ii )

+ b J | V% dx.

2 Jo

The 2 x 2 matrix on the right-hand side is positive definite (see the dis-
cussion after (32)), which allows us to apply the Lax-Milgram lemma.
Although the matrix is positive definite in the variables (ng, - 1)
only, we achieve gradient estimates also for M. This is the key esti-
mate. Note that the assumption that m is constant is crucial here.

The positivity and boundedness of ng is proved by applying a
Stampacchia truncation argument to system (16)-(17) in the variables
ng = %no 4+ - m. The boundedness of i does not follow from this ar-
gument. The idea is to prove the boundedness of 1| =7 — (- M),
since it satisfies the decoupled drift-diffusion equation (20). Then, be-
cause of - m € L*, we infer that 11| € L*°. A standard Stampacchia
truncation method cannot be employed here since the term 1 x m
mixes the components of . Therefore, we use a Moser-type iteration
method, i.e., we derive L9 estimates for | uniform in q < co and
pass to the limit q — oo.

Our second result is the existence of an entropy (more precisely, free
energy) ' for the spinorial drift-diffusion system. This result holds
also for nonconstant diffusion coefficients D(x) and spin polariza-
tions p(x). We assume that there exists 8y > 0 such that

D,peL®(Q), D(x)=080>00<px)<T—=58y forxe Q. (22)

The entropy is formulated in terms of the solution to (16)-(17):

2
Hott) = [ (nima)nin )+ 2RIV - Vol ax )
hing) = J i/z(logs —log(np/2))ds.

In contrast to the physical notation, the mathematical entropy is defined here as the
negative physical entropy.



2.1 MAIN RESULTS

The first two terms in the definition of Hy(t) describe the internal
energy of the two spin components and the last term is the electric
energy, relative to the boundary values. From the results on the stan-
dard drift-diffusion model (see, e.g., [22]), it is not surprising that the
entropy Hp is nonincreasing in time if the initial data are in thermal
equilibrium. We say that (ng, Vi) is a thermal equilibrium state if
Ny, = pexp(—Vu) for some constant p > 0 and Vy, is the unique
solution to

—AHAV =pe VY —C(x) inQ, Vi=Vp ondQ.

For given (np, Vp), defined on 0Q and satisfying log(np/2) + Vp =
c € R on 9Q), we extend these functions to Q by setting np = ny,,
Vp = Vi, and p = 2exp(c). Then log(np/2) + Vp = c in Q. The
following result holds.

Proposition 2 (Monotonicity of Hop). Let (22) hold, log(np/2) + Vp =
const. in Q, andnp € WH>(Q) withnp >n, > 0in Q. Let (n,,n_,V)
be a weak solution to (4), (16)-(18) in the sense of Theorem 1. Then t —
Ho (t) is nonincreasing for t > 0.

Using the techniques of [22], it is possible to infer the exponential
decay of (n(t),n_(t)) to equilibrium as t — oo. Since the proof is
very similar to that of [22], we omit it. However, later in Section 2.4
we give a numerical example which illustrates the exponential decay.

One may ask if the quantum or von-Neumann entropy (or free

energy)

2
Ho (t) :J <tr[N(logN—logND —1)+ND]+)\7D|V(V—VD)|2>dx,
Q

(24)

where Np = %nD oo (see (3)), is also nonincreasing in time. Since

the eigenvalues of N are given by In, = [fi], we need to suppose that

Ino > [fi to have well-posedness of the expression log N. Because
of the drift-diffusion structure of (1), such a functional would be a
natural candidate for an entropy. A formal computation, detailed in
Remark 3, shows that

dHQ B
dat

3
= —J Dng ) tr [P*‘/Z(ajN +N9; V)P~ /2935 (log N + Vop) | dx
QO .
j=1

1 L amp+ [l
1| ritog 70 Eax (25)
Tla Mo — [T

Clearly, the second integral is nonnegative. However, it seems to be dif-
ficult to determine the sign of the entropy dissipation in the general case.
If M = (0,0,1)7 and 11y = (0,0, ng)T, which we assume in our numeri-
cal simulations in Section 2.4, the spin-vector density only depends on the

15
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third component, 1i(t) = (0,0,n3 (t))T for all t > 0. In this situation, Hq is
nonincreasing. Indeed, we can write Hgy equivalently as

Ho(t) = | ((hmo-+ 1) (loglkmo + 1) —1)

+ (Ino — i) (log(3no — i) — 1)
)\2
+np —ng log(%nD) + TD\V(V—VD)\Z) dx.

This formulation follows from spectral theory and the fact that the eigen-
values of N are given by %no =+ |fl; see Section 2 in [36] We recall that for
any continuous function f : R - R and any Hermitian matrix A with
(real) eigenvalues A;, it holds that tr[f(A)] = Zj f(A;). Now, %no + A =
%no +n3 = ng, and consequently, Hg coincides with Hp, which is mono-
tone by Proposition 2.

2.2 EXISTENCE OF A SOLUTION

The existence proof is based on the Leray-Schauder fixed-point theorem and
a truncation argument. It is divided into several steps.

Step 1: Reformulation. We introduce the variable wg = ng —np(x) whose
trace vanishes on 0Q). Then equations (5)-(10) are equivalent to

1 D .. > D ..

D .. o Lo
Ouic— oz div (i (1= m) (T i)y — Dfmac) = 2y x i ()
=—— — —div ((VHD +TLDVV)mk), k=123,

where ], = Vwg +woVV. The boundary and initial conditions are given
by

wo=nE =0 ondQ, k=123 wy(,0) =nf—np, 7A(0) =1 inQ.

(28)

Step 2: Definition of the fixed-point operator. The idea is to fix a density (po, 7),
to solve the Poisson equation including po on its right-hand side, and fi-
nally to solve a linearized version of (26)-(27) for the density (wp, W), where
W = (w1, w2, w3). The fixed-point operator is then defined by the mapping
(po,P) — V = (wp,W). More precisely, let p = (po,p) € L2(0,T; L% (Q))*
and 6 € [0, 1] be given and introduce the truncation [x] = max{0, min{x, 2M}}
for x € R, where

M = max { salg)nD, sgp (%ng + \ﬁo . ﬁi\), sgp C}.

Let V(t) € H'(Q) be the unique solution to

“AAV(t) = [po(t) +npl —C(x) inQ, V(t)=Vp ondQ. (29)
Then t — V(t) is Bochner measurable and V € 1L2(0, T; H' (Q)). In fact, by el-
liptic regularity and 9Q) € cl1, V(t) e W290(Q) for qg > 3. Since the right-
hand side of (29) is an element of L®(0, T;L®(Q)), V € L*®(0, T; WZ90(Q)).
This implies, because of the Sobolev embedding W290(Q) < W1 >®(Q) in
dimensions d < 3, that [VV| € L*(0, T; L*(Q)).

Next, we define the bilinear form a(:,-;t) : H(])(Q)A' X H(])(Q)4 — R for all
w = (wo, W) = (wo, w1, w2, W3), d = (bo, §) = (bo, b1, d2, d3) € HY(Q)?
by

a(w,d;t) = ao(w, d) + av(w, d;t) + a1 (w, d) + az(w, §), (30)
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where
D 1 N o
ap(w, d) = —ZJ (ZVWO Voo +nVw: Vo

n-Jo
+(1=1) V(W) - V(- ) — LV i) - Voo
_ %VWO~V($-ﬁ))dX,
Db 1 -,

av(w,4it) = JQ TV (JwoVoo +nVé W

+ (1= V(G- ) - L0 W) Vo

—PwoV(§ ) dx,
ar(w, &) = —zwsj (W x ) - Pdx,
Q
1 o
@l )= ¢ | - dax

and Vw: V§ = Zi:1 Vwy - Vo, and the linear mapping F(-; t) : HO(Q)4 —
R by

D6
Flgit) =3 | (Vo +npvV)-
D6 -
—EJ (Vnp +npVV) - V(- i) dx.
m* Jo

Then the weak formulation of (26)-(28) (for & = 1) reads as

d

—J w(t) - ddx+a(w,p;t) =F(Pp;t) for ¢ € Hé(Q), t>0. (31)
dt Jo

Since [VV| € L*(0, T; L*°(Q)), an elementary estimation shows that a and
F are bounded in the sense

a(w, b;t) < Kollwllhyp oy Iblhya)  F@ < Kolldllyy(a)

for all w, ¢ € H}(Q)?#, where Ky > 0 depends on the L*(0, T; L*°(Q)) norm
of VV (and hence on M) but is independent of t > 0. We claim that a
satisfies an abstract Garding inequality, i.e., there exist Ky, K; > 0 such that
for all w € Hé(Q)“,

alw,w) = K[y )~ KalwlEa o)
To this end, we estimate the forms ag, ay, aj, and a;. The first form equals
_ D 1 2 n? -2 n =112
aolww) = 3 | (319wol + I +n(1-3) 199
+ (1 =)V - 1) — pVwy .V(w.m))dx.
Estimate (21) in the introduction shows that
D ' 1/4 2
(IO(W,W) > 7J VWO / _p/ VV\)O dx
n“Jo \Vvw-m —p/2 1—n2/2) \Vw-m
(32)
D
+—J VW% dx.
2 )o

The above symmetric matrix is positive definite because its eigenvalues

1
_te vy fie 502v2 g2
Ar = <(5—2n )is\/(5 <) —8n

| —

17
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are real (since n < 1) and positive (since 1 > 0). This leads to
D
ao(w,w) > rTZJ (A 19wol 441V - )P + ||VW|| ?) ax
Q
= Ky HWHZH(])(Q)’
where K; = min{A_,n2/2}.

In order to estimate the second form ay (w,w), we employ the Poisson
equation:

D
oy —fzj (33 +mwl + (1 ) - )2
1
~ pwolyb 1)) dx ZnZAZJ (Ioo + ] — Clx)) (w8 + P

+(1=n)W-m)? —pwo (W - ﬁi))dx.

Observing that

1 " . e
ZWE AN + (T =m) (W 1) — pwo (W - 1)

1 2
= (5o —pW i) +n (2 — (- W)2) +n2(W i) > 0
and employing the Cauchy-Schwarz inequality, it follows that

avlww) > =2 [ 10001(Zw3 4w+ (1 =) )2

278 Jo

— pwo (W - ﬁl))dx > Ko w0,

where K, depends on [|C|;~ () and the parameters D, p, and Ap but not
on M or p. Finally, the third form vanishes, a;(w,w) = 0, and the fourth
form is nonnegative, ay(w, w) > 0. This shows the claim.

By Corollary 23.26 in [48], there exists a unique solution w € W12(0, T;
H(]), L2)* to (31) satisfying w(0) = (no —np, 7). This defines the fixed-point
operator S : L%(0, T; L?(Q))* x [0,1] — L%(0, T, L%(Q))4, S(p, 8) = w. By con-
struction, S(p,0) = 0. Furthermore, standard arguments show that S is con-
tinuous. By the Aubin lemma, the space w20, T; HJ}, L2)* embeddes com-
pactly into L2(0, T; L2(Q))*. Consequently, S is compact. It remains to prove
some uniform estimates for all fixed points of S(-,8) in L2(0,T;L%(Q))*. Let
w € W2(0,T; H}, 12)* be such a fixed point. Employing w = (wp, W) as a
test function in (31), the above estimates show that

E”W(/T)H%Z(Q) +Ky HW”%Z(O,T;HMQ))

2
<Kz ||WHL2(0,T;L2(Q)) + Ko ||WHL2(0,T;H(‘)(Q))

2 K1 K3
gKZ”VVH[_Z(O,T,.]_Z(Q_)) ||WHL2 (0,THL(Q ))"'m-

Absorbing the second summand on the right-hand side by the correspond-
ing term on the left-hand side and applying Gronwall’s lemma, we achieve
the bound [[W||{2(0 1,12(q)) < K for some K > 0 uniform in p and 8. By the
Leray-Schauder fixed-point theorem, there exists a fixed point of S(-, 1), i.e.
a solution to (26)-(29) with [p(t) + np] replaced by [w(t) + npl.

Step 3: Lower and upper bounds. We show that 0 < ng := w+np < 2M
in Q x (0, T) which allows us to remove the truncation in the Poisson equa-
tion. For this, we consider the variables ny = ;no + fi - M. We claim that
nt > 0. Indeed, with the test functions [n+]™ = min{0, n1}, which satisfy
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Mmi]™ =0 on 9Q and [n4(0)]~ = 0, in the weak formulation of (16) and
(17), respectively, it follows from nyVV - -V[ni]™ = n4]"VV-Vhy]” =
FVV.V(ni]7)? that

t

J ([ni(t)]—)zdxwmip)H Vinel~Pdxds
Q 0JOQ

N =

t
=-D(1+p) Jo JQ[ni]_VV~V[ni]_dx ds
1 t
¥EJ0 J'Q(n+—n,)[ni}_dxds
D(1+p) [t _
=—%JOJQ([nOJ—C(x))([ni} J2dx ds

1

t
T Z—TJ L)(n+ —n_)n4]” dxds.

0

In the last step we have integrated by parts and employed the Poisson equa-
tion. We add both equations and neglect the integrals involving Vingl |2
to obtain

1J (s (1) + (In_ (]7)2) dx
Q

2
D [t 2 -2
g_%LL(MO}_C(X))(U+p)([n+} )2+ (1= p)(In_17)?)dx ds
1 [t _ _
_EHQ(“*_“*)““ ]~ —[n ] )dxds

D t 7 B
< gorlCloeiay [ [ (124 (n e

using the fact that x — [x]~ is nondecreasing. Gronwall’s lemma shows that
M+ (t)]” =01in Q for any t > 0 and hence, n4+ > 0in Q x (0, T).

For the proof of the upper bound, we employ the test function n4 —
M]T = max{0,n+ — M}, which is admissible since M > %supQX (0,T) D,
and which satisfies [n4(0) — M]T =0, in (16) and (17), respectively, and add
both equations:

3| (e =M e - M) ax
Q

t
D[ [ (1+ IV — MR+ (1= p)Vn — M7 R)ax ds
0JQO

t
=D [ (4P -MTV- Vi, - Mt
0JO
+(1T=p)n-—M)VV-V[n_ —M]")dxds
t
—DMJ

J VV-((14p)VIng —MI" + (1 —p)VIn— —M]")dx ds
0JQ

t
—lJ' J sy —n_)(Iny —MJ" —n_ —M]")dxds.
2T oJo
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Observing that (ny —M)VV-V[ng —MJT = %VV V(g —M]T)2, inte-
grating by parts, and employing the Poisson equation, we find that

1J (I (8) = MIF)? 4 (In—(t) — MI*)?) dx
Q

2
D ‘ +3\2
<_27\123L)L)([TLO]_C(X))(“‘f‘li’)([TlJr—l\/l] )
+(1=p)(In— —MJ*)?)dx ds
DM [t X
_M%JOJQ““O]‘C(X)J(H+p)[n+—w

+(1—=p)in- —MJ]")dx ds.

