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Strain represents an ubiquitous feature in semiconductor heterostructures, and can be engineered
by different means in order to improve the properties of various devices, including advanced MOS-
FETs and spin-based qubits. However, its treatment within the envelope function framework is well
established only for the homogeneous case, thanks to the theory of Bir and Pikus. Here, we gener-
alize such theory to the case of inhomogeneous strain. By fully accounting for the relativistic effects
and metric aspects of the problem, we derive a complete envelope-function Hamiltonian, including
the terms that depend on first and second spatial derivatives of the strain tensor.

I. INTRODUCTION

Strain represents a common feature in semiconductor
nanostructures. It develops spontaneously during their
fabrication process, because of the lattice mismatch be-
tween heterogeneous layers, and can be induced by cool-
ing the system to cryogenic temperatures, due to the
presence of materials with different thermal-expansion
coefficients [1-3]. As an uncontrolled or unaccounted
phenomenon, strain can result in significant differences
between the actual and the nominal properties of the
nanostructure. On the other hand, strain can be inten-
tionally engineered, in order to modulate the band struc-
ture and increase the carrier mobility, an approach that
is actively pursued, e.g., with MOSFETSs [4, 5] or silicon
nanowires [6].

These effects are particularly relevant in
semiconductor-based implementations of quantum
computing. Silicon and germanium quantum dots have
emerged as promising hosts of electron- or hole-spin
qubits [7-27], whose properties can be strongly affected
by strain. In particular, it has been shown that in these
systems inhomogeneous strain can modify both the
localization of the confined particle and its coupling to
external fields, specifically through a modulation of the
Rabi frequency [28] and of the g-factor [29].

The tool of election for simulating the properties of
spin qubits in semiconductor quantum dots is represented
by the Luttinger and Kohn (LK)’s envelope-function for-
malism [30-32]. This applies to crystalline systems sub-
jected to a spatially slow-varying external potential, such
as the one generated by the metal gates used in electro-
statically defined nanostructures. Describing the effects
of strain on the electron and hole states requires an ex-
tension of LK’s theory, which was developed by Bir and
Pikus (BP) for the case where the strain tensor is small
and homogeneous [33-37]. Even in these conditions, the
absolute displacements of the ions (with respect to the
unstrained crystal) may be comparable or larger than the
lattice constant. This makes the displacements unsuit-
able as an expansion parameter for the electron-nuclei
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potential, unlike for the theory of electron-phonon inter-
actions [38]. BP’s key idea was to introduce a new set
of electron coordinates that make the power expansion of
the electron-nuclei potential in the strain tensor possible,
thus enabling a perturbative calculation of the electron
and hole states.

In view of the above, a generalization of BP’s theory
to the case of inhomogeneous strain would be highly de-
sirable, but is far from trivial. In our understanding, the
previous attempts that have been made in this direction
are affected by significant shortcomings. These consist
either in an incorrect treatment of the Schrodinger equa-
tion in the required set of curvilinear coordinates, result-
ing in the non-hermiticity of the particle Hamiltonian
[39], or in the use of a non-practical basis set within a
non-relativistic treatment, which precludes from the out-
set an accurate description of spin-orbit interactions [410].

In this Article, we extend BP’s theory to the case of
inhomogeneous strain in a rigorous and comprehensive
way. This is achieved by properly taking into account the
modifications to the quantum-mechanical formalism that
arise when the metric is non-Cartesian [41, 42], and by
including relativistic corrections to the Schrédinger equa-
tion via a low-energy expansion of the covariant Dirac
equation [43]. Our central result — applicable to a vari-
ety of semiconductor nanostructures, in the presence of
slowly-varying inhomogeneous strain and external elec-
trostatic potential — is a set of equations, whose solu-
tion gives the envelope functions within a manifold of
arbitrary dimension. From these we derive, as a relevant
case, the strain-related 6-band Hamiltonian for the hole
states in silicon and germanium, and more generally in
crystals with diamond structure. For the sake of read-
ability, the main logical steps that have been followed are
reflected in the structure of the main text, which contains
the main results. The complete derivations are reported
in the Appendices and in the Supplementary Material
(SM) [44], to which we provide detailed reference at each
step.

II. INHOMOGENEOUS STRAIN

The first step consists in the introduction of a curvilin-
ear coordinate system, which allows to express the nuclei
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potential in the strained system as a perturbative expan-
sion in the strain tensor. This approach, introduced by
BP for the case of homogeneous strain and generalized to
the inhomogeneous case by Zhang [39], is recalled here
for the reader’s convenience. In the original Cartesian
reference frame, let r¢ define the electronic coordinates,
while R; o and R; = R; + u; are the nuclei positions
in the absence and in the presence of strain, respectively.
Generalizing BP’s approach to the case of inhomogeneous
strain, one introduces a set of curvilinear coordinates r
to describe the electronic position. These are related to
the r¢ by the equation [39]:

ra = ul(r), M

where the Greek indices label vector components (o =
1,2,3). The continuous inhomogeneous displacement
u(r) is assumed to be an invertible and differentiable
function of r to all needed orders. It fulfils the conditions
u(R; o) = u; and |u(r)| < |r|. The former condition al-
lows for the expansion of the nuclei potential in powers
of the strain in the transformed coordinate frame, while
the latter condition follows from the assumption that the
strain tensor is small everywhere.

Given the displacement functions u®, the components
of the strain tensor can be defined as follows:

eg(r) = 0gu”(r), (2)

where ds = 9/0r?. Provided that the strain tensor is
small and varies slowly over the scale of a unit cell, by
applying the transformation in Eq. (1), one can express
the potential U, generated by the nuclei in the strained
system in the form:

Un(r) = Uno(r) + 5 (r) US(r). 3)

Here, U, o is the potential in the unstrained system and
U? is a strain-independent function that has the same
periodicity as the unstrained lattice, while the product
g (r) UB(r) is in general not periodic. Further details
on the nuclei potential relations are provided in Appendix
A. In Appendix B, instead, we give a formal derivation of
the relations between Hamiltonians and wave functions
in two coordinate systems connected by a point transfor-
mation such as Eq. (1). Here and in the remainder of
this Article, we use Einstein’s summation convention on
repeated Greek indexes.

III. THE SCHRODINGER PROBLEM IN
CURVILINEAR COORDINATES

The second step counsists in deriving the general ex-
pression of the Schrodinger equation for an electron in
curvilinear coordinates, with the inclusion of the spin-
orbit term. The adoption of the curvilinear coordinates
r implies the introduction of a nontrivial metric tensor,
ie. agu # —0u, [11]. As aresult, the matrix element of

a local operator A between two arbitrary electron (spino-
rial) states is given by:

(wldle) = [ ar V=T v - Amae). @)

where g(r) = det [g,,(7)]. The definition of inner prod-
ucts can be obtained from the above equation simply by
replacing the generic operator A with the identity. As a
technical but crucial point, we note that, in a curvilin-
ear coordinate system, the definition in Eq. (4) should be
used in evaluating the hermiticity of operators and the
scalar products between states, rather than its Cartesian
counterpart, corresponding to \/—g(r) =1 [39].

In order to obtain the correct Hamiltonian in curvi-
linear coordinates and to include spin-orbit coupling, we
generalize the covariant formulation of the Schrodinger
equation given in Ref. [41], which applies to a non-
relativistic Hamiltonian. Starting from the covariant
Dirac equation for the 4-component electron field in an
electromagnetic potential [43], which holds for arbitrary
metric tensors, we take the non-relativistic limit and al-
low for a nontrivial metric in the spatial sector only. The
result is a Schrodinger equation for 2-spinors that can
be augmented with any order of relativistic corrections,
while inheriting the covariance of the initial Dirac equa-
tion.

In the absence of magnetic field and up to the first
order in the relativistic corrections, the Hamiltonian can
be written as: H = Hyy, + Hyel + U, where the kinetic
term reads

hQ
Hyin = _% [(VQCTU) 0y — glwauau} ) (5)

U is a generic scalar potential, and the dominant com-

ponent in the relativistic term is given by the spin-orbit
Hamiltonian

Hso -

ih? ort orv of

4dm2c? <3T% 31"@ 7 ) 0.0y (6)
Here, we adopt the notation VZ = 92/(9r&ord). Be-
sides, 08 = —ZO"BVUW where €“P7 is the invariant Levi-
Civita symbol and —o. are the Pauli matrices.

Relying on the generalized expression of the matrix
elements and of the inner product [Eq. (4)], one can
write the matrix elements of the Hamiltonian between
2-component spinors in a manifestly Hermitian way, as-
suming that the wave functions either vanish at infinity,
or satisfy the Born-von Karman boundary conditions.
Further details on the relativistic terms of the Hamil-
tonian and on the boundary conditions are provided in
Appendices C and D, respectively.