The last integral is nonnegative since [ng] — C(x) = [n4 +n_]—C(x) > 0 on
{nt > M} by definition of M. Then Gronwall’s lemma gives [ny — M]* =
and ny < M in Q x (0,T). We have shown that np = ny +n_ < 2M,
fl-m= %(n+ —n_) < %n+ <IM,and -1 > —%n_ > _]ZM' Thus, we
can remove the truncation in the Poisson equation, since [ng] = ny.

Step 4: Uniqueness of solutions. Let (w, V) and (w*,V*) with w = (wg, W)
and w* = (wg, W*) be two weak solutions to (29) and (31) on (0, T*), where
0 < T* < T. Taking the difference of the equations (31) for w and w*, respec-
tively, and employing the admissible test function w —w*, we obtain

1 * * ™ * * * *

EH(W_W T )H%Z(Qﬁ-J'O (a(w,w—w*;t) — a*(w*, w—w*;t))dt
T*

:J (Flw —w*;t) — F*(w —w*; t))dt,

0

where a* and F* denote the forms with V replaced by V*. The Cauchy-
Schwarz and Young inequalities and the elliptic estimate ||V (V —V*)|2( o) <
Kllwo =will2(q) yield

T
J (Flw —w*;t) — F*(w—w*; t))dt
0

D (7
:——ZJ J npV(V—-V*)-V(wy —wg)dx dt
m<Jo Jo
Dp I " S sy o
+55 npV(V-V*)-V((w—w*) -m)dxdt
mJo Ja

< EHV(W*W*)”%Z(O,T*;LZ(Q)) + K(e)HWO 7W8||%2(0’T*;L2(Q))/

where here and in the following, K > 0 denotes a generic constant and ¢ > 0.
Next, we consider the difference a(w,w —w*;t) — a*(w*,w —w*;t). As
in Step 2, we find that

T*
ap(w—w*,w—w*)dt

o

T*
>k [ (90w w4 905 — ) ax,
0 JO

T T
J az(w—w*,w—w*)dtzlj J W —w*|>dx dt > 0.
Q
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The remaining difference involving the electric potentials becomes

T*
J (av(w,w—w*t) — ay«(W*, w—w*;t))dt
0

D (7

=], [ Ve (Givo w2 i -
+(1—Tl)((W—W*)~Tﬁ)2—g(w0—w’5)(W—W*)~1ﬁ)dxdt
+1?2LT JQV(V—V*)-(%WSV(WO—WS)—i—nW*V(W—W*)
+ (1 =n)W* - M)V((W—w") - i)
—%(W*-Tﬁ)V(wo—wS)—%wSV((W—W ). ﬁl))dxdt

=1 + L.

Integrating by parts in the first integral on the right-hand side and employ-
ing the Poisson equation shows that the first integral can be estimated as

I <K([[wo — WO”LZ oT+12(0)) T IW— _’*”LZ 0,T512(Q))
+w m”LZ 0T LZ(Q)))
K(HWO _WOHLZ(O,T*;LZ(Q)) +(w _W*”%Z(O,T*;LZ(Q)))’
where K > 0 depends on the L*(0, T*;L*°(Q)) norm of wy. We take into

account the L* norms of wj and W* - mi to estimate the second integral
according to

2 SK[VIV=V)|120071512(0))
x (IIV(wo =wi)ll 2(01+12(0)) + IV = W) - il 20 1412(0)))
(33)
HIVIV=VIlliz 07410 (0) W L (0,1512(0))
X [[VW =)l L20,14512(0))-

Using the elliptic estimate |[V(V—V*)||2(q) < K[[wo —W§ll12() and Young's
inequality, the first term is estimated from above by

€ £ - H
51IViwo + 51V -

2
—wolll{20,112(0)) m||L2 0,T%12(Q))

+ K(e ”WO WOHLZ(O,T*;LZ(Q))'

For the second term in (33), we observe that, in view of the continuous em-
bedding W'2(0, T*; HJ, L) < L*®(0, T*;L?(Q)), W* is bounded in L*(0, T*;
L%(Q)). Let 3 < p < 6. By elliptic regularity and the Gagliardo-Nirenberg
inequality, it follows that

[VIV=V)2(01%12(0)) < KIV=V*{I20015w2r Q)

\

wollL2(o,m+;1r(Q))
1—0
< KHV Wo _WO ||]_2(O,T*;]_2(Q)) ”WO _WSHLZ(O,T*;LZ(Q))’
where 0 = 3/2—3/p € (0,1). Inserting this and the above estimate into (33)
and employing Young’s inequality again, we obtain
2 < gf|[Viwo WO H]_Z 0,T%12(Q)) +¢|[V(w— ”]_2 0,T*L2(Q))

+K ||W0 WO”LZ(O,T*;LZ(Q))'
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Summarizing the above estimates, we infer that
||(W _W*)(T*)H%Z(Q) + (K - 5) (HV(WO _WE)H%Z(O,T*;LZ(Q))

S o2
+HIVW =) |{2 OT*;LZ(Q)))
v 1F

<K(e) ([wo = w522 o2y + W = 1220))-

Thus, choosing ¢ > 0 sufficiently small and employing Gronwall’s lemma,
we infer that w =w* in Q, t > 0.

Step 5: L* bound for 7. Let q > 1. Since |ii |91, is not an admissible
test functlon we need to regularize. For this, set g¢(y) =y9/(1+ ey9) and
Gel jo ge(z)dzfory > 0and € > 0. Then gg(lnl|2)nj_ is an admissible
test functlon in the weak formulation of (20) (since i = 0 on 0Q)):

t

t 5 D
L<atﬁt,gs(|m| i )ds + 2 J

J (VAL +VVA,)
0JOQ

t
Vige (L P)i dxds =2y | | gelfuPis x ) i deds
0JO

1 t
2] | seti P Paxas <o, G4)

TJoJa
since the first integral on the right-hand side vanishes and the second one
is nonnegative. Here, (-,-) denotes the dual product between H~'(Q) and
H(]) (Q). Taking into account a variant of Prop. 23.20 in [48], the first integral
on the left-hand side of (34) equals

I }
(Ot L, ge(RLP)RL) = j Ge(iL[2)dx

2 dt
Setting Fe(y) = [§ gL(z)zdz and employing the Poisson equation (4), the
second 1ntegral in (34) can be estimated as
D[t | 22 L2y (12
2] | Gottma v + e P v |
L2\ - T = -
+ gL (R PIRLPV(RLR) - OV 4+ 59c (R V(R L) - VV) dx ds
D t
> —J J V(ZFE(\ﬁLIZ)—i—GE(Iﬁﬂz))-Vdeds
2n JoJo
D [t 2 2
- it J, | @l + 6t ) no — Clxax s
t
> gz IOl || | @Fel.2) + Gl ) axas.

We have proved that

d -2 D t L2 L2
— < —5 oo 2F .
dtJQGE(m\ Jax < 57 ICl (Q)uﬂ( (L) + Ge(iftL ) dx ds

Elementary estimations show that F. (y) < qG¢(y) for all y > 0, yielding

d N . D
—J Ge(|nt|2)dx<1<(2q+nj GellitLP)dy, K= ——[Cllie(a
dt Jo Q AL

Then Gronwall’s lemma and the assumption |71, (0)| € L*°(Q) give for all
t>0,

JQ Gel[fiL (H)dx < eK2at1t jQ Gl (0)P)dx

<e‘<(2q+‘ﬁj 17, (0)29dx.
[0}



2.3 MONOTONICITY OF THE ENTROPY
By dominated convergence, we can pass to the limit ¢ — 0. Then, taking the
2g-th root,
ML ()l 2a(0) < eZKtHﬁJ_(O)HLZq(Q), t>0.

The right-hand side is bounded uniformly in q < oo. Therefore, the limit
q — oo leads to

IR (Olle(o) < e RLO=(a), >0,
which ends the proof. O
2.3 MONOTONICITY OF THE ENTROPY

In this section, we prove Proposition 2 and formula (25).

Proof of Proposition 2. The idea is to employ (log(ny/np) +V—Vp, log(n_/np)

+V —Vp) as a test function in (16)-(17), where np = 1jnD. Since the loga-
rithm may be undefined, we need to regularize. We set

2
Hs (t) = L} (hs(n+) +hs(n-) + 7\2DV(V_VD)|2> dx, §>0,

n+

hs(ny) = L (log(s+8) —log(Mp +5))ds

np
= (n4 +d)(log(nt +8)—1)— (np +0)(log(np +8) —1)
—(nx —np)log(np +8).

Then the pointwise convergence hs(n+) — h(ni), where h(ny) is defined
in (23), as & — 0 holds. Since ny = %nD = np on 0Q and —)\2D 0tAV =
d¢(ny +n_) e L?2(0,T;H-'(Q)), we can differentiate Hs to obtain

dH ~

d—t‘s = (0¢n4, log(n4 +8) —log(np +9))

+(3¢n_,log(n_ +8) —log(fip +8)) + A3 (3 VV,V(V—Vp)),

where (-, -) is the duality pairing between H™'(Q) and H}(Q). Observing
that

A5 (0¢VV,V(V —Vp)) = A3 (0tAV,V — Vp) = (d¢(ny +1n_),V—Vp)),

it follows that

dH ~
d—t‘s = (0¢n4, log(ny +8) +V —log(np +68) — Vp)
+ (0¢n_,log(n— +6) +V —log(np +8) — Vp)

=1 + 1.

After inserting the evolution equation (16) for n,, setting ] = D, (Vn, +
n, VV) with D4 = D(1 £p), and integrating by parts, we find that the first
term Iy equals

I = —JQ (J4+ - V(ogny +8)+ V) —J4 - V(log(fip +8) + Vp))dx

_J T (log(ny +8) +V —log(fip +8) — Vp) dx.
0]

23
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By Young's inequality, the first integral becomes

J+
JQ <_TL++6 (Vng 4+ (ny + 5)VV)> dx

+J I+V(lOg(ﬁD +5)+VD)dX

Q

:J <_ Je> 84 -VV )dx
Q Di(ny +8) Di(ng +39)

+ ]+«V(log(ﬁD +90)+ Vp)dx
(0]

2 2
o | F X+52J _ VWV
a2Di(ny +39) o Dy(ny +9)

+ | (ng +98)V(log(np +96) +Vp)Pdx

JO
r 2 2
e

dx
Ja 2Dy (ny +3) o D+

+| (g +8)V(log(fip +8) + Vp)Pdx.
Q

The integral I, can be estimated in a similar way, eventually leading to

r 2 2
aHs _ I | dx
dt Jo 2D+(Tl++5) ZD_(TI_+5)

1 R

+f ((ny +8) + (n— +8))V(log(Ap +8) + Vp)[*dx
JO

&(log(rur +8) —log(n_ +8))dx.

Q

The last integral is nonnegative since x — log(x + 8) is an increasing func-
tion. Therefore,

t 1 1
Hs (1) <H5(0)+5J J <+) VVPdx dt
oJo\D4+ D-

t
—l—J J (g +8)+ (n_+19))V(log(ip +38) 4 Vp)[?dx ds.
0JQ

(35)

Since lognp + Vp = const. and np > n, > 0, the gradient term in the last
integral can be estimated by

V(log(fip +8) + Vp)I?

- _ - 5%|Vap|?
= ‘V(lognD +Vp) + V(log(np +9) —lognD)|2 < %,
jn*(jn* + 6)
and the right-hand side is bounded in L*°(Q) uniformly in 6.

Therefore, the last two integrals in (35) can be bounded from above by
a multiple of Hs. Then Gronwall’s lemma shows that Hs is bounded uni-
formly in & € (0,1). By dominated convergence, we can pass to the limit
b — 0 in the integrals, leading to Hs(t) < Ho(0) for t > 0, where we used
that V(lognp + Vp) = 0. This finishes the proof. O

Remark 3. We prove formula (25). For this, we first observe that 0 tr[N(log N —
logNp — 1)] = tr[0¢+N(log N —log Np )] holds for smooth positive definite
Hermitian matrices N; see the proof of Theorem 3 in [42]. We assume that
log(np/2)+Vp =c € Rin Q (thermal equilibrium). Then log Np + Vpop =
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cop in Q. Now, using the Poisson equation (4), a formal computation leads
to
dHg

= (tr[0¢N(log N —log Np)] +A40:VV - V(V — Vp))dx

=1 (trd¢N(logN —logNp)] + d¢(tr(N) — C(x))(V — Vp))dx
Q

= tr [atN(logN—logND+(V—VD)GO)]dx
Q

J

Then, with the evolution equation (1) for N, an integration by parts, and the
property log Np + Vpop = cop in ), we obtain

3
dH
T J Z P~1/2(3;N +N; V)P~ /23 (log N + V)] dx

—iyJ tr [[N,Tﬁ- 6l(logN +V00)] dx
Q

+1J tr K] tr(N)Go—N) (logN +V00)] dx
TJo

N

=1+ +13.

We compute the three integrals term by term. Employing the invariance of

the trace under cyclic permutations and the commutativity relation log(N)N =

Nlog(N) gives
tr [N, m - 6]log N| = tr [ii - Glog(N)N — 1ii - 3N log(N)] =0,

which shows that I, = 0. For the integral I3, the spectral property tr[f(A)] =
2_j f(A;) for any continuous function f and any Hermitian matrix A with
(real) elgenvalues Aj, we have

tr[(;tr(N)oo— ) (logN +Voy) N] trllog N] — tr[N log N]

|3
) ()
(;no+n|> log< no+ln) ( TloTl|> log (;Tlo|ﬁ>
i (1)t 1)) 0

Hence, I3 < 0. The integral Iy remains unchanged. This proves (25). O

2.4 NUMERICAL SIMULATIONS

In this section, we solve equations (5)-(12) numerically for a one-dimensional
ballistic diode in a multilayer structure. The aim is twofold: First, we present
simulations of the stationary state and detail the differences between the
numerical solutions with and without Poisson equation. Second, we show
numerically that the entropy (23) decreases exponentially fast in time.

The multilayer consists of a ferromagnetic layer sandwiched between two
nonmagnetic layers. More precisely, let QO = (0,L). The nonmagnetic layers
(0,£1) and ({,L) are characterized by mi = 0, p = 0 and a high doping
concentration, C(x) = Cmpax for x € (0,€7) U ({2, L), whereas the magnetic
layer (£1,{;) features a nonvanishing precession vector, i = (0,0, 1 )T and
p > 0, and a low doping, C(x) = Cpin for x € (£1,£2). This multilayer
structure was numerically solved in [36] but for constant electric fields only
and without doping.
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The boundary conditions read as
TLQ(O, t) = TIO(L, t) = Cmax, ﬁ(ort) = ﬁ(]—rt) =0, V(Or t) =0, V(I—r t) =u

for all t > 0, and the initial conditions are ng(x) = 1, fi(x) = 0, and V(x) =
Ux/L for x € Q and for some U > 0. We choose Cmax = 102" m—3 and
Crin = 0.4-10"7 m—3. This corresponds to an overall low-doping situation.
With larger doping concentrations, we observed numerical problems in the
Poisson equation due to the smallness of the scaled Debye length Ap. This
problem is well known and can be solved by employing more sophisticated
numerical methods.

We choose the same physical parameters as in [36]: the diffusion co-
efficient D = 1073 m?s™!, the thermal voltage Vi, = 0.0259V, the spin-
flip relaxation time T = 10~ '?s, the strength of the pseudo-exchange field
v = 2h/7, and the applied potential U = 1V. Typically, the spin-flip relax-
ation time is of the order of a few to 100 picoseconds.[20] The layers have
the same length of 0.4 um such that the device length equals L = 1.2 um.

2.4.1 Implementation

The equations are discretized in time by the implicit Euler approximation
and in space by a node-centered finite-volume method. This method is con-
servative and is able to deal with discontinuous coefficients. We choose a
uniform grid of M points x; = iAx with step size Ax > 0, containing
the interface points {; and {,, and uniform time steps tx = kAt with step
size At > 0. We also introduce the cell-center points x; 1 ,, = (1+1/2)Ax.
;‘:‘Z ng(x, ty)dx for £ =
0,1,2,3 (the index of the spin component), the discretization of (5)-(6) reads
as follows:

Denoting by nf; an approximation of (Ax)~! [

Toox K—1 T ox e
E(“o,i_no,i )+E(Jo,i+1/2_10,1—1/2):O/ (36)
Tk ki T ox he
A e )+ A Uiz —gio1/2) (37)
2 1
— YRk x )+ —nf; =0,

Where e = 1/2/3/ ﬁtlf = (n]f,i/nlf,i/n]f;i)l Tﬁ'l = (m],i/ mz,il m3,1) = Tﬁ,(Xi),
and

D
K k Tk o
J0,i+1/2 = *nz (IO,i+1/2 —2pivi/2)iv )2 'mi+1/2)r
it+1/2
-k D k
Jeit1/2= _ﬂz Nit1/2)giv1/2+ (T—mit1/2)
it+1/2
- Pi+1/2
X (T]fﬂ/z “Mig1/2)Meip1/2 — 12]]5,i+1/zme,i+1/z>/
1 1
k Kk Kk k k k k
Joiv1/2= 25 <(n£’,i+1 ) + 5 Mg Fngd (Vi = V5 )>/
(=0,1,2,3.

where ﬂfﬂ 12 = (]lg,i . /2) ¢=1,2,3- The discrete electric potential Vik, which
is scaled by the thermal voltage Vi, is obtained from the Poisson equation,
discretized by central finite differences. The nonlinear discrete system is
solved by the Gummel method, i.e., given (n‘g,;],v,k*‘) and setting p; =

1
nlg;] exp(—Vik’] ), we solve first the nonlinear system

1

k
A (VE 1 —2VE+VE ) = pie¥t —C(xy),
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by Newton’s method. Then, using the updated potential (V¥), the discrete
system (36)-(37) is solved for n}?i, and the procedure is iterated. For details
on the Gummel method, we refer to [31]. We have chosen 60 grid points in
each layer (i.e. M = 180) and the time step size At = 0.0057. These values
are chosen in such a way that further refinement did not change the results.

2.4.2  Numerical simulations

We compute the solution to the above numerical scheme for “large” time
until the steady state is approximately reached. We compare the numerical
results for the case of a fixed linear potential (i.e. without Poisson equation,
as in [36]) and for the self-consistent case (with Poisson equation).

I
1 ) A S
_______ % K
S 0.8 _ i
£ : I
g 06| } iz |
g H | —mi=0,p=0
2 i il p= o.3p
EG) 041 ‘.‘ e p = 0.9
% # |- p=03 linear V(x)
0.2 e | p =0.9, linear V(x)
| | | - ;
0 02 04 06 038 1 1.2
x in pm

Figure 3: Charge density ng in the three-layer structure with different spin
polarizations p.

The (scaled) stationary charge density ng and spin-vector density i =
(0,0,m3) in both cases are presented in Figure 3 and Figure 4. With linear
potential, the charge density (Figure 3) becomes significantly smaller in the
ferromagnetic region but the decrease is similar at the left and right interface.
In contrast, the self-consistent simulations show a decrease of the charge
density in the right layer. This can be explained by the rather small doping
concentration and large voltage, which causes the electrons to drift to the
right contact. For small values of the spin polarization p, the charge density
is similar to the charge density computed with vanishing precession vector.
When the spin polarization p increases, the charge density is reduced in the
ferromagnetic layer and increases in the right nonmagnetic region.

In Figure 4, we present the simulations of the spin density in the self-
consistent case. The plot demonstrates the local nonequilibrium spin concen-
tration on the interfaces between non- and ferromagnetic materials, which
exponentially decays diffusing inside the layers. This behavior is in a good
correspondence with the literature (e.g. [36], [45]). The results with linear
potential are similar, but the self-consistent potential leads to a slight reduc-
tion of the peaks of the spin density.

Our numerical results correspond to those in [36, Figure 1] except for the
values of the charge density ng in the right layer. Possanner and Negulescu
found that ng is strictly smaller than the doping concentration and that
there is a small boundary layer at x = L.

In order to understand this difference, we have implemented the scheme
of [36], which consists of a standard Crank-Nicolson discretization in each
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Figure 4: Spin density n3 in the three-layer structure with different spin po-
larizations p. The potential is computed self-consistently.
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Figure 5: Charge density ng computed from the scheme in [36] (without
Poisson equation) for different grid point numbers M.

of the layers, together with continuity conditions for ng, 1, jo, and f =
(j1,j2,j3) at the interfaces x = {; and x = {,. The numerical result for ng
is shown in Figure 5. This does not correspond exactly to the outcome of
[36] since our charge density is strictly larger than the doping in the right
layer. Refining the mesh, however, we see that ny becomes closer to the dop-
ing and to the behavior shown in Figure 3 (linear V/(x)). This supports the
validity of the numerical results computed from the finite-volume scheme.

Next, we consider a smaller device with length L = 0.4 um and a higher
level of doping, Cmax = ¢ 1027 m—3. With these parameters, the scaled De-
bye length is the same as in the previous case. As a consequence, the charge
density with vanishing precession vector does not change. The influence of
the spin polarization is similar as in the previous test case (see Figure 6), but
the charge density is larger in the ferromagnetic layer due to the reduced
size.

Our final example is concerned with a transient simulation. As initial data,
we choose V =0, ng =1, and 7 = 0. Figure 7 presents the time decay of the
entropy (free energy) Hop, defined in (23). It turns out that Hy(t) is decaying
exponentially fast with approximate decay rate 0.12. For times t > 270 ps,
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Figure 6: Charge density ng in the three-layer structure with self-consistent
potential and smaller device length L = 0.4 um.
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Figure 7: Semilogarithmic plot of the entropy Hy(t) versus time.
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the equilibrium state is almost attained, and since we reached the computer
precision of about 107'®, we observe some oscillations in the values for
Hp. We recall that in the one-dimensional case, the entropies Hp and Hgq,
defined in (24), coincide.



FINITE VOLUME SCHEME

We design a numerical scheme for the system (5)-(11), (13)-(15) which pre-
serves some qualitative properties of the continuous model, in particular
preservation of the positivity of the charge density, boundedness of the den-
sity matrix, and dissipation of the free energy.

The chapter is organized as follows. In Section 3.1, we detail the numerical
scheme and present the main results, in particular the existence of discrete
solutions (Theorem 3) and the dissipativity of the discrete free energy (The-
orem 4). The proofs are given in Sections 3.2 and 3.3. Some numerical tests
are presented in Section 3.4.

3.1 NUMERICAL METHOD AND MAIN RESULTS

3.1.1 Notations

Before we state the numerical scheme, we need to define the mesh of the do-
main Q 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 = (7, &, P)
is given by a family T of open polygonal control volumes or cells, a family
& of edges, and a family P = (xx)keg of points. We assume that the mesh
is admissible in the sense of Definition 9.1 in [18]. This definition implies
that the straight line between two neighboring centers of cell (xk,x) is
orthogonal to the edge o = 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, triangular meshes satisfy the admissibility condition if all angles
of the triangles are smaller than 7t/2 [18, Example 9.1]. Voronoi meshes are
also admissible meshes [18, Example 9.2].

Each edge o € € is either an internal edge, o = K|L, or an exterior edge,
0 C 00Q), and we set € = Ejnt U Eext. We assume that each exterior edge is an
element of either the Dirichlet or Neumann boundary such that we can set
Eext = EDLUEN,. For a given control volume K € T, we define the set x of
the edges of K, which can be written as the union of € int, SE,ext’ and EE oxt-
For every o € &, there exists at least one cell K € T satisfying o € £, and
we denote this cell by Ks. When o is an interior edge with o = K|L, we have
Ks =Kor Kgs =L

For K € T and o € £k, we denote by dk s the distance dx c = d(xx, o).
Then, for o € Ejnt, 0 = K|L, we define dg = dk ¢ +di ¢ = d(xk,x1) and for
0 € Eext With 0 € €k, dg = dk . Furthermore, the measure of o € € or a set
w C Q is denoted by m(o) or m(w), respectively. In the numerical scheme,
we need the so-called transmissibility coefficient T = m(0)/ds for o € €.
We assume that the mesh satisfies the regularity constraint

JE>0: VKeT: Voe Ek: d(xg,o0) > Ediam(K). (38)

The finite-volume scheme for a conservation law with unknown u pro-
vides a vector ug = (ux)kes of approximate values and the associated
piecewise constant function, still denoted by ug, uy = )y ux1k, 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 = (ug) ceel,: The vector containing the approximate values
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in the control volumes and at the Dirichlet boundary edges is denoted by
Upnt = (UU‘,USD).

The numerical scheme can be formulated in a compact form by introduc-
ing the following notation. For any vector uy; = (ug, ugp), we define, for
allK e Tand o € &,

up if o =K|L,
. D
UKo =1 Ug ifo= ER extr

. N
ug ifo= EK,ext,

and we set Dux ¢ = uk,c —uk. We remark that the definition of ug s en-
sures that Duk ; = 0 on the Neumann boundary edges. Then the discrete
H' seminorm for ¢ can be defined by

1/2
lunch v = (Z Ta|DuK,a|2> ,

oecl

where the summation is over all edges o € £ with K = K. The LP norm of
ug reads as

1/p
luglp = (Z m(K)|uK|p> for1<p<oo
KeT

and |lu = max |ug].
1tz e = max

When formulating a finite-volume scheme, we have to define some nu-
merical fluxes Jx o which are consistent approximations of the exact fluxes
through the edges [ ] - vk ods. We impose the conservation of the numeri-
cal fluxes Jx ¢ + J1,¢ for o = K|L, requiring that they vanish on the Neumann
boundary edges, Jx,o = 0 for o € SE,ext‘ Then the discrete integration-by-
parts formula becomes

> ) Jkoeuk=—) JkoDuko+ Y JkoUko- (39)

KET o€y ceé oeegb

ext

3.1.2 Numerical scheme

At each time step k > 0, we define the approximate solution u% = (u¥)xcr
for u € {np, M, V} and the approximate values at the Dirichlet boundary,
ulgD = (uk) oD, (which in fact does not depend on k since the boundary
data is time-independent). We first define the initial and boundary condi-

tions corresponding to (15) and (13). We set

1
(nng,ﬁ%) = K JK(ng,ﬁO)dx forallK € 7, (40)
1

-

J (nP,0,vP)ds forall o€ £L,.
o

D =D /D
nsg., Mg, Ve ) =
(6,0 Mo/ Vo) m(o)

Note that Al = 0 for o € €D, We may define similarly the quantities

Mk, Cx, Do,k pk for a given K € 7.



3.1 NUMERICAL METHOD AND MAIN RESULTS

We consider a temporal implicit Euler and spatial finite-volume discretiza-
tion. The scheme for (5), (6), (11) writes, for all K € Tand k > 1, as

ng —“]STJ

m(K)T + Z jlg,K,U -0, )
occlk

MR m(K

m(K) K AtK + Z % o —2ym(K)(fk x mg) = — Et )ﬁﬁ,
o€k
(42)

—Ab ) TeDVis =m(K)(ngx — ), (43)

oclk

where the discrete counterpart to (8) is, forall K € 7, 0 € €k, k > 0,

. D -
J]S,K,cr = nzo_ (J]S,K,Ufzpo'm,c'mo')/ (44)
o
#« _ Do

JK,o = =2 (nﬁﬂz,c + (1 _nc)(ﬂz,(r TMig) Mo — pTGIE,K,GTﬁ'U)' (45)
Mo

The numerical fluxes J§  , and J§ , are approximations of the integrals

JoJo-vkedsand [ J¢- vk ods at time kAt, and we set ﬂi,a = UEK’O_)(:LZ,}

We recall that Jo and Tare defined by (9). We use a Scharfetter-Gummel ap-
proximation for the definition of the numerical fluxes. For given K € 7 and
o € £k, we set

Ttk o =To(BDVE oInfx —B(-DVE (Infx o), €=0,1,2,3,  (46)
where B is the Bernoulli function defined by
B(x) = _x forx #0 and B(0) =1.
exp(x) —1

It remains to define the quantities Dy, Mg, po and ng appearing in (44)
and (45). We use a weighted harmonic average on the interior edges and a
classical mean value on the boundary edges,

de Do,xDo,L

D, =
? " dk,oDor +dro Dok

for o € &jny, 0 =KJL,

1
Do=——| D >
= o) L o(s)ds for o € Eg4,

and similar definitions for M and py. Furthermore, we set Ny = /1 —p2.
Finally, the boundary conditions are

nIS,G = n(l)jlg, ﬁ'lg =0, VE = V(l? for o e eert, (47)
Dnfy,=DVE, =0 foroe &y €=0,1,2,3, k>0. (48)
We remark that they imply ]]f,K,G =0foroe &l £=0,1,2,3,and k > 0.