IV. CURVILINEAR COORDINATES FROM
THE STRAIN TENSOR

The equations reported in the previous paragraph pro-
vide a general framework, which can be applied to the



present problem, where the non-Cartesian character of
the coordinates results from the presence of inhomoge-
neous strain. In fact the strain tensor determines the
Jacobian J§ = 030rg = 05 + 3, as can be deduced from
Egs. (1) and (2). As to the metric tensor, to first order
in the strain tensor, it can be expressed as

g = — el = e 7

under the assumption that |;(r)|| < 1, and thus J =1 ~
1 —e. From this it also follows that \/—g =~ 1 + tr(e).
The above relations provide the dependence of Hygy,
and Hy, on the strain tensor, mediated by the inverse Ja-
cobian, V% and g"”. To the first order in the strain ten-
sor, the kinetic and spin-orbit components of the Hamil-
tonian can thus be written as follows:
h? 0?
2m [81"#87““

- =
Hy, = —in(f;ﬂ’w 0 v 0 Vo'wjfu + X"

Hign = (et 52] L®

b, - Rz”) ,
9)

where

n= hz/(szcz) ,

fM = aHUn,O 9
S = (0,e3) UL o™ + €5 (0,UL) o — el fao®?
—epfac®™, (10)

and the arrows above the differential operators specify
whether these must be applied to the wave function on
the left or right sides of the Hamiltonian when evaluating
its matrix elements.

As to the potential, induced by the nuclei, its expres-
sion is given by the sum of the unstrained contribution
and of a perturbation that depends linearly on the strain
tensor [Eq. (3)].

The derivations of the above equations can be found
in Appendices C and D.

<Yn,k

where £/(q) is the Fourier transform of the strain ten-
sor. The last parentheses on the right include the
deformation-potential terms; in particular, the k- inde-
pendent quantities D, £ and Q are given respectively by

D, =D, +ADj, (13a)
cl, =L%, + ALY, (13D)
apsu = Qapu + Alagiy (13¢)

V. GENERALIZED LUTTINGER-KOHN
THEORY

In the LK solution scheme, the electron Hamiltonian
matrix is derived in an orthonormal basis, and then re-
duced to a block structure by means of a suitable canon-
ical transformation, which effectively separates the rele-
vant manifold from the others, while perturbatively ac-
counting for the inter-manifold coupling. In the present
Section, this procedure is generalized in order to include
the case of a curvilinear set of coordinates, with consis-
tently defined orthonormality relations.

In order to identify a complete basis set, we initially
consider the part of the Hamiltonian that is of order zero
in the strain. Being this a periodic function of 7, one
can apply Bloch’s theorem in order to derive its eigen-
functions 9,k = e*Tu, x(r) and eigenvalues E, (k).
In view of an expansion around, e.g., the T' point, it
is convenient to introduce also the LK functions [30]
Xnk = eik"'umo(r). In the curvilinear coordinates nei-
ther the Bloch nor the LK functions form an orthonor-
mal basis [15], according to the inner product defined in
Eq. (4). However, the orthonormality relations can be
recovered by suitably modifying the LK functions, ac-
cording to the relations [38]:

— . Xn,k

= __ AP —lr r eik'T’UJ olr
Vo= s 1 Jeretr) [ (). (1)

Analogous modifications can be applied in order to re-
cover the orthonormality relations for the Bloch func-
tions.

In the modified LK basis, the matrix elements of the
first-order strain-dependent component of the Hamilto-
nian read:

~ _ h2 2 ~ ~ v o pU o PRV o v
HY X ) = i |k — K| gk — k') 0n + 84 (k — K') (Dl + kLY, + KLY, +k k’ﬂgaﬁ;#)nyn, . (12)

where the (dominant) non-relativistic components are

DZ = UZ - Epupuu (14&)
v hoy
Lo = “om (P + 06pv) (14b)
h? "
afip = _% (6556 + 6015,8) 5 (14C)



while the relativistic corrections read

AD, = 177(28QUO‘BUV3;—3 + 350 Hfs

— 050" fu— " f5 T 5+ 0" 1,0 ), (15)

%
ALy, = 77(20(1’8[];: Op+o"tfa— U”O‘fu) , (15b)
AQup = inoo‘BUl’; , (15¢)
in terms of the quantities defined in Egs. (10). In the

above, p, = —ihd,, and the quantities depending on the
band indices n and n’ in Eq. (12) are defined by the
relation

)3
(A)n_’n, = % /dr ul;o(r) c Ay o(r). (16)

The next step consists in decoupling the low-energy
manifold of interest (n < N) from the higher-energy
states (n > N), using Lowdin partitioning [31, 32, 39, 410].
This amounts to applymg a canonical transformatlon to
the Hamiltonian, H = e SHeS = H+ AH, and to
its eigenstates, |¢) = e [1)).
such that H is approximately block-diagonal in band
space, and specifically displays negligible coupling terms
between the relevant manifold and the remote bands.
If inter-manifold couplings related to the deformation-
potential terms can be neglected, then the correction AH
for the N-dimensional low-energy manifold has the stan-
dard effective-mass form [31].

The transformation is

1)

’H EF — #(T) {DZ + (‘C’Z;u + ‘CZI;/#) ifo‘ + Qzﬁ;ukakﬁ}

with ko = —i0,,. Here D, L, and Q are matrices in band
space, whose elements are defined according to Egs. (16)
and (13)-(15); 1 is the identity matrix in band space.

It should be emphasized that Eq. (17) is the spinor
wave function in the curvilinear reference frame r, while
the wave function in the Cartesian frame is given by
pc(re) = @lr(rc)], where r(rc) is the inverse of the
transformation Eq. (1). Further details on the deriva-
tion of the envelope-function Hamiltonian are given in
Appendix F.

Equation (18) is the main result of this work. It con-
tains terms that have not been considered in the litera-
ture, and that cannot be inferred from the homogeneous
case by replacing a constant strain tensor with a position-
dependent one. These terms can be either intra- (n = n')
or inter-band (n # n'), and depend on the first or on the

i [Buel ()] (L”

Further technical details on the derivation of Eq. (12)
are given in Appendix E and Section I of the SM [11]. De-

tails on the manifold decoupling are presented in Section
IT of the SM [44].

VI. ENVELOPE FUNCTIONS

The last step consists in the derivation of the con-
fined particle states within the relevant N-dimensional
manifold. The electron Hamiltonian includes an external
confining potential Uy, such as that induced by metal-
lic gates in electrostatically-defined quantum dots, which
adds to the nuclear contribution: U = U, + Uex. We
remark that, for consistency, the external potential must
be expressed in the curvilinear coordinates r; i.e., if the
potential is initially known as a function Uext,c(rc) of
the Cartesian electronic coordinates, then the expression
to be used here is Uex (1) = Uex; ¢[r + u(r)]. Therefore,
this quantity depends on the strain tensor through u(r).
The external potential is assumed to be a slowly-varying
function of r on the scale of the lattice constant, so as to
justify an envelope-function approach. In particular, the
eigenfunctions of H can be written as:

1/4 Z

n<N

where the N quantmes denoted as F,(r) are the un-
known envelope functions. These are determined by di-
agonalizing in band and position spaces the envelope-

0 . (1 ~ (0
function Hamiltonian Hpp = ’H;; ’H](E;, where ’H](;;
is formally the standard k - p term in the r coordinates,

and ’HS@ is given by:

2

N
p+ Qi) + - [V2eh()] 1, (18)

second spatial derivatives of the strain tensor. Besides,
the terms linear in £(r) and ko or o l%al%,g are non-
zero also in the case of homogeneous strain, but have
been neglected in previous analyses.

VII. VALENCE STATES IN DIAMOND
STRUCTURES

As a specific but practically relevant application, we
consider the valence bands of a crystal with diamond
structure, such as silicon or germanium. In this case,
the three relevant orbital states are built from p-type
atomic orbitals, and thus carry an angular momentum
I = 1. This, combined with the s = 1/2 spin of the
electron, gives rise to a j = 3/2 quartet and a j = 1/2



doublet (N = 6). In this basis, the dominant part of
the spin-orbit is diagonal, and gives rise to a splitting
Ago between the j = 3/2 and j = 1/2 states at the
I" point [47]. We here discuss the Hamiltonian that is
obtained after neglecting the other spin-orbit contribu-
tions. Then: £ coincides with L, which vanishes at the
band maximum; D reduces to the non-relativistic defor-
mation potentials D; Q equals @), which consists of purely
intraband (n = n’) contributions. The strain-dependent
component of the envelope-function Hamiltonian matrix,
Eq. (18), thus becomes:

~ (1) ~ h2 2 h sym 77
Hpr ~ {R v EZ(T)} - Egayﬁ (r)kaks

- %2 (el ()] k,@} L+e/(r) Dy (19)

Here, Eap = 3(e5 + ag) is the symmetric part Qf.tbe
strain tensor, and D} is the matrix of non-relativistic

deformation potentials.

The three main new terms in Eq. (19) are diagonal in
the band index. The first one, o< VZek(r), is a function
of coordinates only, hence it represents an effective cor-
rection to the electrostatic potential, which might affect
the hole confinement in a nanostructure. Now, the trace
of the strain tensor is proportional to that of the stress
tensor, and it can be shown [48] that the Laplacian of the
latter vanishes in an isotropic system. However, crystals
are not isotropic, and the deviation from isotropy is re-
sponsible for the existence of this term. The second term,
x /%al%g, represents a spatially-dependent correction to
the effective-mass terms, where the spatial dependence is
due to the inhomogeneity of the strain tensor. This term
is also nonzero in the case of an homogeneous strain;
however, it has been ignored so far. The third term,
x /%5, has a completely new form, being linear in the
momentum operator. It is not analogous to a spin-orbit
coupling, since it does not couple different bands.