K, ext’
For later use, we note that, using the elementary property B(x) —B(—x) =

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

]]E,K,O" = TG( - DV]}Z,G“IE,K - B(_Dv‘é,G)Dn];,K,O') (49)
=76 (—DVE onfi o — BDVE o )Dnfy o), €=0,1,2,3, (50)

and adding these expressions leads to a third formulation:

1
]EKIU =To <—2(T1]E,K + n}E,K,G)DV]lé,G —B*® (DVIIE,U)DTJE,K,G> ’ (51)

where

BS(x) = gcoth

(;) _ B(x) + B(—x)

2 . (52)
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3.1.3 Main results

We impose the following assumptions on the domain and the data:
Q ¢ R? bounded domain, 3Q =TP urN, TP AN =g, (53)

m(r?) >o, N open,

Dy, p, Ap, M are constant and [ni| =1, C € L*(Q), C(x) >0, (54)

1
ng, 7%, nP e L®(Q), ino +1%-m>0 nP >0 nP, (55)
VP e H'(Q),
M = (7, &, P) is an admissible mesh satisfying (38). (56)

We first remark that if (nlg,‘y, ﬁ]}, V%) is a solution to scheme (41)-(48) for

a given k > 1 ((n8 5, 1Y) are defined as the discretization of the initial

1 o ok =k K .2\
conditions), we can define njE g = zno g * TLI m, n§ g =g — (A5 - M) mi.

Moreover, as P and VP are defined on the whole domain Q, we can define
nP and VP by taking the mean value of nP and VP on each control volume
KeT.

Then the following existence result holds.

Theorem 3 (Existence of a solution to the numerical scheme and L* bounds).
Let assumptions (53)-(56) hold. We impose the following constraints:
A NAZ,

= aonc TS oo (57)

At < l
S o Do(T+p)Cllao” " DollCllog

Then for k > 1, there exists a solution (no T nfr, Vk) to scheme (41)-(48) satisyfing
0<nyyr<2M° o<nks <M, kI<2MF inQ,

where MK = MO(1 — aAt) ™% and

MO = max (1 supnP, sup (1718 +R° -ﬁl) , sup %], sup C> .
230 2 Q

In the continuous case, similar L* bounds for the spin-up and spin-down
densities, and therefore for the electron charge density, are shown in Chap-
ter 2. These bounds do not depend on time. The mixing of the spin-vector
components prevents the use of the monotonicity argument for i | , solving
(20). 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 Mk Furthermore, the
condition on T is necessary to prove the L bound for 1% T - The numerical
results presented in Section 3.4 indicate that the latter restriction is technical.
We stress the fact that our scheme is unconditionally stable if the semicon-
ductor is undoped, i.e. C = 0. In this situation, At and T can be chosen
arbitrarily.

Let us discuss the conditions under which the constraint on 7 in (57) is
satisfied. Choosing 1; = T* (see Remark 2) and observing that the scaled
doping profile satisfies ||C||oc = 1, we obtain

D*t* T]ETEOUT
—5 =Do<m\p =—5———,
L2 0STD =12 sup, C

where ¢, is the relative permittivity of the material, e the permittivity of
vacuum, and . the elementary charge. This gives a bound on the spin-flip
relaxation time or the maximal physical doping value:

nereoUr

™ sup C <
Qp qeD*
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For silicon at room temperature and with the choice D* = 1073 m?s~!
(see Section 3.4), we obtain T* sup, C < 10’1 m3s. With the relaxation time
™ =10""25, a small spin polarization (such that n ~ 1), the above bound
is satisfied for lowly doped semiconductors, sup, C < 10" m—3

We note that Stampacchia’s method applied to the discrete Poisson equa-
tion (43) gives an L* bound for the electric potential VX. This bound de-
pends on M® and is uniform in time. The proof follows the lines of the
proof for the continuous equation; see e.g. [44, Section 2.3].

Next, we prove that the scheme dissipates the discrete free energy. Using
the notation )} a+ = ay + a_, the continuous (relative) free energy Ho(t)
(23) for the system (16)-(18) can be reformulated as

Ho(t) = E(t) :ZJ (ni(logni—ﬂ nilognD_FnD) dx
+ JQ 2
(58)
+)‘2J IV(V—VP)2dx
2 Jo )

Thus, the discrete free energy could be defined by

K ng R
ZZm niKlogniK 1)_ni,K1°g7+T

+ KeT
A D 2
+ Y Te(DVE=VP)g 6). (59)
o€eé

Theorem 4 (Dissipation of the discrete free energy). Let assumptions (53)-(56)
hold and let (nf§ o, %, V&)i>0 be a solution to scheme (41)-(48) satisyfing 0 <

nk 1g < < MO, We further assume that nP > n, > 0and that log(n nP/2)+ VP

is constant in Q. Then the mapping k Ek is nonincreasing, i.e., the scheme
dissipates the free energy (59):

EF 4+ ZDO +p) ) Temin{nk .,k }(D (logni—FVk)K,U)z o)
o€l

<ERT x>

The above dissipation inequality for the free energy is the discrete coun-
terpart of the continuous estimate (35) for the free energy (58):

t2

E(tz)-i-%J

J Z Do(1£p)nt|V(logni +V)[?dxds < E(t7),
t; JQ +

0<t) <ty

The energy dissipation vanishes if logn+ 4+ V = const.. This equation coin-
cides with the definition of the thermodynamic equilibrium (together with
il = 0 and V solving (43)). Consequently, the assumption log(nP /2) + VP =
const. in Theorem 4, imposed on the Dirichlet boundary, means that we
require that the Dirichlet boundary data is compatible with the thermody-
namic equilibrium.

Since our estimates are local in time, we may also use nonconstant time
step sizes At* as long as condition (57) is satisfied.

One may ask if the discrete solution converges to the continuous one
when the approximation parameters tend to zero. However, it seems to be
difficult to extract a discrete gradient estimate for nk 1 g from the discrete
free energy estimate in Theorem 4 since we do not have a suitable discrete
version of the chain rule n4|V log nyl?2 = 4|V\/@
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3.2 PROOF OF THEOREM 3

The proof of Theorem 3 will be presented in two subsections. We first es-
tablish the existence of a solution (n‘g,rf, ﬁ]}, V‘;) 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 nlgﬂ and nij
which depend on k. Then, in the second subsection, we prove that these
bounds are in fact uniform with respect to k.

3.2.1  Existence of a solution to the scheme

We first note that the initial condition (ng ., ) is well-defined by (40).

Moreover, the definition of M ensures that |n‘j_,7\ <M% 0« noi,fr < MO
and therefore 0 < ngﬂ < 2MP° and |ﬁ'°i’7\ < 2MO,

The proof is done by induction. Let k > 1. Assuming that (n}j{?, ﬁ’?}’] ,
Vli;_]) is given and verifies |n‘i}1| < MK 0« ni}] < MK 1) we will
prove the existence of (nlgﬂ, ﬁ']}, VJ}), solution to (41)-(48), satisfying these
bounds with k instead of k — 1. Scheme (41)-(48) is a nonlinear system of
equations. We prove the existence of a solution by using a fixed-point theo-
rem. Let us denote by 0 the cardinality of the mesh T (the number of control
volumes) and let p > 0. We define an application Fh : R — R*® such that

Ft(pq) = ng, where pgy = (po 7, p7) and ng = (ng g, 7g). It is based on a
linearization of the scheme and defined in two steps:

e Tirst, we define Vo € R as the solution to the linear system

—Ab Y TeDVko =m(K)(pox —Ck) forKeT, (61)
oelk

Vg = V(‘? for o € gert, DV, =0foroe EE,ext.

® Second, we construct ng = (ng g, flg) € R49 as the solution to

m(K) _ m(K)
Tt(no,K - nE,K1 )+ HTt(nO,K —Po,k) (62)
+ > oxke=0 forKed,
oelk
m(K _ m(K .
%(ﬂe,K —ng)+ H%(nw —pex)+ ) Jeke  (63)
o€k
K
—2ym(K)(fik x M)y = —mi )Tle,K forkKeT,(=1,2,3,

where jo x, - and j¢ ko are defined in (44) and (45), with J, k o defined
in (46), but without the superindex k. The boundary conditions read
as

Noe =15, nge=0 foroeél, £=1,2,3 (64)

exts

Dngkoe =0 foroe ., KeT, £=0,1,23. (65

The parameter p > 0 allows us to prove unconditional stability for the
linearized problem; see e.g. [8]. The corresponding term vanishes for fixed
points pg = ng, so that a fixed point for FE is a solution to scheme (41)-(48).
We choose

Dol|Cllo {1 1+p}
L> ——s——maxq —, —— ¢ At. (66)
A n?’ 2
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The existence and uniqueness of Vs, solution to (61), are obvious since the
corresponding matrix is positive definite. As this matrix does not depend
on pg and the right-hand side is continuous with respect to pg, the first
mapping py — Vg is continuous from R*® to R®. This property is not so
obvious for the second mapping, based on the linear system of equations
(62)-(65). We will prove this property below (Step 1), in order to guarantee
that the mapping FE is well-defined and continuous.

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

8k = {Tlf.r = (nog,Mg) ER*: 0<nyg <MK, i g < Mk}- (67)

It is a bounded set because each element ng € 8¥ verifies 0 < o, 7 < 2MK
and |fig| < 2MK. This part of the proof is the most challenging one. Given
pg € 8¥ and ngy = Fﬁ(pg), we will first establish the nonnegativity of ny 5
(Step 2), then the upper bounds for ny 5 (Step 3), and finally the L> bound

for | g (Step 4).

Step 1: Existence and uniqueness of solutions to (62)-(65). The linear system of
equations (62)-(65) 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 nk;(] =pox =0and ﬁ'Eq = pk = 0, in order to set
the right-hand side to zero.

We multiply the corresponding equation (62) by %nO,K and (63) by ngk,
sum these four equations, and sum over all control volumes K € T:

m(K) , m(K) _
0=(T+pw Y rrmixt+w) Y =ikl
KeT KeT
1 . > -
T Z Z Jo,K,oMo,K + Z Z JK,0 - TIK
KETUESK KE(IO'G(SK
I ;
—2y ) m(K)(fix x i) i+ ) m(K)
KeT KeT
=T+ +Ts.

Note that Ts = 0 and Ty, T, and T¢ are nonnegative. Thus, it remains to
estimate the terms T3 and T4. By discrete integration by parts (note that the
problem is homogeneous) and the definitions (44)-(45) of j¢ x & (omitting the
superindex k),

D 7 -
T3 = —4117% Y Joxe—2pJk,e - TW)DNo ko = T31+T32,
oc€cé

—

D - - - - .
Ty =— ng (n]K,o‘ +(1 _n)(]K,O' ST — %]O,K,o‘m) : DnK,o‘
océ

= Tg1 + T4 + Ta3.
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With formulation (51), definition (52) of BS, and the discrete chain rule
(Nek +Nek,o) XDngk e = D(nf)k o, we have

T3 8 Q2 Z (ZBS DV, G)(DnOKG) +D(n%)Klo‘DVK,O—) ,
ceé

Ts2=—"— ) To(2B5(DVk,o)Diik ¢ - 1t
océ

+ (ﬁK +1iK,6) - MDVk o) Dno ko,

Ty = 2 Y 1, (zs (DVio)IDfik, ol + DIIt)k,6DVio )

océ
(1—m)D
Ta2 = 70 Y 15(2B*(DVk o) (Ditk ¢ - 1)
océ
+ D((7i- m) )K, O'DVK,O')/
D
= p 2y 14(2B%(DVi,¢)Dnok o
o€

+ (no,k +No,K,0)DVk,o)Diik ¢ - T

We collect all terms from T3 + T4 involving the function B*:

D 1 .

I = —2 Y 1B (DVk o) | ~(Dng,o)? +nDiik, ol

n? 4
oc€eé

+(1—n)(Dfiy o - )2 — pDng x oDy o - vﬁ)

)
_ % 3 7oBS(DVio) [( I{““"Z) ( e e )

= Do 1) \—p/2 1-n%/2
X DnOKU +7|DT1K 0—|
DTlK o

(- g) (Dt ol ~ Dty 118) .

The eigenvalues of the 2 x 2 matrix appearing in I are

1 1
A ==(5-2 —22)2—-8n2 > - >0.
8(5 n?) £ 8\/(5 <) —8n 4>0

Then, using the inequalities B$(z) > 1 for all z € R and IDﬁK,U\2 > |Diig ¢ -
m|? (since || = 1), it follows that

_D . z
20 Y o (A (Dnogel? + (Dri o) + Do)
o€eé
> 0.

Next, we collect in I, the remaining terms from T3 + T4 involving the dis-
crete gradient DV . Taking into account that

(Mix +1lk,o) - MDng k6 + (Mo, k + Mo K, ) Dk, - M = 2D((1 - M)no)k o,
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integrating by parts, and employing the discrete Poisson equation (61), we
infer that

D 1 _
fai= 23 3 TaDVica (3D + DR
o€l

(1 —m)D((R- 7))k o —pD((ﬁ-m)no)K,G)

1 .,
27\2 > m(K)(pox — Ck) (4né,K +nlfikl?
D KkeT

# (=) )2 — plri - o ).
The sum of the terms in the brackets is nonnegative since

)2 —p(i

1 " L o
*né,K il + (1—n)(fk - plAx - mM)ng x

4
1 Z 2
= <2T10,K—Pﬁl<'1ﬁ) +n° (g - M)
L2 s a2
+n (k" — (fig - 1)7) > 0.

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

2
/ ZAZ Z: ( nOK'+ﬂh1K|
D xeT

(1 =) (i - 1) — i .ﬁ)no,K)

> T 2?\2 IICll oo Z m(K < nOK—I—ZInKZ)

KeT
2)

Dy 1
= — C -
Ferlcl (5
Do||Clleo (1 2, 172
T;3 +T42—72 Zlnozllz + Il |,
T12}\13 4

This shows finally that

and summarizing the estimates for Ty, ..., Tg, we conclude that

1+U_DO||C2H00 <1| 2> <o.
At LEIN 4
Hence, choosing i as in (66), the first bracket is positive, showing that ng g =
0 and fig = 0, which proves the invertibility of the linear system of equations
(62)-(65). The second step involved in the definition of Ft, (Vg, p7) — ng,
is a well-defined mapping. Moreover, the matrix and the right-hand side of

the linear system of equations are continuous with respect to (Vo pg) so
that the mapping is continuous.

Step 2: Nonnegativity of ny 5. We will prove that ny x > 0 for all K € 7.
Multiplying (63) by m and adding or subtracting it from (62), multiplied by
%, we find that

mA(]tq (n4x — Tli )+ umﬁ(f) (M4 x —p+kx) (68)

m(K
#Do(1£p) Y Jeko = F o nyx —nx),

oclk
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where py x = $pok % Pk - ik and Ji ko = 3Jo k0 = JK,o - T ie.
J+ Ko = To(B(DVK,o)nt x —B(—DVk,o)N+ K 0)- (69)

Then, multiplying (68) by n_ , = min{0,ny x}, summing over all control
volumes K € T, and adding both equations, it follows that

1
O_ZZ At “iK nfng x (70)

+DOZ +p) Z Z ]:I:Kcnik

KeT oey
m(K _ _
+ ) 7(n+,1< —n_x)(n 1)
KeT
= T; +Tg+ To + Tqp,
)2, ni‘ 2 0, and p4 x = 0, the first two terms in

;

Since NpkNg g = (n;’K
(70) can be estimated as

ZZ At j:K / ”ZZ At iK

KeT KeT

The monotonicity of the mapping z — z~ shows that Ty is nonnegative. By
the discrete integration-by-parts formula (39), the third term in (70) becomes

:_DOZ +p) ) JikoD(ngk
oceé

The sum over the boundary edges vanishes sincen ) , =0forall 0 € eD..
We claim that

_ 1 _ _
_I:t,K,O'D(nj:)K,O' = ETO'DVK,O'((n:t,K,O-)Z - (ni,]()z)/ (71)
for K e Tand o € £,

such that
D _
5 2_(1£p) 3 wDVi,eD((n3)?) - (72)
+ o€eé
To prove (71), we distinguish the cases DV > 0 and DVx o < 0. If
DVk ¢ = 0, we apply a formulation similar to (50), leading to
7]:|:,K,0'D(n£)K,O' =To (DVK,crn:I:,K,U + B(DVK,U)Dn:E,K,G)D(“;)K,O"
Then, using the nonnegativity of the function B, the monotonicity of the
mapping z — z~, and the inequality z(z— —y™) > %((Z*)2 —(y7)?), we
obtain (71). If DVk ¢ < 0, we employ formulation (49), so that
7]:‘:,K,GD(TL£)K,O' =To (DVK,Gn:I:,K + B(*DVK,G)DTH:,K,G)D(TLE)K,G

and similar arguments lead to (71).

Applying discrete integration by parts to the right-hand side of (72) (the
boundary term vanishes since the boundary data is nonnegative) and em-
ploying the discrete Poisson equation (61), we find that

D0 ST S DV ((T4p)(n )2+ (1= p)(n )?)

KeT oek
2)\2 > m(K)(pox — Cx)((1+p)(n; )2+ (1=p)n_ )?)
D Ke‘J‘
||C||oo > m(K p)(ny )2+ (1=p)(nZ )?).

KeT
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Summarizing the above estimates, we conclude from (70) that

1—|—p. Do(1 — 2
( ~ 27\2 |C||oo> KZTm 24 (n”)7) <o.
€

By the choice of p in (66), we deduce that

Y m(K)((ny )*+(nZ ¢ )?) <0,

which implies that nyyg= 0and henceny x > 0forall K € 7.

Step 3: Upper bounds for ny 7. The goal is to show that ny x < MK for
all K € 7, where MK is defined in Theorem 3. We multiply (68) by (n4x —
M*)* = max{0, ngx — MX}, sum over all K € T, and add both equations:

0=3 3 (k=M — il —MT)) (g M9
+ KeT
m(K) X K .
+HZZ Tt((nj:,K_M )= (prx —M9))(ny x —M¥)
+ KeT

+2 D %(Mk—’“k*])(“ﬂ —-M9* (73)

+ KeT
+Doz1ip > Y Jikomex—MHT

KET o€y
ZZ%m (g — MR) = (g — MR)) (E(ns  — M5 )

=T +T2+Ti3+Tisa+Tis.

Using the inequality (z—y)zt > %((z*)2 — (y+)?), the first two terms are
estimated by

since ni K1 < M* T and py x < M¥ by assumption. By definition of MK,
the third term T;3 becomes

= aMk Z Z )(nax —MK)T,

KeT

and the last term Ty5 is nonnegative.
It remains to estimate Ty 4 By discrete integration by parts (the boundary

term vanishes in view of “i o <MK for o € ED)), we find that

T14=—DOZ +p) > JrkeD((ne—MT)
océ

Similarly as in Step 2, we claim that the following estimate holds:

Tia > Do }_ (1) 3 7oDVioD (3 e —M9))?
occé

K gkt
+ MKy — MK) )K,G.

41



42

FINITE VOLUME SCHEME

Indeed, let first DV s > 0. Using the inequalities
D(n+ —M¥)i,6D((ns: = M*)")i,6 > 0
and

(Mek,o—MID((ng —MF) Tk o = sD(((ne —M*) M) )k o =0,

N =

it follows from (50) that
—Ji Ko = TeDVio((Ne ko — M5+ M*)D((ny — M)k o

1
> TGDVK,G (2

The proof for DVk o < 0 is similar, employing formulation (49). Then, inte-
grating by parts and employing the Poisson equation and po x > 0,

Tia > °Z £p) Y m(K)(po — Cic) (3 ((ns —M¥)")?
KeT
+ Mg g — M)t )
> ||cuoo Y Y miK (5~ M52
KeT
+ Mk(ni,K - Mk)+).

D(((ns — M¥)*12)y o + M¥D( (g — Mka,G) .

Summarizing the above estimates, we infer from (73) that

1+ D
<2Aro||c||oo ) > Y mK (g —M¥)*H)?

KeT

D
+ <oc— A7°||C||oo(1 +p)> MEY 3 m(K)(ngx — M9 <o.
D + KeT

Then, choosing p as in (66) and taking into account the definition of «, we
infer that ny x < MK for K € 7.

Step 4: L™ bound for ik T - We prove a uniform L29 bound for | x =
ik — (fix - M)m. For this, we multiply the vector version of (63) (omlttmg
the superindex k) by m twice, and taking the difference of the equations for
ik and (fik - M), we obtain

m(K) , e ., R
—— (A =A%+ — LK) + — Jixo (74)
At ’
oeég
m(K)

—

ni K,

—2ym(K)(fik x M) =—

where g x = pk — (px - M), and TL,K,G is given by
JiKo="To (—DVk,ofl 1k —B(—DVk,¢)Dit | k,5) (75)
=To ( - DVK,Gﬁl,K,U - B(DVK,G)Dﬁl,K,G) . (76)
Then, multiplying (74) by [} k|>(9~ 7| x (where q € IN) and summing
over K € T, we arrive at Tig + T17 + T1g + T1o = 0 with

1 . IR T . _
Tie = At Z m(K)(r L —TliK]) R P,
KeT
n . . L _
7 =7 Y m(K)(fLx— k) ki,
KeT
Do . L -
Tis=— > Y Jike Rk,
N KeToeey

Tio = ) m(K)lfiLl*%
KeT
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The elementary inequality |a@2ta-Ng. (@a—b) > (ja?9 — |5|2q)/(2q) for @,

b € R3 shows that

1 _ 2 >k—12
M6 > 3ot (Z m(K)n Lk = 3 mKE ),

KeT KeT
18 ., o
Ti7 > 5 (Z m(K)IL k29— 3 m(K)pl,KFq) :
q KeT KeT

By discrete integration by parts (observe that i} x o =0 for o € €D)),

Do ? " - 20g-1) _ = 1= 12(q—1
Tis=——2 > Jiko (ALkeikol? 9 —fy ki k2a1).
oeé

Again, we distinguish the cases DVx ; > 0 and DVk o < 0 for given K € T
and o € Ek. First, let DV > 0 and use formulation (76) of the numerical

flux. This gives

2(g—1)

7 - . L. 2(g-1
—Jixe (Lol Kol — 7kl k2)

" " " 20q=1) = 1= 12(g—T
= TeDVi oTi L ko - (RLK ol kol 97 —fy gl k?971))
., . R - 2(q—1
+16B(DVk o) (L ko~ k) (Rl ol Ke?9 !

— 7y Lk,
Because of
a-(aa?a—") —pp)Ra-1)) = |q29 —a. pp|2la—")
> fafts — 3olale - (1 30 ) R

> (1 — ;q) (la?9 —[b]?9) forall @b e R3,

applied to @ =7 x - and b=m 1k, and the monotonicity of the mapping

@ dl@?(9=1), we find that
T - - 2(q—1 - - 2(q—1
T ko (ALkoelfike® @ —f ity x?91)

1 . -
> 15 <1 - 2q> DVi o (L k0?9 — R k[*9).

This result still holds if DV s < 0, thanks to formulation (75). Therefore
Do | = 12q
Tis > — (1-5-) D wDVieD(L ke
n q oeé
Using discrete integration by parts and the Poisson equation (43) leads to
1
Tig > — (1 - ) m(K)(po,k — Cx )L k|*
wp ' 2)

Do }
> =7 [IClle Y m(K)fLk[*9.
D KeT

Summarizing the above estimates, we obtain
1 DyllC
(1 + u+2th(— _ DollCllee 2”"")) > m(K)l L k[
T nAG KeT

< ) mRAF P ) mK)lpL k.
KeT KeT
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Condition (57) on 7, the induction hypothesis ||it% 71 oo < M*¥T < MK, and

the fact that p € 8¥ (see (67) for the definition of Sk) such that ||§] g|le0 <
MK, imply that

R 7]2q < meas(Q)/FIM* forq>1

Passing to the limit q — 400, we deduce that |n | 7|s < MK,

Conclusion. In Step 1, we have proved that the mapping Fk is well-defined
and continuous. In Steps 2-4, we have proved that F§ 1 preserves the bounded

set 8. Thus, the fixed-point theorem of Brouwer shows the existence of a
fixed point to F , belonging to 8¥. Let us denote this fixed point by nk =

(no I n(I) Itisa solution to scheme (41)-(48) at step k and satisfies

0< niK <MK and \ﬁ’]i,Kl <MK, forKed.

3.2.2  Uniform bounds for the spin-up and spin-down densities

In order to conclude the proof of Theorem 3, 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:K] < MO for all K € T (this
property is ensured for k = 1 by the definition of M?0). Scheme (41)-(42)
implies that

7(1’1]( _nkfi)_’_D (1+ k — M k

Ap Mk i)+ Do(1£p) Zg JEko=F—5— 5 x—nE). (77)

oEck

As in Step 3 above, we multiply (77) by (n]fth —~ MO+, sum over all K € T
and add both equations. This yields S1 + S; + S3 = 0, where

sifZZ At nk =M% — (! —MO))(nk  — MO,

KeT
Sz—DoZ +p) ) Y JExekx—MOT,
KeT oeex
K 0 K 0
ZTK%Im (¥ —nk K)((n+K MO —(n*  —M )*).

It is clear that S3 > 0 and, by the induction hypothesis, that
2
_ MO
S‘/zmzzm ) (I =M7)"
+ KeT

The term S, is the analogue of Ty4. Following the same ideas as in Step 3,
we obtain

Z]:I:‘p Zm Tlo]( Ck)

KeT

X (;((n‘;K ~MO )2+ MOk — M°)+> .

But, as nlng = n]_‘hK + nE,K, the negativity of nk Tx and n* % and the defini-
tion of MO ensure that nlng —Ck = n —M0O and no k —Ck = >nk X — M0,
leading to S, > 0. Therefore, we infer that

>3 mx) (I -mO+) <o,
+ KeT

which yields the expected result.
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Let (nk T A% T )k>0 be a solution to (43), (77) with the corresponding Dirichlet-
Neumann boundary conditions. Since we have to deal with the logarithm of
the densities ni k- which may vanish, we introduce a regularization of the

discrete free energy. For 6 > 0, we set n]jt’éK =nk , +6 and define

B =Y 3 mi(nikllognizio -1 (79)

KeT
TlD nD
—nk ylog <2K + 5) + TK (79)

A2
+5 D To(DVE VP )2,

occé

Therefore, we have Elg — E]g’1 = Uy + U,, where

ZZm (niKlogn —1)— niK (logniK”’—U

+ KeT
D
- s (% 45 ),
A2 D 2 L D 2
Up =22 3 oo ((DIVE = VP )y )2 = DIV = VD) )2).
occé

The convexity of x — x(logx — 1) shows that x(logx — 1) —y(logy — 1) <
(x —y) logx for all x, y > 0. Hence,

D
ZZm “i,K niK) (logn log< +6>>
KeT

Using the elementary 1nequa11ty Tx* —y?) < (x—y)x forall x, y € R,
integrating by parts, and employmg the discrete Poisson equation (43), it
follows that

Uy SAD ) teD(VE =V 1) sD(VE - VP o

oeé
=2 ) D TeD(VE-VF ) o (VE— V)
KE‘IO‘ESK
_sz (nf x =) (VE = V).
KeT

We summarize the above inequalities and use scheme (77) to find that

1

E(EE—EE*‘)
1
< - Z m(K)(nirK )(logn —lognké )
KeT
—ZDO +p) Yy Y I:I:KG(logn K+ VK
KET oey

nb
—log <+6> —VE).

The first term on the right-hand side is clearly nonpositive. We apply the
discrete integration-by-parts formula (39) to the second term. Then, with
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the hypothesis on the boundary data (i.e. log(nP /2) + VP is constant in Q
such that DVE/G = —D(log nD)K,U for all K € T and o € £k), we infer that

1
A—( Ek1 ZDO +p) Z]iKo logn —&-Vk)Klcy

oeé

ZDolj:p ZIiKG (lognP —log(n® +28)), .
SE

Introducing the numerical fluxes associated to the regularized densities,

k,d k,d k,d
¥ %o = To (B(DVE ¢ )n k= B(—DV§ 4)n Ye) = I ko — 8TaDVE o,

we can write :
(EXE—EET) <Uz+ Uy +Us + U,

At
where
ZDO +p) Z IiKc logn +Vk)K,a/
oeé
U4—ZD0 +p) Z ]iK(r logn log(nDJrZZS))K,G,
[
Us —6ZD0 +p) ) ToDVE D (lognk® + VF)y o,
occé
Ug = 6ZDO +p) ) oDV oD(logn® —log(n® +25)),
ceé

Now, we employ the following inequalities, which are proved in [8, Ap-

pendix AJ:
]i‘SKG (logn +Vk) —’tcmm(ni?(,nié,( 5)
x (D(logn® + V¥) o),
15 6| < Tomax(nfy i )

x |D( logn vk )K,o |-

The first inequality yields

ZDO +p) ) Tomin(nf’ K,ni‘sk ) (D(lognk?® +Vk)K,0)2,

o€l

while the second one, together with Young’s inequality, gives U4y < U4y +
Uy,, where

Uy, :4ZD0 +p) ZTGmm niK,niéKG)
oceé

x (D(lognk +Vk)Kcr)2r
Ws = 5 Dol p) 5 <o (max(rlsé nES, )2
+

oel
(D(lognP —log(nP +268))x )?
x k5 Kb ’
min(ny'y, nyy ;)
MO + 6
< ZDOQ\ log(niy +295) *10gn39t|$,w
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since mm(niéK,ni?( ) = dforall K € Tand o € x. Applying Young’s

inequality again, we obtain Us < Usy + Us, with

K,
Us1 =7 ZDO £7p) ZTGmInniK’niKG)
oeé

x (D{lognk® + V¥)y )7,
Dv}g )2

s = ¥ Dol1 91 3, .
oeé mln(n:t K’n:I: K, 0)

< 2D% Z To (DVE )2
ocel

and
Ue < 2Dod (‘ log(njy +26) *105“31\3/[|$,M +2 TG(DVEG)Z) .
oeé
Summarizing the above inequalities, we deduce that

1

E(Eka}f 1 ZZDO +p) ZTUmm niK,ni(}U) (80)
c€es
K 2
x (D (logn +V%0) (81)
MO 2
<4Dod ) To(DVE ,)* +2Dg (5 + (;6)> (82)

oeé
x | log(nk; +28) — lognjl?,[ﬁ,M.
On the one hand, the term } ¢ TO‘(DV]]Z, )2 does not depend on & and is

bounded (this can be seen by using scheme (43) and the L* bound on niq).