In order to provide an order-of-magnitude estimate of
the new terms, we consider the stress tensor used in
Ref. [19], adapted to describe a MOSFET with two stres-
sors placed on top of the source and drain regions [22]
(details are given in Appendix G). We find that, in such
a system, the typical energy scales characterizing the new
terms is 1072 meV, corresponding to frequencies of the
order of 2+ 5 GHz. In particular, the terms quadratic in
the momentum induce a spatial modulation of the hole
effective masses in Si of approximately 1% <+ 2%. The
hard-to-control modulation of the confinement induced
by the term oc VQEZ(T) is small and mostly relevant far
from the center of the channel (close to the stressors);
therefore, it likely has a small impact on the effective con-
finement. However, the impact of all the derived terms is
ultimately device- and material- dependent: they should
thus be accounted for in order to obtain an accurate mod-
eling of all nanostructures where the strain tensor varies
on the length scale of the particle wave function.

VIII. CONCLUSIONS

By combining solid-state theory and relativistic quan-
tum mechanics in a non-Cartesian geometry, we have
derived the envelope-function Hamiltonian for a general
semiconductor nanostructure subjected to a small and
slowly-varying inhomogeneous strain. Our theory re-
quires, as an input, the strain tensor, which can be com-
puted for each given device via finite-element methods
based on the minimization of the elastic energy density
[28]. Numerical calculations of the electron/hole states
based on our theory are expected to provide an accu-
rate modelling of the effects of inhomogeneous strain on
quantum-dot spin qubits. In particular, they will allow
to engineer spin-orbit interactions and g-tensor modula-
tions aimed at improving the qubits’ manipulability.
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Appendix A: Inhomogeneous strain and expansion
of the nuclei potential

In the literature, there are two definitions of the strain
tensor. The first one, which we adopt in the present
work, is given by Eq. (2) and is consistent with that used
in other envelope-function treatments [31, 33, 39]. The
strain tensor reported in the second definition is the sym-
metrized version of that given in the first one:

i 1 [ou®(r o (r 1
enp(r) = 3 (%é ) + 87“53‘ ) =3 [€5(r) + Eg(r)] .

(A1)

This is the quantity that enters the expression of the in-
finitesimal variation in the distance between two points,
in going from an unstrained to a strained system [4]. The
two definitions do not necessarily coincide, since in gen-
eral e3(r) # e%(r). Within the second convention, the
quantity introduced in Eq. (2) is termed the deformation
tensor, the symmetric quantity in Eq. (A1) is termed the
strain tensor, while the antisymmetric combination

1 @
L [esm) — <)
is called the rotation tensor.

The formal solution of Eq. (2), as noticed also in
Ref. [39], is

u®(r) = u®(ro) + /7‘ Eg(r')dr’ﬂ ,

70

o)

(A2)

(A3)



where the line integral is performed over any path con-
necting 7o to r. In the specific case of an homogeneous
strain, considered by Bir and Pikus [33], this reduces to

u(r) = 8%7‘6 (A4)

In the absence of strain, the potential generated by the
nuclei is periodic, and is given by

n ,0 ’l"c Z Uln ’l"c — Iy 0) . (A5)
The same quantity can be rewritten as
Uno(rc) ZUln R, ) O[rc € Co(Rip)] »
(A6)

where U1, is a pseudopotential, and the contribution due
to the nucleus at R; o goes to zero outside the unit cell
Co(Ri o), centered on the same nucleus. This amounts to
a mere re-summation of contributions due to all nuclei,
and can be done in the strained system as well. In the
rigid-ion approximation, with reference to the strained
unit cells C [R; 0 + u(R; )], the nuclei potential is writ-

ten as
nC TC ZUln rTc — 10 (‘RQO)]
x Of{rc € C[Rio+u(Rip)l}. (A7)
After the coordinate transformation r¢ = r + u(r) =

t(r), setting Un. c(rc) =
r)= Z U [r +u(r) — Rio—u(R; )]
x Oft(r) € C[t(Rio)]} - (A8)

Since the strain, besides being small, varies slowly within
a unit cell, the condition imposed by the function ©
is satisfied only when r is close to R; and, therefore,

Un, c[t(r)] = Un(r), one obtains

u(r) —u(R; ) is small. Therefore, the following approx-
imation holds:
v v Ou”(r)
u”(r) —u’(Rip) ~ — (r" = Riy)

=¢, (7) (r“ — Rﬁo) ) (A9)

From this it follows that

7+ u(r) — Rio —u(Rip)]
~ T { [0 +25 ()] (7 - R) }
e ‘ Uiy (r—Rip) , B_ pB
~ Uln (’l" — RLO) + 8(7“0‘——]%?:0)6’8 (’l") (T — Ri,O) .
(A10)

Summing over the atoms, one obtains the total potential
as in Eq. (3), where

UB(r)= Z OUmn (r — Rio) (rﬁ —

B8
o0 ()

has the same periodicity as the unstrained lattice.

(A1)

Appendix B: Concepts related to point
transformations

The Schrodinger equation,

H|y) = E|¢), (B1)

can be written in position representation after introduc-
ing a spatial coordinate frame. The purpose of this Ap-
pendix is to compare the representations corresponding
to two different spatial coordinate frames R and R’, con-
nected by a spatial transformation. In the first (un-
primed) frame, positions are measured by the coordinates
7, and a position eigenstate is defined by

) =r[R;7), (B2)

where 7 is the position operator in R. The decomposition
of the identity in coordinate space is [41]

/dQ|R;r><R;r| =1, (B3)

where dQ) = dr+/—g(r) is the elementary volume in co-
ordinate space, g(r) being the determinant of the metric
tensor. The orthonormality relation between the position
eigenstates in the R reference frame is

! 5("‘1 — ’l"g) . (B4)

(R; rl‘R;r2> =0(ry,me) = =

Multiplying Eq. (B1) by <R;r’, one obtains the usual
coordinate-space Schrodinger problem:

H(r)y(r) = Ed(r), (B5)
where
d(r) = (Rirly), (Rir|H|p) = H(r)d(r),
<R;r1‘fl‘R;r2> =0(ry,r2) H(ra), (B6)

and the eigenstate of the Hamiltonian in Hilbert space
representation is

lv) = /dQ |R;7)(r). (B7)

To solve the same Schrédinger problem as in Eq. (B1),
one can equivalently choose the different coordinate
frame R’, with coordinates r’, connected to the previ-
ous representation via 7 = ¢(r’). It should be noted that
this is a relation between the position eigenvalues mea-
sured in different reference frames on the same position
eigenstate. This means that the following relations be-
tween the position eigenstates in the two reference frames
hold:

R:t(r')) = [R;7"),  |Ryr) = [R5t (r)).  (BY)
In other words, if a position measurement on a position
eigenstate gives the result 7’ in the reference frame R’,



then the result of the position measurement on the same
state gives the result ¢(r’) in the reference frame R:

7

R;t(r')) = t(r') |Rit(r")), +

R/;T/> — T/ ‘R/;r/> ,
(B9)
where 7/ is the position operator in R’.

In the primed representation, the identity decomposi-
tion is

/dQ’ IR/ V(R =1, (R [Rrh) =0'(r),7h).

(B10)
The Schrodinger problem is represented in R’ as
H'(r) ¢! (r') = E¢'(r'), (B11)
with
) = /dQ’]R’;r’>¢’(r’) . (B12)

One should now derive the relation between ¥ (r) and
P'(r"), and that between H(r) and H'(r'). The most
direct way to do so is to consider the scalar product be-
tween any two states |<I>1> and ‘<I>2>, which must be the
same independently of the reference frame where it is
evaluated:

(®1]D,) :/dQ [y ()] B () :/dQ’ (@, ()] B4 () .
(B13)

We now change variables in the first equality according
to r = t(r’), using the transformation property of the
determinant of the metric tensor,

V=g'(r') = [TV =glt()],

where J(r’) is the determinant of the Jacobian matrix.
Therefore, under this change of coordinates it holds that

(B14)

[ 0@y @atr) = [ a2 (@t} afetr)
— [ a2 @) (). (B15)

Since this must hold for any couple of states ‘@1> and
’¢2>, one concludes that
o' (r') = O[t(r')]

if r=t(r'). (B16)

Therefore,

P(r') = 9le(r)] i r=1t(r'),
which provides the relation between the wave functions
in the two reference frames.

In order to derive an analogous relation between the
Hamiltonians, let us consider again Eq. (B8). Multiply-
ing both sides of the first equation by <R; r|, and using

(B17)

the orthonormality of the position eigenstates in R, one
obtains

S[r —t(r")] .

R;7r|R; 7"y =6 [r, t(r')] =
(Bir[Rsr) = 81t = T

(B18)

Analogously, multiplying both sides of the second equa-
tion by (R’; 'r", and using the orthonormality of the po-
sition eigenstates in R/, one obtains

§[r'—t71(r)]
—g'(r')
The two transformation laws between position eigen-
states in the two reference frames are equivalent, due
to the composition law of a Dirac delta with a function.