Ol"l the OtheI' hal"ld, we rew rite
2
M

1,M

2
_ZT(T(log(H%)_lg(H%)) |
oeé Ko K

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

| log(niy —1—26)—lognM‘1 M=

2 452
llog(njDv[ +23) —lognj]\)/[hlm < v \n%tl%lm
*

Thanks to hypothesis (54), nP € H'(Q), and Lemma 9.4 in [18], we conclude
that [nfl1 e < K[[nP |1 ) with K depending only on the regularity of the
mesh M. Therefore, the right-hand side in (81) tends to zero when 6 — 0.
Passing to the limit 6 — 0 in (81) then leads to (60). This concludes the proof
of Theorem 4.

3.4 NUMERICAL SIMULATIONS

As an illustration of the numerical scheme, analyzed in the previous sec-
tions, we present two-dimensional simulations of a simple double-gate fer-
romagnetic MESFET (metal semiconductor field-effect transistor). This de-
vice is composed of a nonmagnetic region which is sandwiched between
two ferromagnetic contact regions (see Figure 8). The idea of such devices
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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 propaga-
tion through the middle channel region. At the drain contact, only those
electrons with spin aligned to the drain magnetization can leave the chan-
nel and contribute to the current flow. Here, we focus on the feasibility of
our numerical scheme and the verification of the properties of the numer-
ical 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 [34].

y
e [ [—
Gate
W S -
g E|F, n" N, n F,n" |
Q
A [
Gate
>~ L >
xT

Figure 8: Geometry of a MESFET with ferromagnetic (F) source and drain
regions and nonmagnetic (N) channel region.

In the following, we describe the geometry of the device in the (x,y)
plane (see Figure 8). 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
C4+ =3-10%3m~3. The doping in the channel region is Co = 103m~3. The
length of the source and drain regions are { = 0.1 pm. The gate contacts are
attached at the middle of the device with a length of Lg = 0.2 um.

The values of the physical parameters are given in Table 1. They are sim-
ilar to those used in [29] (there is a small difference in the relaxation time
value). The (squared) scaled Debye length becomes ?\ZD =eoerUT/(qeCyL2) &
1.6 - 10~%. Note that condition (57) on T 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 (57) on 7 is technical
only.

Name | Description Value

D* Diffusion coefficient 1073 m2s~!

Er Relative permittivity of silicon 11.7

€0 Permittivity of the vacuum 8.9-10712Fm™!
de Elementary charge 1.6-1071°C

™ Spin-flip relaxation time 107125

Ur Thermal voltage at room temperature | 0.0026 V

Table 1: Material and model parameters.

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 [41, Section 5.1]. This simplification is possible for Schottky
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contacts on n-doped materials as it is the case here. We choose the barrier
potential Vs = 0.8 V. The total voltage between source and gate is Vg + Vs,
where Vg is the voltage applied at the gate. The density boundary value at
the gate contact is calclulated according to [41, Formula (5.1-19)], and the
potential of the closed state is taken from [29]. This gives

® at the source: ng = C4, i =0, potential: 0V,
e at the drain: ng = C4, i =0, potential: Vp,

¢ at the gate:
open state: ng = 3.9 10""m 3, 7=0, potential: Vg,
closed state: ng =3.2-107m =3, A =0, potential: Vs +1.2V,

¢ 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 y describes the intensity of the spin precession around this
field. We choose 1 = 0 in the channel region and

L (0,0,1) forx<L/3orx>2L/3
™=100,0,0) forl/3<x<2L/3.

The value for v is taken from [36], i.e. Y = /7, with h 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 triangu-
lar mesh. Equations (5)-(11) are approximated by scheme (41)-(46), 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 compu-
tations 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°).

In Chapter 2 simulations for a one-dimensional multilayer structure are
presented. Here, we consider also a multi-layer structure but for a simple
MESFET model. Furthermore, we employed here a Scharfetter-Gummel dis-
cretization of the fluxes and a full Newton method, which are better adapted
to large doping concentrations and smaller devices than a standard tech-
nique.

Figure 9 and Figure 10 demonstrate the steady-state density distributions
in the open state. Figure g presents the scaled charge density ny and Figure
10 presents the spin density nz (note that ny = n, = 0). The densities are
scaled by the doping concentration C., the spatial variable by the device
length L. Compared to the closed state in Figure 11, 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 are presented in Figure 12 and Figure 13 respec-
tively.

Current-voltage characteristics for MESFETs with and without ferromag-
netic regions are shown in Figure 14. We observe that in the open state (non-
positive gate potentials), the current densities in the ferromagnetic MESFET
are slightly larger than in the standard device, which allows for an improved
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n, density

Figure 9: Scaled stationary charge density in an open-state MESFET with
Vb =—-2Vand Vg =0V.

0.04

0.024-

n, density
(=]

0024

-0.04
0.4

Figure 10: Scaled stationary spin density nz in an open-state MESFET with
VD =—2V and VG =0V.



3.4 NUMERICAL SIMULATIONS 51

n,, density

Figure 11: Scaled stationary charge density in a closed-state MESFET with
Vp =—2Vand Vg =1.2V.

potential, V

Figure 12: Electrostatic potential in a MESFET with Vg = 0V (open state).
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—

potential, V
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1
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=

Figure 13: Electrostatic potential in a MESFET with Vg = 1.2V (closed
state).

device performance. When the transistor is closed (Vg = 1.2V), the current
densities are (almost) zero for both transistor types.

In the left panel of Figure 15, 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 1 ps. 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 al-
lows for faster devices.

Finally, we illustrate the free energy decay in Figure 15 (right) for various
relaxation times T. In this experiment, we have set Vp = 0 (source-drain volt-
age) and Vg = 0 (source-gate voltage). It turns out that the free energy de-
cays 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 re-
laxation times which is expected. The decay rates are approximately 0.2/ps
for ts = 100 ps, 0.4/ps for T = 10ps, and 1.7/ps for Ts = 1ps. The nonlin-
ear dependence of the decay rates on s may be caused by the influence of
the energy dissipation.



Figure 14: Current-voltage characteristics for the ferromagnetic (F) and stan-
dard (N) MESFET for various gate voltages Vg. For convenience,

n, drain current, A/m

1,000

500

current, A/m
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—— Vg =-06V (F)
——Vg=-06V (N)
——Vg=-05V (F)
—=-Vg=-05V (N)
—— Vg =-04V (F)
——Vg=-04V (N)
—a- Vg =12V (EN)
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Figure 15: Left: Change of the electron drain current in the ferromagnetic
(FM) and standard MESFET (NM), switching from open to closed
state. Right: Semilogarithmic plot of the free energy versus time
for various relaxation times.
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SPINORIAL ENERGY-TRANSPORT MODEL

4.1 INTRODUCTION

In the chapter we expand the described above spinorial drift-diffusion model
to the spinorial energy-transport model, which besides charge and spin
transport describes also the transport of energy. To this end, we reconsider
the work [3]. There a spinorial energy-transport model is presented. How-
ever, the equations are not explicit and the system is difficult to analyze. We
use some assumption to derive a simplified explicit version of this model.

The starting point of derivation of our energy-transport model is the
spinorial Boltzmann equation for the distribution function F(x,k,t) with
values in the space of Hermitian 2 x 2 matrices,

0F + k- VP = ViV - VicF = Q(F) + 51636, Fl + Qu(F), (83)
where x € R3 denotes the spatial variable, k € R3 the wave vector, t > 0 the
time, i = v/—1 the imaginary unit, and [, -] the commutator. The function
V(x,1) is the electric potential, which is usually self-consistently defined as
the solution of the Poisson equation

“AHAV =nglFl - C(x), nglFl = 1trJ Fdk,
2 R3

where Ap is the scaled Debye length, ng[F] the charge density, “tr” the trace
of a matrix, and C(x) the doping concentration [32]. Furthermore, Q(x, k) is
an effective magnetic field or spin precession vector and ¢ = (07,02, 03) is
the vector of the Pauli matrices. We choose the spin-conserving BGK-type
collision operator Q(F) = M[F] — F, where the Maxwellian M[F] is such that
Q(F) conserves mass and energy, and the operator Q¢(F) models spin-flip
interactions. Details are given in Section 4.3.1.

Assuming dominant collisions and a large time scale, moment equations
for the electron density n[A, C] and energy density W[A, C] can be derived
from (83) in the diffusion limit [3], leading to

dnIA, Cl+div ], = FalQ, A, C],

. (84)
QWIA, Cl+div Jw + Jn - VV = FW[B,A,Cl, xcR3, t>0,

where J, and Jw are the particle and energy flux, respectively, and Frn, Fy
are some functions; we refer to Section 4.3.1 for details. Furthermore, A and
C are the Lagrange multipliers which are obtained from entropy maximiza-
tion under the constraints of given mass and energy, and the electron and
energy densities are the zeroth- and second-order moments

nA,Cl = J MIA, Cldk, WIA,C] = 1 J MIA, CI[k[*dk,
R3 2 R3

where M[A,C] = exp(A+C [k|2/2) is the spinorial Maxwellian. Note that A
and C are Hermitian matrices in C2*2, so n[A, C] and WI[A, C] are Hermitian
matrices too.

In contrast to the semiclassical situation, the densities cannot be expressed
explicitly in terms of the Lagrange multipliers because of the matrix struc-
ture. In order to obtain explicit equations, we need to impose simplifying
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assumptions on A and C. Our strategy is to formulate first the variables in
terms of the Pauli basis,

A=aqpop+d-06, C=coop+C-0,

where 0y is the unit matrix and ag, ¢y € R, @, ¢ € R3. The densities may be
expanded in this basis as well, n[A, C] = ngop + 1 -6, WA, C] = Wpop +
W . &, and the Maxwellian becomes

MIA, C] = e%o+colkl?/2 (cosmﬁ(knoo + Wak) : a), (85)

= Ik
b(k):=a+ S
The formulation of the energy-transport model (84) in terms of the Pauli
components (ap, @), (co,C) still leads to nonexplicit equations, so we im-
pose some conditions. We derive the explicit model by assuming ¢ = 0.
Moreover, we compute the entropy (free energy) and the entropy produc-
tion, thus providing not only the monotonicity of the entropy but also gra-
dient estimates. One more result is the numerical solution: we discretize
the one-dimensional equations using a semi-implicit Euler finite-volume
scheme and illustrate the effect of the temperature on two multilayer struc-
tures.

The chapter is organized as follows. The main results are detailed in Sec-
tion 4.2. The derivation of the general energy-transport model from the
spinorial Boltzmann equation is recalled in Section 4.3.1 and the general
model is formulated in terms of the Pauli components in Section 4.3.2. In
Section 4.4, the simplified energy-transport model is derived. The entropy
structure is investigated in Section 4.5. Some numerical experiments are per-
formed in Section 4.6.

4.2 MAIN RESULTS

4.2.1  Derivation of an explicit spin energy-transport model

We derive an explicit version of (84) under the simplifying assumption ¢ = 0.

If the Lagrange multiplier C is interpreted as a “temperature” tensor,
it might be reasonable to suppose that the “spin” part ¢ is much smaller
than the non-vanishing trace part cp, which motivates the simplification
¢ = 0. This allows us to write three of the eight scalar moments (1o, 1) and
(Wo, W) in terms of the remaining moments, leading to equations for five
moments. We choose the moments (ng, W, Wy), leading to the system (see
Section 4.4)

0o +divjn =0, Jn=—(V(neT)+noVV), (86)
%at(noT) +divjw +Jn-VV=0, Jw = —% (V(neT?) +noTVV),
(87)
3 . .
atﬁjz] As; (0 (AT) + 1105, V) + Qe x 1 = “m X€ R3, t >0,
(88)

where T = 2W,/(3ny) is interpreted as the electron temperature, Ox; =

9/0x;, Q. is the even part of the effective field (with respect to k), and
Tg¢ > 0 is the spin-flip relaxation time. In this model, (ny, %nOTO) solves
the semiclassical energy-transport equations, and the spin-vector density
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solves a drift-diffusion-type equation, which is coupled to the equations
for (no, %nOTo) via T only. Our numerical experiments indicate that this
coupling is rather weak.

Motivated from [36], we may include a polarization matrix P in the defi-
nition of the collision operator Q(F). We choose Q(F) = PV/2(M[Fl—F)P1/2,
where the direction of P = 0o +pQ - & in spin space is the local magne-
tization O and p € [0,1) represents the spin polarization of the scattering
rates. This operator conserves spin, mass, and (in contrast to the operators
in [36]) energy. The corresponding spin energy-transport model (still under
the assumption ¢ = 0) becomes (see Remark 5)

Ao +divdn =0, In=1"2(Jn—pA-Tn), (89)

3 Lo
50t(noT) +divdw +3n - VV =0, Iw =1"(Jw—pQ -Jw), (90)

atﬁ+divﬁ+ﬁexﬁ:—%, x€R3, t>0, (91)
sf

where n = m, Jn, Jw are as above, and
7 - 5
Jo = =(VET) +7VV),  Jw =—5(V({T?) +AVV),
F=n"2(1-1)(n- DO +0]n —pGJn).

Note that we recover the model (86)-(88) if p = 0. We compare both models
numerically in Section 4.6. It turns out that the polarization matrix P leads to
a stronger mixing of the spin density components, and the heat flux effects
causes a smoothing of these components.

Remark 4. The equations (89) and (91) of the spinorial energy-transport
model coincide except for a small detail with the equations (5) and (6) from
the lowest-order moment drift-diffusion system considered in Part 11. This
small detail is the difference in the coefficients in front of the cross-diffusion
terms. The reason of this difference lays in the representation of density
matrix in the Pauli basis. In Part 11 we use a rather physical approach of [36]
and we have:

1

whereas in this chapter we represent the density matrix N (n[A, C]) like in

[46]:
N =ngop+1-0.

Respectively in the first case ng = tr(N) and in the second one: ng = % tr(N).
By the second approach we automatically have symmetric diffusion matrix,
whereas the charge density ng is a half of the physical charge density. In
our study this difference is rather technical and we do not pay attention to
it any more. O

4.2.2  Entropy inequalities

We prove that there exists an entropy (or free energy) which is nonincreas-
ing in time along solutions to the corresponding equations. To simplify the
computations, we neglect electric effects, i.e., the potential V is assumed to
be constant (also see Remark 6 for the general situation).

The kinetic entropy of the general spin model (84) is given by

H= J J tr(Mlog M)dkdx, (92)
R3 JR3

where the Maxwellian is defined by (85) and “tr” denotes the trace of a ma-
trix. It was shown in [3, Theorem 2.2] that the entropy is nonincreasing along
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solutions to (84). Our aim is to quantify the entropy production —dH/dt
which provides gradient estimates. To this end, we insert the simplifying
Maxwellians in (92) and compute explicit expressions for the entropy:

H= J]RS (n4 log(n+TJ:3/2) +n_ log(n_T:S/z))dx, (93)
and the corresponding entropy inequality reads as (see Proposition 7)

H
& +4J (VVRTR 4 [V T 4+ 5molVVTR)dx < 0.
R

4.3 A GENERAL ENERGY-TRANSPORT MODEL FOR SPIN TRANSPORT

4.3.1  Derivation from the spinorial Boltzmann equation

We sketch briefly the derivation of the general energy-transport model (84)
from the spinorial Boltzmann transport equation (83). Details are given in
[3]. We consider the Boltzmann equation in the diffusion scaling,
1 1
ath + E(k VXFS 7VXV'VKF£) = *Q(Fe) (94)

+ E[ﬁﬁ (X/ k’) : 6'-/ FE] + QSf(FE)/

=

The parameter ¢ > 0 is the scaled mean free path and is supposed to be
small. We have assumed the parabolic-band approximation such that the
mean velocity equals v(k) = k.

The last term in (94) represents the spin-flip interactions which are speci-
fied in (110) below. The commutator [-, -] on the right-hand side of (94) can be
rigorously derived from the Schrodinger equation with spin-orbit Hamilto-
nian in the semiclassical limit [28, Chapter 1]. The term models a precession
effect around the effective field [3].

The first term on the right-hand side of (94) models collisions that con-
serve mass and energy. For simplicity, we employ the BGK-type operator
(named after Bhatnagar, Gross, and Krook) Q(F) = M[F] —F, where the
Maxwellian M[F] associated to F has the same mass and energy as F,

1 1
J M[F]dk:J Fdk, ,J MIF][k|*dk = ,J Flk|? dk. (95)
R3 R3 2 R3 2 R3
The Maxwellian is constructed from entropy maximization under the con-
straints of given mass and energy, which yields, in case of Maxwell-Boltzmann
statistics, the existence of Lagrange multipliers A(x,t) and C(x, t) such that

(3]

k|2
MI[FI(x, k, t) = exp (A(x,t) + C(x,t)z),

where exp is the matrix exponential and A, C are Hermitian 2 x 2 matrices
satisfying (95).

The space of Hermitian 2 x 2 matrices can be spanned by the unit matrix
0o and the Pauli matrices ¢ = (01,02, 03),

1 0 0 1 0 —i 1 0
0o = ;01 = ; 02= ; 03 = .
0 1 1 0 i 0 0 -1

Accordingly, we may write A = ap+ d- ¢ and C = ¢p + C- 0, where ao,
Co € R/ a= ((1],(12,(13), 62 (C1IC2/C3) € R3’ and @- 0 = Z?:]
coefficients in the Pauli basis are computed from ap = %tr(A), a= % (GA),

(1)'0)'. The
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and similarly for cg, C; see, e.g., [36]. The matrix exponential can be also
expanded in the Pauli matrix, giving M[F] = Myop + M - G, where

2
M, = e®o+eolkl?/2 coh g + 6’% ,
i ) 5 (96)
M:eao+C0|k|z/zsmh\a+€|k| /2‘ d’-;-é'&
@+ clk|? /2| 2 )

Itis shown in [3, Theorem 3.1] that F, converges formally to M := MIA, C] =
exp(A+C [k|2/2) as ¢ — 0, where (A, C) are solutions to the following spin
energy-transport system for the electron density n(x,t) and energy density
W(x,t), which are related to (A, C) via the moment equations

1

n:J MIA, Cldk, szj MIA, Cl[k|*dk.
IR3 2 ]R3

The general energy-transport equations read as [3, Theorem 3.1]

. i =
o +divy Jn = 3 J |Qpr - 6, M] dk (97)
R3

1 - .
— ZJ [Q, -3, Q, T, M]]dk+J Qg (M)dk,
R3 R3

W +divy Jw + Jn - ViV = % LRz [Qo - &, M] @dk (98)
— 1J [Q, -6 (O - 5, M]] Edk—i— 1J Qq(M)k[2dk,
4 g3 2 2 Jr3
where the effective field Qgr is defined by
Opr = (k- Vi = ViV Vi) Qo + Qe, (99)

and Q, and Q. are the odd and even parts of O (with respect to k), respec-
tively. The tensor-valued fluxes are defined by
Jn =—divy T—=nV, V+Tlq,,

. (100)
Jw =—divx Q = (Woo +T)VxV + Qo,,

and the tensors TT = (T7Y), Q = (QJ%) with TT¢, QI* € C?*? and Mo, =
(IMy, ), Qa, = (Qf,) with T, , Qf, € €2*2 are given by the moments

. . 1
= gkamas, Q=3 | kel M,
]R3 2 ]R3
My, =i]  [Go-aMigak, Qb =5 [ [Go oMk,
o R3 o 2 R3

where j, £ = 1,2,3. The first two terms on the right-hand sides of (97) and
(98) are due to spinor effects; they vanish in the classical energy-transport
model. The last term on the left-hand side of (98) is the Joule heating and it
is also present in the classical model. The last terms in (97)-(98) express the
moments of the spin-flip interactions.

4.3.2  Formulation in the Pauli basis

In order to derive the simplified spin energy-transport model in explicit
form, it is convenient to formulate (97)-(98) in the Pauli basis. Recall that

—

n=mnpop+1-6and W = Wjyo, + W - G. Furthermore, we expand

||, QuMIdk = Quin oo+ Gn -, (101)

1 = -
3 |, QMK = Qw000 + Qg 3.
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Lemma 5 (Energy-transport model in Pauli components). Equations (97)-(98)

can be written in the Pauli components (no, ) and (Wo, W) as
. 2
0tng — divy gvaO +noVyV | = st,n,Or

3
2 L
d¢it — Zaxl <3ax W + R0y, v+2LR3(QO X M)kjdk)

j
3
ZJ Ay, QokakorZa VJ Ay, (Qp x M)dk

j=1

+J ﬁg X Mdk-l-J (|-do|2 - -O-o & ﬁo) -Mdk = st,ru
R3 R3

1 5
W, — divy (6 LRS VxMolk|* dk + 3w0vxv)

2
- <3VxWo + ﬂonV> ViV = Qsrw,0/

- 5 .
W — Z{ ( X LRS Mkl*dk+ S W, v

+J (Go x M)K; |k|2dk)
R3
+ ( d jvT/JrﬁaX).v+2j (G x I\_)l)kjdk)aij}
R
1

dx; J (Go x M)kj|KI2dk
IR3

+
N =

_|_
‘ N e
Me I 7

axjvj A, (Ao x M)[kI2dk +
1 R3 2 R3

)
(1G> — Qo © Qo) - MIKI*dk = Qgrw,

3

+

=

where Ox; = 0/0x;, Ox; = 0/0k;.

1J (Q, x M)[k|*dk

(102)

(103)

(104)

(105)

Proof. We reformulate (97)- (98) in terms of the Pauli Coefflc:lents For this,
set Jn = (Jh)j=123 Jw = y)j=1,23 and Jh = oGo+]n G Py =

]WOGO + Jw - 6. We obtain

3
Otnop + Z aX] no — stn 0/

+| (662 = Gow o) - Widk = G,

3
0tWo + Z (axj R/v,o + Hm,oaxj' V) = Qs w0,
j=1

3
o . L
+Z1 (d jT’W+]116XjV)+J'R3(QETxM)lk\ dk
)

+ J (|fj-o|2 - -do (24 Qo) : M|k|2dk = st,W-

R3

N —

(106)

(107)

(108)

(109)
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Let us expand the integrals involving Qpr and the fluxes. Let ¢(k) = 1 or
(k) = |k|2/2. Then, recalling definition (99) for QET,

|, 16 < W)a0)a

Dl
ZL
<
=
o
~

:J (k- Vx = ViV Vi) (Qo
R3

-y axjvj (3, Qo x I\7l)d>(k)dk+J (Qe x M) (k)dk.
4 R3

Inserting these expressions into the evolution equations for it and W, we re-
cover the integrals in the second and third line of (103), and the last integral
in the third line of (105).
It remains to compute the fluxes (100). First, we calculate
mt = 1J Mk|? dks;, = Z\s, Qi = 1J Mk[* dks;

3 g3 =3 6 g e
Furthermore, using the formula [ii - G,V - 6] = 2i(ii x V) - G for i, V € R3, we
find that Mo, =Ma,000+TTq, - 0 with Mo, 0=0 and Mo, = -2 J‘IR3 (ﬁo X
M)kdk. Therefore,

2

S o= Zaxeme noax)v+nﬂoo —304Wo—n0dy,V,
3 2

==Y 3y TU R0y V+TT, =20, W—7dyV

3 ) )

~

\

NH
%
% —

—

(Qo x M)k;dk.

3

Expanding Qq, = Qq,,000 + Qa, -6 withQq o0 =0and Qq, = — Jrs (Qo x

M)k|k|2dk, it follows that

3
Rwo == D (9 QY + (Wobje +T15)2x,V) + Q0
=1
]

5
_ 4
=20, LRs Molki* dk — S W00y, V,

3
Ry == (0, Q + (W5 + 17905, V) + Q.
¢

1 ~ 4 5.5 - N 5
=——0x. MIk["dk — W0y, V — | (Qo x M)k;[k[“dk.

6 7 R3 3 ) R3
Inserting these expressions into (106)-(109) gives (102)-(105). O
4.4 SIMPLIFIED SPIN ENERGY-TRANSPORT EQUATIONS
In this section, we derive the explicit model. We assume for simplicity that
the odd part of the magnetization vanishes, Q, = 0, and that the even part

G, depends on x only. Moreover, we suppose that the spin-flip interactions
are modeled by the relaxation-time operator

Qi(M) = —i (M — 1tr(M)0'o) = —il\_/'l -0, (110)

Tsf 2 Tsf
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where Ty > 0 is the average time between two subsequent spin-flip colli-
sions, and we recall that M = Moo + M - G. In particular, with the notation
of (101),

- i - %
st,n,O =0, st,n = st,W,O =0, st,W =——-
Tsf Tsf

Then system (102)-(105) reduces to

2
0tng — div (3VW0 +noVV> =0, (111)
. i
N — ) 0y, <3aij+ﬁaxiV> +hexi=—r, (112)
j=1
(1 2. 5
0eWo —div [ =V Molk|“dk + =W, VV (113)
6 R3 3
2
- <3vwo - nOVV) VYV =0,
s 1 5
- S -
UW — ]21 {axj (6an L{g MIKI* dk + 3 Wy, v) (114)
, o .
+ <axjw+ﬁaxjv> axjv} G x W=
3 Tsf

Given (ng, T, Wy ), we define the spin-up/spin-down densities n+ and the
temperature T by

. 3
ny =noxM, Wo= EnoT- (115)

We also introduce the Gaussian with standard deviation 6 > 0,

_ k|2
gal = (270) >/ exp - 57, (116)
whose moments are given by
1 1
JW go(k) | |k?2/2 | dk=| 30,2 |- (117)
k|*/6 5022

Theorem 6 (Spin energy-transport model with ¢ = 0). For ¢ = 0, system
(111)-(114) can be written in the variables (ng, T, ) as (86)-(88).

Proof. Under the assumption ¢ = 0, the higher-order moments in (113)-(114)
can be computed explicitly. Indeed, the Pauli expansion of the Maxwellian
(96) simplifies to

2 . - 2 . L, a
Mg = e@0teolkl®/2 coeh @, M = e%otcalkl®/2 smh\alﬁ.
a

Observe that cg < 0 is necessary to ensure the integrability of My and
M. The above expressions can be reformulated by introducing the new La-
grange multipliers

2m \3/2 ) : .
Ky 1= (ﬂ ) etoEldl 9. y.= 4.
—Co Co |
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Then My = %(K+ +Kk_)ge(k), M = %(K+ —K_)gp(k)Y, where gg is defined
in (116). As a consequence, we have

1 -
n0:J Modk = = (k4 +K_), ﬁ:J Mdk =
R3 2 R3

1 5 3
Wo==| Molkl?dk = >0(kq +k_),
2 R3 4

(K+ - K—)’?/

N —

/7|, and 6 = T. Then the Pauli

and we infer from (115) that k+ =ny, ¥ =
=1gt(k) and

coefficients become My = nggr(k), M

_ Lo 3] a5
W = ZLR3 MIK>dk = AT, GJR3 Molki*dk = SnoT.

Inserting these expressions into (111)-(114) shows the result. O

Remark 5. The derivation of model (89)-(91) is similar to that one in [3],
therefore we sketch it only. The Maxwellian is here given by

MIFI(k) = (270[F])~3/2¢~IkI*/(20[F]) J FOai,
R
1 g tr(PF(k))|k|%dk

where O[F} = [o tr(PF(k))dk

The formal limit ¢ — 0 in (94) gives Q(F°) = 0, where F® = lim, _,¢ F¢, show-
ing that FO = M[FO]. Next, we perform a Hilbert expansion F, = M[F] +
eF! + 0(e?) and assume that F! is odd with respect to k. Since 1, k|2/2
are even functions, F! does not contribute to the moments n = f]Rg Fdk,
W= % ng F|k|2dk. It holds that W = %nT, where T := 0[F°]. After a compu-
tation which is similar to the derivation of the semiclassical energy-transport
equations, we obtain the moment equations

dn+div Gn +in, Q- 6] = %tr(n) —n,
Gn =P /2(V(nT) +nvV)pP~1/2

%m(nT) +divGw + Gn - VV =0,

Gw = —%P*‘/Z (V(nT?) +nTVV)P~1/2,

In order to formulate these equations in the Pauli components, we observe

that for any 2 x 2 Hermitian matrix A = apop+d- &, it holds that p1/2AP1/2 =
boog + b - &, where

b _ 1 QT a
—(») =1 2 — —»p — _(') 7 n= ]_Pz
b —pQ (1—-m)Q®Q+noy a

We omit the calulcation and only note that this leads to (89)-(91). O

4.5 ENTROPY STRUCTURE
In this section, we investigate the entropy structure of the spin energy-

transport equations derived in the previous section. Recall that the entropy
of the general model is given by

H:J' J tr(Mlog M)dkdx,
R3 JR3

where M = Myog + M - G is the Maxwellian. We introduce M4 = Mg + |[M|
and P4 = %(0‘0 + (M/|M]) - 3). Then (P, P_) is a set of complete orthogonal
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projections since P4 =P, P, P_ =0, and P, + P_ = oy. Therefore, for any
function f: R — R,

f(M) = f(M_ )P4 + f(M_)P_
1

ES
a

= J(FML) + (M) o + 5 (FOML) — (ML)

<

In particular, since the Pauli matrices are traceless,

H:,J J (M log M +M_ logM_)dkdx.
R3 JR3

2 (118)

We wish to explore the entropy structure of the model (86)-(88) (¢ = 0),
neglecting the electric field:

3 5
deno = AneT),  59¢(noT) = 5A(neT?),

. R (119)

where x € R3, t > 0. We claim that the entropy is given by (93). Indeed, since
¢ = 0 by assumption, M = g7(k)(noop + 1 - &), where gt(k) is defined in
(116) (see the proof of Theorem 6). Then M4 = g7(k)n+ and (118) shows
that

] st Togtngr (1) + - Tog(n—gr(k)) axtk

, (nylogny +n_logn_)dx

N

o) | gr(klog gr (K)dkdx
JR3 R3
=5, (nylogny +n_logn_)dx

~

- (n++n)(3

JR3 2

+ % log(27'[T)> dx.