Equipped with Eqs. (B18) and (B19), it is now possible
to compare the quantities

<R’;7’”R;r> =4 [r' t7'(r)] = . (B19)

H(ri,m2) = (R; rllfI’R;rﬁ (B20)

and

H'(rf,7y) = (R';7} | H|R ;7). (B21)
Inserting twice the decomposition of the identity in the
original reference frame in Eq. (B21) and using the scalar
product relations derived above, one obtains

H'(r],73)
:/dQl/ng (R'sri Ry e ) H(ry,m2) (R ra [R5 1)
= HI[t(r}), t(r3)], (B22)

which provides the relation between the Hamiltonians in
the Cartesian and in the curvilinear coordinates.

Appendix C: Derivation of the covariant
Schrédinger equation, with relativistic corrections

In this Appendix, Greek indexes refer to the compo-
nents of vectors and tensors in a curvilinear reference
frame, while Latin indexes refer to such components in a
Cartesian (rectilinear) reference frame, which coincides
with the laboratory reference frame of the main text
(note that in the main text Greek indexes are used for
both frames). The 4-component space-time coordinate
is denoted as z in the curvilinear frame, and as z¢ in
the Cartesian frame. The metric tensor in the x frame is
denoted as g,,, while the metric tensor in the z¢ frame
is nqp = diag(1,—1,—1,—1). The relation between the
two metric tensors is [43]

Juv = eﬁ e?/ Nab » (Cl)
where the tetrad fields e satisfy

eled =1, eled =5°. (C2)



In the case at hand, since the two coordinate frames are
connected by a point transformation, one has

Oz, oxt

a no_
e“_axac’

et = ¢
S L

(C3)

i.e., the tetrad vectors coincide with the Jacobian matrix
of the transformation between the two coordinate sys-
tems. This ensures the conservation of the infinitesimal
arc length squared,

Nap AT dw% = g da* dz” (C4)

which must be independent of the chosen coordinates.

1. Covariant Dirac equation

We start from the covariant Dirac equation [43] for the
4-component electron field W,
iRV, —eA) ¥ —me¥ =0, (C5)

where A, is the 4-potential of the electromagnetic field,
and V, is the covariant derivative; the latter acts on the

Lo = 9"" (04980 + 98 — 0pGpn) =

N =

In the case at hand, since Eq. (C3) holds, one has

8 7 82$6
e = =
H2p " 9xrdar

and Eq. (C10) simplifies as

e (C11)

P

r, =el (8peL) . (C12)

The combinations needed for the covariant derivative are

%nace €p1"" G? = ;naceb (8 e )G“b (C13)
and
T = e [ (Duch) + €l (1e5)] v
= De [6 (Buel)) — (@hel) €G] 10 = 0, (CL4)
where we have used the fact that 0, (efe;) = 0, and

thus e{0uey = —ey0ues. Therefore, the covariant Dirac
equation, when the tetrad coincides with the Jacobian
matrix, reduces to

ihel "0, ¥ —

eeh A, /"0 —me¥ =0. (C15)

1 p . )
¢} (9ue, + Opey) + 5nmisee] (et (0ueh — 0ae)) +

4-spinor as follows:

Vv =0,¥+T,V, (C6)
where d,, is the ordinary derivative, and
F#E% 0cC (8 ey —I—eg )G“b
G* = i (9" = 4Py%) . (C7)
The coordinate-invariant Dirac matrices satisfy
74+ Py = 2, (C8)

while the spacetime-dependent Dirac matrices (entering
the covariant Dirac equation) are defined as v* = el~y%;
thus, they satisfy

YA Ay =291 (C9)

In terms of the tetrads, the Christoffel symbols are
written as:

ez (@,e%2 — 8562)} .
(C10)

In the following, we choose the coordinate-invariant
Dirac matrices in the Dirac form,

1 0 0 o
0 2x2 2x2 a 2x2 C16
; a ?
K (02><2 _12><2> 7 ( o 02><2) ( )

where 0%, with a € {1,2,3}, are the Pauli matrices.

2. Restriction to spatial-only transformation

In the problem at hand, the coordinate transforma-
tion only involves the spatial coordinates (1 € {1,2,3}),
affecting the corresponding sector of the metric tensor,
while the time coordinate (1 = 0) is untouched. There-
fore, we specialize our treatment to the cases where

e = oy and ef = d5. All tetrads are independent of
time.

It is then convenient to write the Dirac equation in a
way that explicitly separates time from the spatial coor-



dinates. Equation (C15) can thus be transformed into

1 0\.,no ( O  cotP,
(o —1) RO = (—CU“PM 0 ) v
me? + eV 0
+ ( 0 me? — eV) v, (C17)

where g = ct, 0y = %8,5, Ay = %V, P, = —ihd, + eA,,
and the coordinate-dependent Pauli matrices are defined
as

ot =elo™. (C18)

This is rephrased as an eigenproblem, by setting

o iEpt/h <$> 7

where Ep is the (Dirac) energy eigenvalue, while £ and
® are two-component spinors depending only on the spa-
tial coordinates (eigenstates). This results in the follow-
ing coupled equations for the 2-component spinor eigen-
states:

v

(C19)

(ED —me* — eV) E=co'"P,®,

(Ep +mc® —eV) ® = co"P,E. (C20)
The spinor ® is obtained as a function of = from the
second equation; substituting the resulting expression in
the first equation, one obtains an eigenvalue equation for
the spinor = alone:

cot P,

1 , o
Hmca PV+€V :.:E:.

(C21)

where the Schrédinger eigenenergy is E = Ep — mc?.

This equation is exact.

3. Schroédinger equation with relativistic
corrections, in curvilinear coordinates

In order to recover the Schrodinger equation and the
lowest-order relativistic corrections, one must perform an
approximation based on the assumption that 2mc? >
|E — eV, namely,

1 ! E—eV\™!
2me2+FE —eV  2me? 2mc?
1 E—eV
~ omc2  4m2ct (C22)

Inserting this into Eq. (C21), one obtains

pp )2 _
@B) _ wp BV up oy

2m " 4m2¢?

. (C23)

To remove E from the left-hand side of the above equa-
tion (to lowest order in v/c), we notice that

(E—eV)o"P,E=0"P,(E —eV)E — iho” (0,eV) E

_(¢"PR)’

5m E —iho” (0yeV) E.

(C24)
Equation (C23) can thus be written as an eigenvalue
equation

H=~FEZ=, (C25)

where the Hamiltonian is given by

H 2 % 4
H = (0 PH) +€V (U PH)

2m ~ 8m3c?

ih (o"P,) c” (0,eV)
4m?2c?

relativistic corrections

nonrelativistic

Hnonrcl + Hrcl .

(C26)

4. Hamiltonian in curvilinear coordinates

Finally, by making the electromagnetic potentials ex-
plicit, and using the properties of the Pauli matrices,
one can rewrite the terms Hyonrel and Hye appearing in
Eq. (C26) as follows:

Hnonrcl = ﬁ{ - hz (—g‘“’) auay — hz (Véx”) 81,

+ ihe el (De) A” + (9, A") + 2410,

—e?A AN — eﬁach} + eV, (C27)

Hye = —M%CQ{ — B2 (=g") 0,0, — B2 (V22") 0,
+ihe el (Oyep) AV + (0, A%) + 2470,
—e?A, A" — thcB°}2
+ %202 (VEeV) — #’202 (0.eV) g P,
T3 (eteyo™) (0,.eV) P, . (C28)
In the above expressions, o, = 740", where the im-

plicit summation on the Latin indices only involves the
three spatial coordinates. Besides, we have introduced
0% = —€%¢5,, and the components of the magnetic field
with respect to the rectilinear reference frame, B¢ =
€abe (9, Ap); here, €7%¢ is the totally antisymmetric Levi-
Civita symbol, which, unlike the Levi-Civita tensor, takes
the same values in all reference frames. Finally, we have
used the symbol VZ, which can be converted to curvilin-

ear coordinates through:
Vi = 0,0, = —0,0° = —eg(?aegﬁﬁ
= ¢ (0ac) 0° — 0,0"

= —¢5 (0ae}) 9710, — (9a9”") 05 — gaﬁaaa(ﬁc' |
29



Alternatively (and more simply), the relevant derivatives
can be computed in the rectilinear coordinate frame first,
and then the resulting expressions can be converted in
curvilinear coordinates.

In the main text, we consider the case where there is no
magnetic field (A* = 0), and only spin-orbit coupling is
retained among the relativistic corrections. In this case,
the Hamiltonian simplifies to the sum of the kinetic term
given in Eq. (5), the scalar potential U = eV, and the
spin-orbit term given in Eq. (6). For notational conve-
nience and self-containedness, in the main text we have
written the tetrads explicitly in terms of the inverse Ja-
cobian matrix, and we have used Greek indices also for
the components of the Cartesian coordinates; since such
coordinates themselves are indicated explicitly by means
of the subscript C, there is no ambiguity.

Appendix D: Matrix elements of the Hamiltonian in
a manifestly Hermitian form

Using the definition of the matrix elements in the pres-
ence of an arbitrary metric tensor [Eq. (4)], one can
write the matrix elements of the Hamiltonian between 2-
component spinors ‘En> in a manifestly Hermitian way,
assuming that the wave functions either vanish at in-
finity, or satisfy the Born-von Karman boundary condi-
tions (BvKBCs). The three terms of the Hamiltonian
[see Egs. (5) and (6)] give the following contributions:

=1 ~0Em

(Zn|Hiin|Em) :——/dr\/_gwa o (D)
(Z,|U|Zm) :/dr\/—_gUEL-Em (D2)
A - ort orv
(En|Hso|Em) = 8m2 2/ \/_3 a oy 5 (0uU)
X [EL- af ((91,\_.,”)—((91,5;)-00"8-5,”}.
(D3)

These forms are obtained by applying partial integration,
using the boundary conditions, and exploiting the prop-
erties of the metric tensor.

As an example, we show the explicit derivation of the
first contribution. One starts from

(Zn| Hin|Zm)
h? , 0 | 0=,
=5 dr+/— [( )—g”w o
(D4)

which follows from Eq. (5). Now, partial integration with
respect to r* is applied to the second term of this inte-
gral; the boundary term vanishes due to the boundary

10
conditions, and the remaining term is
(Zn| Hig |Em>_—h—2/dr V=g (V&rY) =t
2m "

C0(—gvg=)] 9Em
ork orv

(D5)

The derivative with respect to r* at the second term
inside the square brackets is carried on by applying the
following identities:

Ou(—g") = —ntet n(Ocel)ey + (V%TV) ,

08 = Ve (D).

9" e (Oueq) + 1" (Deeles ey =0, (D6)
which follow directly from the definitions of the met-
ric tensor and of the tetrads, and from the fact that
0qeS = 0.2 in the case at hand, because the tetrads
are defined via a point transformation from a Cartesian
reference frame. After this, one directly obtains Eq. (D1).
Equation (D3) follows from a similar derivation.

The symmetry of the matrix elements in Egs. (D1-D3)

can be made explicit by formally rewriting the operators
themselves as follows:

- e =
Hyi, = “om 9u,9"" 9., (D7)
N ik | Or* orv
Hyo  8m2c? [81" 8TC ((9 U)o 3
o
«— Or 8r ((9 U)o (DS)
8Tc 31"0

where the arrow above a derivative operator indicates the
direction along which the derivative operator acts, when
evaluating a matrix element; it is intended that, within
this convention, the derivatives do not act on the metric
factor \/—g inside the integrals. These two definitions
are equivalent to Eqs. (5) and (6); the same convention
is used in Eqgs. (8) and (9), which are the expansions of
Egs. (D7) and (D8), respectively, to the first order in the
strain tensor.

Appendix E: Secular equation up to first order in
the strain tensor

We now derive the expressions of the matrix elements
of the Hamiltonian up to first order in the strain compo-
nents on the ¥ basis, i.e. we derive Eq. (12) by evaluating
the matrix elements of Eqs. (E3) and (E4). By construc-
tion, the ¥ are orthonormal, i.e., they satisfy

(o) = [ rv/=g0T X (1) o )

= G O(k — k). (E1)



with the representation of the scalar product in a curvi-
linear reference frame, given by Eq. (4).
It is convenient to introduce the quantity

(v]A|®) = /dr Uh(r) - A(r) ®(r), (E2)

which, as mentioned in the main text, is not a scalar
product in the curvilinear reference frame, which is given

I

Hy = Hyip U, Hypog=————
0 kin,0 + Un,0 + 0 2m Orkork

and

K2«

_>
Hy = Hign + Uny + Heon = =5 — 0, (el +ek) d,+e3Ul
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instead by Eq. (4). The quantity in Eq. (E2), neverthe-
less, will appear in the following derivation, due to the
fact that the accuracy of the theory up to the first or-
der in the strain tensor also requires the expansion of

v—g(r)in Eq. (4).

For the purposes of the present derivation, it is conve-
nient to rewrite the Hamiltonian H = Hy;, +Un + Heo +
Uoxt as H = Hy + Hy + Ugyy, where

in? <
n,0 — W |: (auUn,O) Uﬂyﬁu -0 UU#V (@LUILO)] (E3)
ih? v 2 S
 8m2c2 (E Oy = 0,2 ) (B4)

Hl,nonrel

collect the terms which are, respectively, independent of
and linear in the strain tensor; Uy is left untouched.
Using the equation

8?77/,](:/ - 8Xn/,k/ _ l% R 157 8Xn/,k/
orv or 2 v R T 9 T

and keeping the BvKBCs into account, one obtains:

(E5)

<Yn,k"ﬁ0’yw,k’> :/dTv —QYL,kHOYnI,kI

w00 (e X )

~ (Xnk HO Xn’,k’) - E 7"% i
- K2 9%

= (Xnk HO X'n/,k:/) + R /drarﬂa’;l'ﬂ (quk . Xn’,k’)
. B2

= (Xne|Ho|Xn/ k) + _(Xn,k’ (V?tre) ’Xn/.,k/) , (E6)

4m

accurately to the first order in the strain tensor. Then,
the equation

<Yn,k’Uext‘Yn’7k’> = (Xn,k"Uext‘Xn’,k’) (E7)

holds exactly, because Uexs is a function of position only,
and

<Yn,k' ’Hl ‘Yn’,k"> ~ (Xn,k‘ﬁl ’Xn’,k’) ) (ES)

because Hj is of order 1 in the components of the strain
tensor.
As a result, one has that:

Hy

<Yn,k‘ﬁ‘yn/,k/> ~ (Xn,k Xn’,k") + (Xn,k‘Uext‘Xn/,k’)

h2
+ R (Xn,k’ (v2tl"€) }Xn’,k")

+ (e Hi o i) - (E9)

Hi so

The detailed evaluation of the matrix elements appearing
in the right-hand side of Eq. (E9) is presented in Sections
I and 1T of the SM [44].

Appendix F: Envelope-function Hamiltonian

Since the transformed Hamiltonian, obtained after the
manifold decoupling, is block-diagonal, its eigenstates are
combinations of the basis states belonging to a single
block. For the low-energy block, an eigenstate is written
as

n<n J1BZ
where the coefficients C,, (k) satisfy
/ dk' 1Y), (k. k') Cpo (K') = EC, (k). (F2)
1BZ

n'<N

The slowly-varying envelope functions are defined as

Fu.(r) = / dke* e, (k), (F3)
1BZ
and they allow to write the spinorial wave function <r|¢)>

in the form given by Eq. (17) of the main text. Equation
(F2) is rewritten in terms of the envelope functions as

3 / dke*™ / dk' HN) (k, k') C (K)
1BZ 1BZ ’

n’'<N

= EF,(r). (F4)

To simplify the left-hand side of Eq. (F4), we distin-
guish three types of matrix elements of the Hamiltonian:



e those having the form §(k — k')A, ,/

Z An,n’ (—IV)Fn/ (’l") ) (F5)

n' <N

(k): these give

analogously to standard envelope-function theories;

e those having the form Z]nn/(k: — k'): these in-
clude the external potential and formally analogous
terms, for which the standard treatment is applica-
ble; under the assumption that the envelope func-
tions are slowly varying, they contribute terms

> U (1) Fror (1) 5 (F6)

n'<N

e those having the form &/ (k — k') [Xﬁ(k, k:’)]nn,.
This is a new category of terms, which do not rriap
onto those related to homogeneous strain, because
the Fourier transform of the strain tensor is not a
Dirac delta.

The contributions to the left-hand side of Eq. (F4)
which include the formally new terms are written as

Z/ dkeik"’/ dk' el (k — k') [ X} (k, K]
1BZ 1BZ ’

n'<N
x Cr (K')
Z /dra 3/ dkeik'(r_r/)
N 1BZ

X/ dk/ ik’ -r { (DZ) +koz (Eu )nn/
1BZ
FRO (L) 0 KK Q) fCwrlR). (FT)

The first contribution to the right-hand side of Eq. (F7)
is

1 : /
DY ,/dr’af r / dk e (r=7")
ngN( ”)"’" ( )(27T)3 1BZ
X/ dkleik/'r/cn/(kl)
1BZ
~el(r) D (D), Fu(r), (F8)

n' <N
the second contribution is

1 : /
Ly ,/dr’alﬁ‘ r’ / dke* (r=") o
Z ( 1H)n,n ( )(271')3 1BZ

n'<N

% / dkleik/'r/cn/(k/)
1BZ

~-i Y (¢ et B (o) 201D
n/<N
. y Olel(r)Fu(r

=1 Z (‘Ca;u)n n’ % ) (F9)
n/<N
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the third contribution is

1 . /
), /dr'alf‘ r’ / dk et (r=")
W;N (£)a " ( )(27T)3 1BZ
X/ dk/eik’-T'k/a Cn/(k/)
BZ
*V aF’ﬂ, (’P)
~ —i Z E n,n el(r) e

n’'<N

(F10)

and the fourth contribution is

1 : /
Y [ dr'el (v / dk % (r=") o
R;N( 5’“)""”/ ( )(27T)3 1BZ
X/ dk/eik,'T,k/ﬁcn/(k/)
BZ
OF, (r") 06 (r —1’)
~ v / /
~ Z ( aﬁ?#)n,n’/dr E#(T) 67'/6 ore

n'<N

0 OF, (r)
=— [z
- Z O‘ﬁ:“‘ n,n’ a,r.a |:€1/( ) 6'f'ﬂ :| . (Fll)
n/<N
In deriving the expressions above, we have used
1 / T — )
P dke™\"" ") =5 (r—1'), (F12)
(27)® JiBz

which is an approximate relation, only valid when this
quantity is multiplied by a slowly-varying spatial func-
tion, such as envelope functions and components of the
strain tensor.