Thus, since I]Rg (n+ +n_)dx is constant in time, we find that, up to a con-
stant,

H= J (n4 log(n, T73/2)4n_ log(n_T*S’/z))dx,
R3
which is exactly (93). Recall that n4 =ng £ 7.

Proposition 7 (Entropy inequality for system (119)). The entropy (93), consid-
ered as a function of time, is nonincreasing along (smooth) solutions (ng, T, ) to
(119), and

o +4J (VTR |v\/ﬁ\2)dx+20J MolVVTP)dx (120)
IR IR

—

2
1+T‘v’f )dx_O.
Tsf i
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Proof. We compute

dH _ 31
T LR3 s;: <log(nsT 3/2)atns — ZTat(nsT)> dx

S T— oy 31 -
= L@ (1og ((no +NT™/2)d¢(no + [fll) — 5 70t (o T +[AT)

2T
3/2 31
+log ((no — [RNT™ )at(m*lnl)fi?at(noT I[T) |dx
—\ |2> (no-l—ﬁI)ﬁ
= log (| ——==— |0¢no +1o — | = - 0T 121
JR3{ g( T )ome s Tl (121)
2 3
— Tat <2n0T> }dx. (122)

Inserting (86) in the first term and integrating by parts, we find that

log (MY 5 - log, (10— T
. og Ti tnodx = — ]R3V og — 3 -V(noT)dx.

Furthermore, using (88) in the second term on the right-hand side of (122)
and integrating by parts gives

J log (no * |n> — - 0¢idx
R3 no — [/ |
no + [T n N
=— V| log — — - V(AT)dx
R3 no—Il/)/)n
—J log (no + |T_1,)V11 -V(AT)dx
R3 no—Ml/ i
_LJ il log (““'?')dx
Tsf JR3 ng — 1]

Since VAl - = 0 and

. . )
VL L YRT) = Vo <|n|T ) |ﬁ|T’viL )
|| Al I iyt
Ao i I R
ﬁ -V(AT) = ﬁ (TAR+AVT) =TVIR| + [|/IVT = V(|R[T),

it follows that
J log <”° * '“) T deiidx = —J log (“0 + 'Z") V(I dx
R3 no — 1l [l R3 no — [
g + |7 1 . g + A
— - — [l log — | dx.
]R3 no — [ Tsf JR3 no — [

Finally, we employ (87) to reformulate the last term on the right-hand side
of (122):

2, (3 1
—J SnoT Jdx =5 J V= V(noT?)dx
]R3T R3 T

:—SJ VlogT-V(noT)dx—SJ E\VTIzdx.
R3 R3 T
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Summarizing these expressions, we have

dH né — A2
E = _JRS {VIOg <T3> V(HQT)

no + [
no — [

+ Vlog ( ) -V (IRT)

+5VIog T V(noT) +5“T°|VT|2}dx
_J {log (“0 +|11)|ﬁ|T’v'f
R3 no — |T‘L‘ ‘Tl|

1 _
+ —Iii|log (no + lil') }dx
Tsf no — [

The integrals in I, correspond, up to the minus sign, the second and third
integrals in (120). It remains to show that I; corresponds to the first integral
in (120), up to the sign. Indeed, since log(n3 — [fi|?) = logn +logn_ and
log((no +11l)/(no —Ifi])) = logn4 —logn_, we have

2

i
I1 =— | Vlog(ng—[iA[*) - V(neT)dx
JR3

_ vlog<“°+“}>.w|ﬁ|ndx—zj Viog T V(neT)dx
R3 no — 7 R3

=1, (Vlogny -V(nyT)+Vliogn_-V(n_T)
JR

+ViegT-V(nyT+n_T))dx

r

=—| (Vlog(nyT) -V(nyT)+Viogn_T) -V(n_T))dx.
JR3

This ends the proof. O

Remark 6. When system (86)-(88) includes the electric field, a computation
similar to the proof of Proposition 7 shows that the entropy-production iden-
tity reads as

dH J VniT)+n TVVE  [V(n_T)+n_TVV|2
—+ + dx
dt R3 nyT n_T

+ 10J (ny —|—n,)\V\FT\2)dx
R3

1 1 it |?
+ = ny —n_)(logny —logn_)[{ —+T|V—=| |dx=0.
3 o oo g (- ‘ ql)

Thus, the presence of the electric field complicates the existence of a priori
bounds. O

46 NUMERICAL EXPERIMENTS

We perform some numerical simulations using the model (89)-(91) with the
spin polarization matrix, We consider, as in [36], three- and five-layer struc-
tures that consist of alternating nonmagnetic and ferromagnetic layers. Mul-
tilayer structures are promising for applications in micro-sensor and high-
frequency devices. In this work, they serve to illustrate the solution behavior
rather than to model practical devices.
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4.6.1  Numerical scheme

We solve equations (89)-(91) on the finite interval [0, 1] which is divided in
m equal subintervals K of length Ax = 1/m. The finite-volume method
is employed and the generic unknown uy is an approximation of the in-
tegral fK udx. The difference quotient Duk ¢/(AX) = (uk o —uk)/(Ax)
approximates the gradient of u in the subinterval K, where ug o is the
value in the neighboring element K’ such that KN K’ = {c}. Then the flux
Ju = —=(V(uT) +uVYV) through the point o can be approximated by

1 1
P =~ 3 (DTl + 30t + e DVice ). (12)

Special care has to be taken for the discretization of the Joule heating term
dn - VV. We suggest to approximate it according to [10, 15]

1
,[K In - VVdx =~ I % g Axdnx,6DVk o/

where the sum is (here and in the following) over the two end points of
the interval K. The values Cx, Ok, px are given by the integrals of C(x),
ﬁ(x), p(x) over K, respectively, and the values Qg, po are the arithmetic
averages of O, p in the neighboring subintervals of the intersecting point o,
respectively. Finally, we set g = /1 —p3.

The stationary solution is computed as the limit ty = kAt — oo from
the implicit Euler finite-volume discretization of (89)-(91). We solve first
the Poisson equation for the electric potential V* with the charge density
from the previous time step k — 1, solve then the moment equations for

(no,Wg, 7i%), and update finally the temperature. Given (nlg K1,ﬁ’]§ ! Tk h

and WgKl = gno K1 Tk T the numerical scheme reads as

}\2
*A%ZDV?Z,G = Ax(ng ' —Ck),
o

Ax
At( ngx TL01< JFZHan: )
Ax
E(W&K*Wé‘, " +ZHWKG ZA ZAXHTLKGDV]IZ,U:O/
Ax —ok 1 - AX—»k
— — A O_
i +ZH o +YOX(Qi X TK) =~y
1 = 2Wok
3n‘(§,K

and the discrete fluxes are defined by

35 k0 = —Dong(JK ko —PoQo T x0)
RNy ko= —gDoﬂEZ v ko —PQo Twk,o),
Eﬂ((,cr = _D0ﬂ52<_pcﬁam,K,c +(1-10)Q6® Qo - ﬂi,K,cr
+Mo N ko)
and the fluxes ]fllK’G, Hl\jle,U, and ﬂz’a are discretized according to (123)

with the exception that the temperature and the densities in the drift term
are explicit, i.e.

1

1 _
Ji ko = ~Ax <D(uka Nk,o+ E( Tl DVE U)
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Note that we have introduced the scaled diffusion coefficient Dy and the
parameter v, which come from the scaling of the equations. The values are
Do ~ 6.9-10~* and v = 4. The scaled Debye length equals Ap ~ 1.2- 1074
We have chosen the (scaled) boundary conditions ng =1, 7 =0, and V =
Vp at x = 0,1 with Vp(0) = 0 and Vp(1) = U/Uy. Here, U = 0.026V is
the thermal voltage at room temperature.

The discrete linear system is solved for each time step k until the maxi-
mum norm of the difference between two consecutive solutions is smaller
than a predefined threshold (10-8...10719). This solution is considered
as a steady state. The numerical parameters are Ax = 0.003, At = 5-
10~*...1073, and the (unscaled) physical parameters are D = 1073 m?s~!
(diffusion coefficient), T4 = 10125, and U= -1V (applied bias).

4.6.2  Three-layer structure

As the first numerical experiment, we consider a three-layer structure which
consists of a nonmagnetic layer sandwiched between two ferromagnetic lay-
ers; see Figure 16. This structure may be regarded as a diode with ferromag-
netic source and drain regions. The length of the diode is L = 1.2 um, the
ferromagnetic layers have length £ = 0.2 um, and the doping concentrations
are C = 1023 m~3 in the highly doped regions and C = 4-102° m—3 in the
lowly doped region.

F, n* N, n F, n*

L

X

Figure 16: Geometry of the three-layer structure with ferromagnetic ( F)
highly doped (n") source and drain regions and nonmagnetic
(N) lowly doped (n) channel region.

The local magnetization in the side regions is aligned with the z-axis
(orthogonal to the diode), ﬁ(x) = (0,0,1)T for x € [0,00 U[L—¢ L] and
Q(x) = 0 else. The polarization in the ferromagnetic regions equals p = 0.66.

Figure 17 and Figure 18 show the stationary charge density ngy and the
spin density 1 = (0,0,n3) respectively, compared with the solution to the
corresponding spinorial drift-diffusion model (with constant temperature).
As expected, the charge densities are similar with some small differences
close to the junction of the drain region. The spin component n3z exhibits
some peaks around the junctions which can be explained by the discontinu-
ity of p(x) (and hence n(x)) at the junctions [36, Sec. 8.1], [45]. The peaks
are smaller in the energy-transport model which may be due to thermal
diffusion.

The temperature for different values of the polarization p is illustrated
in Figure 19. The case p = 0 corresponds to a nonmagnetic diode. The
temperature maximum increases with p but the temperature decreases with
p in the drain region. Possibly, higher values of p lead to stronger heat fluxes
increasing the temperature in the channel region.
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Charge density ng in the three-layer structure computed from
the spin energy-transport model (T # const.) and from the corre-
sponding spin drift-diffusion model (T = 1).

Figure 17:

1072

—T=1 |
--- T # const

spin density n3

0 0.2 0.4 0.6 0.8 1
X

Spin density n3 in the three-layer structure computed from the
spin energy-transport model (T # const.) and from the corre-
sponding spin drift-diffusion model (T =1).

Figure 18:
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Figure 19: Temperature in the three-layer structure for various polarizations
p.

4.6.3 Five-layer structure

The five-lyer structure is composed of two ferromagnetic layers sandwiched
between two nonmagnetic layers and separated by a thin nonmagnetic layer
in the middle of the structure; see Figure 20. The choice of the lengths L
and { and of the doping concentrations is as in Subsection 4.6.2. The middle
region has the thickness d = L/21 =~ 60nm. Again we take p = 0.66. The
local magnetization is different in the two layers: A(x) = (0,0,1)7 forx €
[L/6,10L/21], Q(x) = (0,1,0) T for x € [11L/21,5L/6], and Q(x) = 0 else.

f— ) —> F ) —>

N, n* Fi, n N Fo, n N, n*

L

xr

Figure 20: Geometry of the five-layer structure with ferromagnetic ( Fy, F»)
lowly doped (n) regions and nonmagnetic ( N) regions. The
source and drain regions are highly doped (n*), while the middle
region is lowly doped.

The effect of the temperature is now stronger than in the three-layer struc-
ture. The charge density ng is presented in Figure 21. The interplay of the
charge and spin densities in the nonmagnetic middle region causes a small
hump in ng and a more significant increase before the drain junction, com-
pared to Figure 17. The hump is larger when the electric potential is a linear
function and the temperature is constant; see Figure 3 in [36].

In contrast to the three-layer structure, all components of the spin vec-
tor density are nonzero. However, the component n; is relatively small. We
present the remaining components n; and n3 in Figure 22. The temperature
causes a significant smoothing of the peaks between the magnetic/nonmag-
netic junctions.

Figure 23 shows the comparison of the temperature distributions for dif-
ferent values of the polarization p. The temperature maximum decreases
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Figure 21: Charge density ng in the five-layer structure.

1072
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spin densities n, and n3

Figure 22: Spin density components n, and n3 in the five-layer structure
computed from the spin energy-transport model (T # const.) and
from the corresponding spin drift-diffusion model (T = 1).

with p, opposite to the situation in the three-layer structure. We observe
that the polarization strongly influences the temperature. When p = 0, we
obtain the same curve as in Figure 19 since this describes the same nonmag-
netic diode.
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Figure 23: Temperature T in the five-layer structure for various polarizations
p.
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OUTLINE & OUTLOOK

This study complements the existing research on macroscopic spinorial mod-
els. The spinorial drift-diffusion and energy-transport models are investi-
gated in this work. The second model is the extension of the first one. Both
of them describe charge and spin currents in semiconductor. The second one
additionally considers the transport of energy. Both models are nonlinear
and fully coupled. Thus, the level of complexity of the models is relatively
high. To accomplish the analysis some assumptions on the physical parame-
ters are necessary (e.g. constant magnitization, or diffusion coefficient). The
main results of the study are the proofs of existence of bounded solutions
(both continuous and discrete) for the drift-diffusion model and the deriva-
tion of the spinorial energy-transport model, as well as entropy inequalities
for both systems. A part of the work is devoted to implementation of numer-
ical solutions of the systems, which is not trivial by so complicated models.

One of the big further steps of the study could be an inclusion of the
Landau-Lifshitz-Gilbert equation (LLG) to obtain a wider framework de-
scribing spin effects in semiconductors with self-consistently given magneti-
zation. That could be especially interesting for modelling of realistic devices
exploiting ferromagnetic semiconductors. The other option could be the con-
sideration of the spin-orbit coupling. In this study we neglect it to simplify
the models. Though, the thorough modelling of spin-orbit interaction could
significantly help the investigation of the spin transistor.
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