Collecting all terms, one obtains

N [CEY

)

(A8), | Futr) = ER(0),

n'<N
(F13)

where

h2k?
0 _
(%](Eg)n,n/ = En(O) T 2m + Ue’“(r)‘| O/

hw;‘;n, ﬁQHZ) /k i Fl4
+ m a Tt m2 ahp ( )

is formally the same as the standard k - p Hamiltonian
[31], but with the k, operators defined in curvilinear co-

ordinates, and (f[(ElF))
defined in Eq. (18).

) is the strain-dependent term

)

Appendix G: Numerical estimates

1. Strain model in a MOSFET

Here we provide quantitative estimates for the new
Hamiltonian terms that depend on the inhomogeneous



strain tensor and its derivatives. For simplicity, we re-
fer to the approximate Hamiltonian of Eq. (19) and we
apply it to describe a model silicon nanostructure. We
consider a system similar to the one described in Ref. [19],
consisting of a MOSFET with two SiGe stressors placed,
respectively, above the source and the drain gates. An
analytical model that approximately describes the stress
tensor in such a system can be derived by solving the
elasticity problem of a localized force on a semi-infinite
plate [48, 49].

From the stress tensor, one should then obtain the
strain tensor sg‘(r) by applying the compliance relations
[1], and the displacement u®(r) by integrating the strain
tensor according to Eq. (A3), taking e.g. 7o = 0 and
u(0) = 0 (which is equivalent to fixing the origin of the
laboratory reference frame). However, the expression of
the stress tensor given in Ref. [49] is notoriously an ap-
proximate one, which does not satisfy the compatibility
equations exactly [18]. A consequence of this fact is that
there exists no function u®(r) such that the strain ten-
sor derived from the given stress (let us call it €approx.)
satisfies Eq. (2).

An equivalent alternative formulation of this statement

4
» oot S4 S4 z
)= 3 (oot ) s (o ) s

5 T —x;)?
+ (811-1-812-1-&)111((
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is that the line integral in Eq. (A3), when evaluated on
Eapprox., depends on the path connecting ro to r. This
can be verified by comparing the results obtained with
the following paths [with r» = (z,y, 2)]:

Path1 :
Path?2 :

(0,0,0) — (x
(0,0,0) —

,0,0) = (z,9,0) —
(0,0,2) = (0,y,2) =

(z,9,2),

x,Y, 7).
(G1)

—

We notice, however, that the displacements obtained by
using these two paths are nearly identical almost every-
where. The discrepancies occur on small domains close to
the stressors, where the simplifying assumptions beyond
the analytical solution for the stress tensor apparently
imply some non-physical behavior if Path 1 is used.

Therefore, we assume that the displacement obtained
with Path 2 is the physically correct one, and we adopt
its expression for the function w(r). Inverting our per-
spective, we now take this as our starting point, and we
obtain the strain tensor €§(r) analytically by applying
Eq. (2). The strain tensor obtained in this way, by con-
struction, is uniquely defined and obviously satisfies the
compatibility conditions.

The displacement field that we adopt is then given by:

2

ol

2 x? +z2
u?(r) =0,
5 )_ UOti ( 544) Tiz
ui(r) = — 2 siy (sn—se -5 ) 5003

S T; S €T;
+ 244 arctan (—Z) o arctan
2 z 2 z

Here: s11, s12 and s44 are the compliance constants of Si
[4]; {zi; i = 1,2, 3,4} is the set of sidewall positions defin-
ing the extension of the stressors; generalizing Ref. [49],
we take

x4=w+§,
(G3)

where w is the stressors’ width (along the x direction)
and d is their separation (d is larger than the MOSFET
channel length); s; are signs that account for the ori-
entations of the forces applied by the stressors (taking
$1 = 83 = +1 and s2 = s4 = —1, one reproduces the con-
figuration of Ref. [19]); ¢ is the thickness of the stressors
in the z direction, and o is the biaxial stress parameter

z
—(s11+s arctan | —
2 ( 11 12) <$Z>

) . (G2)

in the SiGe stressors.

2. Main new terms due to the inhomogeneity of
strain

We focus on the approximate envelope-function Hamil-
tonian given in Eq. (19) and discuss the three main new
terms resulting from our formulation, all of which are
diagonal in the band index:

fi= T[] T= ks,

L= o (V)] o= —e)

™~ hz sym

=" [aa o ('r)} ik (G4)
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FIG. 1. Components (a) u” and (b) u* of the displacement
from Eq. (G2), as functions of = and for selected values of
z = 1 nm (gray), 2 nm (brown), 3 nm (blue), 4 nm (red),
5 nm (green). Parameters (09 = —1.9 GPa, t = 50 nm,
w = 180 nm) are taken from Ref. [19], except for d = 30
nm. Vertical dashed lines correspond to the extremities of the
channel at x = £11 nm (black) and to the internal borders of
the stressors at = £15 nm (orange).

We start from the first term, 7}. The trace of the
strain tensor is proportional to the trace of the stress
tensor, and it can be shown [48] that the laplacian of the
latter vanishes in an isotropic system. Therefore, in such
systems T} vanishes identically. However, crystals are not
isotropic, and assuming that they are is an approxima-
tion that might fail on small spatial scales such as those
pertaining to nanostructures (the anisotropy of crystals
is reflected in the values of the compliance parameters,
which connect stress and strain tensors). Overall, T} is
a function of coordinates only, which appears on the di-
agonal of the k - p matrix. Therefore, it represents a
correction to the slow-varying confinement potential.

The term 7% is a quadratic function of the momen-
tum operator acting on the envelope functions; it can
be viewed as a spatially-dependent correction to the
effective-mass terms, where the spatial dependence is due
to the inhomogeneity of the strain tensor. This is the only
term among those in Eq. (G4) that survives if the strain
is homogeneous; however, it has been ignored so far.

The term T has a completely new form, being linear
in the momentum operator. It is not analogous to a spin-
orbit term, since it does not couple different bands.
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FIG. 2. Quantity Ti(r) (a) as a function of x for selected
values of z (same colors and conventions as in Fig. 1), and (b)
as a function of z for selected values of z = 0 nm (gray), 2.5
nm (brown), 5 nm (blue), 7.5 nm (red), and 10 nm (green).

3. Numerical values

We here present numerical estimates related to the
quantities T, T» and T3. For illustrative purposes, we
use the experimental values given in Ref. [19] to define
the stressors (0p = —1.9 GPa, w = 180 nm, ¢ = 50 nm),
but we assume that the distance d between them can be
changed. In particular, we apply this analysis to a hy-
pothetical device based on the 22nm-FDSOI technology
[50], and we take d = 30 nm. The resulting displace-
ment field is displayed in Fig. 1. The following discus-
sion is not meant to be exhaustive of all possible cases;
it rather illustrates the main physical features of the new
terms. Their actual values and the extent of their impact
on the physical properties of the confined hole states are
strongly device-dependent, and a comprehensive analysis
of the parameter space is beyond the scope of the present
work.

In Fig. 2 we plot T (7) as a function of position. As dis-
cussed in the main text, this quantity should be thought
of as an effective correction to the confinement potential.
As can be seen from Fig. 2(a), for values of z close to the
top of the channel, this correction develops attractive (re-
pulsive) pockets for electrons (holes), close to the ends of
the channel along the x direction. In certain geometries,
this might be an unwanted source of perturbation for the
confinement, especially in the electron case, where the
lateral attractive pockets compete with the confinement
at the center of the channel. In the particular device dis-
cussed here, however, such effect seems to be minor, due
to the small values achieved by 77 over the channel and
its near-uniformity close to the center of the channel.
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The operator T is determined by the coeflicients of
the quadratic forms I%akﬁ, which, apart from a multi-
plicative constant, are the symmetric components of the
strain tensor. They are shown in Fig. 3. For the consid-
ered device, the diagonal terms (xxz) and (zz) are even
functions of z, and they reach values of the order of sev-
eral meV - nm? close to the center of the channel, while
the (zz) term is an odd function of x, and its values in
the relevant region are smaller. For comparison, the co-
efficients of k2 and k2 in the k - p Hamiltonian for heavy
and light holes in silicon are:

h2
= 176.174 meV - nm? ,
2mx,H
h2
=150.342 meV - nm?,
2mx,L
h2
= 137.426 meV - nm?,
2mz,H
ﬁ2
5 = 189.089 meV - nm?, (G5)
z, L
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where m,p, is the effective mass along direction «, and
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FIG. 4. Prefactors of the linear forms of the momentum com-
ponents appearing in 73 as functions of z, for selected values
of z (same colors and conventions as in Fig. 1). (a) coefficient

of l;z, (b) coefficient of k..

h = H/L denotes heavy/light holes. Therefore, the Th
term produces a sizeable, spatially-dependent correction
to the effective masses, which for the considered device
can be of the order of ~ 1% to 2%, depending on the hole
species and on the direction.

Finally, the term Ts is determined by the spatially-
dependent coefficients multiplying the components of the
momentum operator. For the case at hand, these are
displayed in Fig. 4. The considered geometry produces
coefficients of k, and k., that are, respectively, an odd
and an even function of x. Therefore, in this partic-
ular case, the k, term likely has a minor impact on
the states of the confined holes; the k. term, instead,
is associated with characteristic energies of the order of

<%23aazyzm> k. ~ %zaaazyzmi, where L, is a typical con-
finement length along the z direction, and 22 9,5

= is an
average value of the coefficient depicted in %lig. 4(b) close
to the center of the channel. Taking for the latter a repre-
sentative value of 0.1 meV-nm, and L, ~ 10 nm or 5 nm
(as in currently available or downscaled MOSFETS, re-
spectively [22]), one obtains energy scales of the order of
~ 0.01=-0.02 meV, corresponding to effective frequencies

of = 2.4 + 4.8 GHz.
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SUPPLEMENTARY MATERIAL

In this Supplementary Material, we provide technical details related to the derivation of the results presented in
the main text. In particular, in Section I we derive the matrix elements of the Hamiltonian in curvilinear coordinates
on the basis of modified Luttinger-Kohn states, and in Section II we detail the procedure for decoupling the manifold
of interest from the remote bands.

In the following, equations specified by a number preceded by S [e.g., Eq. (S1)] are those of the present Supplemen-
tary Material, while other specifications [e.g., Eq. (10) or Eq. (E9)] refer to the main text or its Appendices.

I. EVALUATION OF THE MATRIX ELEMENTS NEEDED FOR THE SECULAR EQUATION

We now evaluate the four terms in the left-hand side of Eq. (E9) one by one. In the following, these definitions will

be used:
Z elG r~cr (Sl)

with the normalization

(2m) Z Z U 0(G) @ o(G) = dnur (52)

and

Z U, 0 (S3)
It is also convenient to introduce the Fourier transform of the strain tensor (on the infinite ¢ domain),
o g ig-r ~o 1 a —ig'r
EB(’I’)E/dQEB (q)e'? & g5(q) = W/drsﬁ(r)e T, (S4)

where gg‘(—q) = {gg‘(q)} , because the strain tensor is real. Homogeneous strain is obtained as a particular case, by

setting eX(r) = 5 < ¥ (q) = 5 0(q) .

4. Term due to ﬁg

The first term in the right-hand side of Eq. (E9) is evaluated using standard techniques [30, 31], since it is formally
the same as the one arising in k - p theories for unstrained systems in Cartesian coordinates:

N —h2V?2 R
(X”vk|H0|Xn’,k") = /dr XIL,I@(T) { om =+ Un,O(r) —1 W‘T : {[VTUH,O(T)] X vr} } Xn/ k! (r)

n2k?)  h
j— — / , J— . ’ .
=k k){&nm [En(0)+ o ] +—k wn,n} (S5)

Here, E,,(0) is the energy eigenvalue of band n at the expansion point (here taken to be I' = 0), and 7, ,,» is defined
according to the following equation:

5k — k) = / dr e ER) T i ofr) (36)

where
ho x [VeUno(r)] _

4mc?

T, = —1hV, + =p,+ Apml (S7)

is an operator in position space and a matrix in spin space. For practical use, Eq. (S6) can be rewritten as

(2m)°

TTnn' = /d’!‘ UIL 0(71)777'”71’.0(71) ) (88)
) chy s )

where ¢,y is the crystal (i.e. the normalization) volume.
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5. Term due to Uext

Also the second term in the right-hand side of Eq. (E9) is evaluated using standard techniques [30, 31]. It should be
kept in mind, however, that the external potential must be expressed in curvilinear coordinates r. Therefore, while
its expression in Cartesian coordinates does not depend on €, its expression in r coordinates acquires a dependence
on ¢ via the coordinate transformation rc — r. In general, the external potential does not admit an expansion in
powers of €. This is not a problem, as it can be incorporated non-perturbatively into the Luttinger-Kohn equations,
as long as it retains a slow spatial dependence with respect to the scale of a unit cell. Therefore,

(Xn,k|00xt‘xn’,k’) = /d'r Xl,k('r) Uext (1) X g (1) = (277)3 E E § ﬂf:o(G) a(rTz’,O(GI) ﬁcxt(k -k +G- G/) )
o G G’
(S9)

where

Uexi (k) = Ok /dr e R Ui (1) . (S10)

Assuming that the external potential is smooth over a lattice unit cell, it is posited that ﬁext in Eq. (S9) is not zero
only if its argument lies inside the first Brillouin zone. Since k and k’ are both inside the first Brillouin zone, the
quantity k — k' + G — G’ satisfies the requirement only if G = G’ or if G — G’ is a nearest-neighbour of the origin
in the reciprocal lattice. In the latter case, vectors k and k' can satisfy the constraint if they are close to opposite
sides of the first Brillouin zone. Nevertheless, this case is usually neglected, and only G = G’ is considered. Under
this approximation, the standard result is obtained:

(Xn,k’cht‘Xn/,k/) ~ 5n,n’ ﬁcxt(k - k/) . (Sll>

Analogous approximations will be adopted in the remainder of the derivation, while dealing with the inhomogeneous-
strain terms.

6. Orthogonality correction

The third term of the right-hand side of Eq. (E9) is the strain-dependent correction that ensures the orthonormality
of the basis set. The corresponding Hamiltonian term is a slowly-varying function of position, formally analogous to
an additional external potential. Therefore, the treatment of this term is analogous to that of Ugy in the previous
Subsection. Applying the same approximation, one obtains:

2
h ke —K* 2 (k — k). (S12)

4m

h? 9.
(Xn’k|ﬁ (V tI‘E) |Xn’,k’) =~ _5n,n’

7. Terms due to ﬁl

To evaluate the contributions to Eq. (E9) due to H 1, it is convenient to split them into a nonrelativistic term and
a spin-orbit term, as in Eq. (E4). The two terms will be considered separately.
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a. Nonrelativistic term

The nonrelativistic term is given by the expression:

(Xn,k'

ﬁl,nonrel’Xﬂ’,k”) = Z / dr{e_i(k_k/)'rUZTo(T’) E% (’l") Ug('f’) uz,yo(r)

2 9 [e kT (r 0 UZ/,O(T)eik/'r
a 2h_m | awm o [e5i(r) + b)) [ orv }}

=(2m)* Y D uTe (@)Y ag/70(c:/){ Y ak-K+G-G -GG
o G G’ G’
- %gy(k — K +G—G)[(G" + k") (G" + k") + (G” + k¥) (G™ + k'™)] } . (S13)

where the Fourier transforms listed at the beginning of this Section have been used.

Since the strain tensor is assumed to have a slow spatial dependence, €/'(q) is non-zero only if g belongs to the first
Brillouin zone. The arguments of the Fourier transform of the strain tensor in Eq. (S13) are (k—k'+ G- G — G")
and (k — k' + G — G’). In the first case, the requirement of slow spatial variation of the strain tensor imposes that
G — G' — G" is either zero, or one of the nearest neighbours of the origin in the reciprocal space; in the second case,
the same holds for G — G’.

Along the lines of the approximation that is usually adopted for the slowly-varying confining potential (see the
previous Subsection), we set to zero the combinations of reciprocal lattice vectors which are summed with k — k’
inside the arguments of the slowly-varying functions. Then, the following identities are introduced:

~ ~ 27)3
0n)* S, 0(6) (@) = DL [l o(r) o) = G
e cry

)3 0 1
@) S0 o(@) i 0(@) & = E [ el o) - (2 ) wwolr) =~ (1), 0
XG: , Qery / : < or ) p o Pvon,

(27 .ol ool ) G = O Jaradotr)- (=i ) (=i ) warlr) = 5 )

~ s 3
2m)* Y N "l o(G) -t o(G)UL (G - G') = (3 ) / dr U (r) ul o(r) - o(r) = (U)o (S14)
G & cry

where ¢,y is the crystal (i.e. the normalization) volume.
In terms of these quantities, the result reads as

2 ~ v h2 2 1 v v
(Xn,k"Hl,nonrel‘Xn’,k’) ~ 5#(16 - kl){ (Uﬂ)n,n’ - % [ﬁ (pMpU)mn/ + ﬁ (pﬂ)mn/ (k + kl )
1
+ (R ) 5 (D) + (KPR + KR 5%"’] } | o

The content of the curly braces in Eq. (S15) can be expressed in terms of the quantities given in Eqgs. (13a-c) of the
main text.

b. Relativistic term

The relativistic contribution is due to the operator

Hypo = i (2”3,, - 3,,2") , (S16)
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where ¥ is defined in Eq. (10). It is convenient to elaborate this quantity as follows:

(1) = { o (502 por + (P58 ety o - ety o)

=13 [daor @) {[T2EME (@) (0" + 6™) - 6" Tnnl G E(@)] 0 + G Tun(G) EL @)}

GN
=iy / dqe(a+E" )" (5, (q.G") ot + 27, (¢.G") o] . (S17)
GN
The matrix element is then:
. T
. in? Oxnr g (1) X (1)
_ T v Xn' k n,k v
(Xn,k:‘Hl,so|Xn’,k’) = T /dr [ka(r) -XY(r) - v I X)X g ()
h2

@0 3 ho(@)- " o @) (B + G+ K +G) S, (0.G")
G,G',G"

Rl el k/a G/a 7o ,G// ’ . S18
+ (" + G+ K+ G2, (q )}FHG%_G,?G,, (518)

8m2 c?

Consistently with the approximation that was already discussed for the previous terms, here G = G — G’ should
be substituted in the whole expression. In particular,

S, (q,G" ~ b NUB(G - GNES(k—FK) (kK +GH — K+ —G™
W@ G| o N e UL )E5 (ke — k') (k" + )
—(G* = G"™)Uno(G — GES(k — K')| (S19)
and
7% (q.G" ~dcr o (G* — GV U, o(G — GNEY (k — k' S20
(@ )q:k+G_k,_G,_G,, cr.a-c ( ) Un,o )ES( ) (520)

Finally, the following identities hold for any function U(r) having the same periodicity as the lattice:

3
(2m) Z un o U 0(G) (G G = ((2;) /dr ul;o(r) o™ g o(r)U(r) = (O'#UU)H_’”/ ,
G Gl cry

~ )3 ,
(2m) Z u" o(G) " U o(G) U(G - G') (G" = G") = 20 /dr UL,O(”“) oM U o (1) (‘iaU( )>

o
G,G’ o

[0 (PalU)lp s

St =

~ )3 oul (v
(27r) Z ujl o(G) - " Uy o(GYU(G-G)G* = (2m) /dr <i;+“> oM U o(r)U (1)

= (") Pl

W N TT el arif (27T)3/ auno( ) v __811,”/70(7")
(27) Gz(;uno " T o (G U(G — G GG . dr (i—5—= |0 i—p5 ) Ur)

= % [?a (U#UU) ?ﬁ]n,n’ ’

@2m)° YAl (@) 0" Ui o(G) UG — GY) (G¥ + G (G" — G™) =
G,G’

5 [P0 (0" puU) + (0" puU) ol -

(S21)

;r|H
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The result is

2

. e 1
Ot H o i) = i385 (k = ’“”{2’““’“”’ (7 U8) 0+ 2 (VL) B, + 2 2 [ (0 02)]

n,n’

St o=

n,n’

1 1
+ 2? [?u (UMUUg) ?u}n_’n/ + (ku + kly) % [Uﬂa (puUn,O) — o (pozUn,O)]

+ w2 [?u (UﬁapuUn,O) - %u (Uﬁyann,O) + (Oﬁavan,O) ?v - (Oﬁyann,O) ?V:In,n’ } . (822)

8. Total matrix element

Combining the terms derived above, one can express Eq. (E9) as

IA{(O)‘Yn’,k/> + <Yn.,k:|f{(1)|Yn’,k’> ) (823)

<Yn,k|H|Yn/,k’> ~ <Yn,k

where

<Yn,k IA{(O)}Y”/J@» = (Xn,k|ﬁO|Xn/,k’) + (Xn,k|cht}Xn/,k/)
=0k —K)bun |E 0+h2k2 e + Onmr Uoxi (ke — K/ $24
- ( n,n’ n( ) m m Tn,n’ n,n’ ext( ) ( )

is formally analogous to the standard k - p Hamiltonian (but expressed in curvilinear coordinates), and

N h2 N
<7n,k}H(1)Wn/,k/> = R(Xn,k} (Vtre) [xnr k) + (Xnge | Hi [ Xt 1)

? 2 ~ ~ v apv a prv @ v
— Ve = P & = ) G+ B — K) (D) + RO L, + KL, + KK Q) (525)

is the correction due to strain, as reported in Eq. (12) of the main text, where the deformation potentials are defined

in Egs. (13)-(15).

II. MANIFOLD DECOUPLING

We here apply Lowdin partitioning in order to decouple a low-energy manifold of bands, with n € {1,2,..., N},
from the higher (remote) bands with n > N. Using the notation of Ref. [32], the Hamiltonian is written as

=004 50 4 7o, ($26)

where H(® is diagonal in the band and crystal-momentum indices, H(") contains all intra-manifold terms, and H®
contains the inter-manifold terms. In the case at hand, using Eqs. (S23)-(S25), the three parts are written as

. h2k2
A0 =% /1 . dk {EH(O) + %] X)Xt » (S27)

A h
I DODSED YD 0y AN T

n<Nn'<N n>Nn'>N

~ h2 5
+ / dk/ dk/ |:Uex k - kl ~dm k - k/ EM k B kl :| Y77, Yn ’
; 1BZ 1BZ t( ) 4dm | | H ( ) } k>< Kk

+ Z Z + Z Z /1]32 ak /1<BZ dk/g#(k - k’/) [Xﬁ(k’ k/)}n,n/

n<Nn'<N n>Nn'>N

Yn.,k:><Yn’,k|

X)X et | » (S28)
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)

. h ~ by N
A= {3 N" +3 > ABde/lBde/{5(/@_14)%1{;.%”,+55(k_k’) [Xu(k:,k’)]n’n/}|Xn1k><xn/1k,

n<Nn'>N n>Nn'<N

(S29)
where
(X (koK) = (D), + K (L) + K (L850 0+ EOK T (Qipi) (S30)
A canonical transformation
H=c"He®, [9)=c"[0), (s31)

is applied to block-diagonalize H?), while preserving the already block-diagonal form of H(© + H®_ Following the
procedure outlined in Ref. [32], one writes

H= ’}:[diag +7:[nondiaga (S32)
. > e & ooy a7 (25H1)
=3 i 10 0,855 e
=HO + g0 ¢ [fl<2> , S} +% HH(O) +HWD S} : S} ..., (S33)
. e . oy A & p oy A7(20)
Huondiag = jgo m [H(O) +HWD, S} o +j;0 @ {H(Q), } N
= A 4 [HO 4 B0, 8]+ 2 [[A®, 8], 8]+ ($34)

The operator S is chosen 5o that Hyendiag =~ 0. Expanding S =804 8@ 4 this condition is satisfied by imposing
[0, 30] =~ [70, 5] = - [A0,50] ... . (s35)

The resulting first term of the expansion is

X §(k—k Lk m, v +el(k—FK)[X"(kE)|
S _ + / dk/ dk’ I " X k) (Ko |-
2 ) b B0+ B 5y (0) - B )
(S36)

The second term, S, displays an additional large denominator with respect to S, so it is much smaller and it will
be neglected here.

The effective Hamiltonian after the canonical transformation is then

N~ HO 4 FO 4 [H@), g<1>} 7 (S37)

where terms of order o €2 must be discarded from the expression of [ﬁ @ g (1)} , since the present theory is accurate
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only up to the first order in the strain tensor. The resulting Hamiltonian restricted to the n < N manifold is:

N m2Kk21 _ h
TN ~ Z / dk [En(o) 4 %} ‘Xn,k><Xn,k:‘ + Z Z /1132 dkEk'ﬂ-n,n’

n<Nn'<N

) h h
DI ABdeEk'”"m”Ek'W"“*”' (En(o)—En//(O)+

n<Nn'<Nn"">N

~ K2 2 .
+ / dk/ dkz’[Uex k—K)— —|k—FK 8“k—kl}yn Xn, k'
Sk [ k|Gl =) = e P S ) [£0)

n<N

+>0) /18de/“3de Lk —K) [X (kK]

n<Nn'<N

Yn,k> <Yn’,k‘

En(0) — Enr (0)) [ X1 ) (Ko |

Yn,k> <Yn’,k’

NN /1 . dk /1 . dk'E (K — &) Xz ) X e |

n<Nn/<Nn'>N

1

X

1
kT [ XY (kK
m Tn, [ #( )}n”ﬂl' <En(0) — En//(()) + En/(()) + h2k2 n//(O) - h2k2>

2m

+ [XZ(k, k/)] non’’ %kl . Tl-nll)n/ <

E,(0) + L2k

1 1
"B (0)— BEZ T (0) - B (0)” ' (539

2m

The last three lines represent a small contribution with respect to the dominant, strain-independent one, and they
will be neglected here. Under this approximation, the matrix elements of Eq. (S38) are written as

) ) R,
<Y’n,k H Yn’7k/> ~ <Y’ﬂ,k‘H’Yn’)k’> + 6(k — k/)#kakﬁ N (839)
where n,n’ < N, and
T, T T 1Tt m!
o o« b mn T\ $40
o ngN (En(o) — By (O) * E, (0) — Enr (O)> ( )
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