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Abstract

A method of solving the time-dependent Schrodinger equation is presented, in which a finite
region of space is treated explicitly, with the boundary conditions for matching the
wavefunctions to the rest of space replaced by an embedding term added on to the Hamiltonian.
This time-dependent embedding term is derived from the Fourier transform of the
energy-dependent embedding potential, which embeds the time-independent Schrodinger
equation. Results are presented for a one-dimensional model of an atom in a time-varying
electric field, the surface excitation of this model atom at a jellium surface in an external electric

field, and the surface excitation of a bulk state.

1. Introduction

The availability of ultra-short laser pulses [1] opens up
new ways of studying time-dependent electronic processes in
atoms [2, 3], molecules [4] and at solid surfaces [5]. In
surface physics the time delay of a core electron emitted
through the surface potential barrier can now be compared on
an attosecond timescale with valence electron photoemission
in time-resolved photoemission experiments [6]. This makes it
important to develop appropriate theoretical tools for studying
such processes, in particular for solving the time-dependent
Schrodinger equation accurately. A problem arises with
the boundary in solving this equation—if an electron is
ejected from an atom, for example, how is its wavefunction
treated as it propagates outwards towards the edge of the
computational region? One approach is to apply absorbing
boundary conditions at the edge of the region [7], but this is
an approximation [8]; complex coordinate methods can also
be used to remove the outgoing wave in solutions of the time-
dependent Schrodinger equation [9]. Other methods are used
in atomic physics to study photo-ionization in particular—the
wavefunction can be expanded in complex basis functions [10],
and Floquet methods use a Floquet—Fourier series expansion of
the wavefunction [11].

In recent years there has been work on transparent
boundary conditions, so that the solution of the time-
dependent Schrodinger equation in some restricted region
of interest, which we call region I, propagates out through
the boundary into the rest of the system, region II, without
reflection. It has been shown by Hellums and Frensley [12]
using a matrix partitioning of the Hamiltonian that these
boundary conditions are equivalent to an extra ‘memory’
term—a time-dependent embedding or self-energy term—
added to the Hamiltonian. This spatial partitioning, and the
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corresponding form of the embedding term, is appropriate for
a Hamiltonian constructed with localized basis functions or
spatially discretized wavefunctions.

An embedding method for solving the time-independent
Schrodinger equation in the region of interest was developed
many years ago by the author [13, 14]. The operator which
embeds region I—the embedding potential—is given by the
surface inverse of a Green function for region II, evaluated
over the boundary between the regions. Any convenient
basis set can be used to expand the wavefunctions (or Green
function) in region I, and the method has been widely used in
accurate surface calculations [15], and recently in photonics
applications [16]. The embedding potential is a generalized
logarithmic derivative, giving the normal derivative of the
wavefunction over the boundary of region I in terms of
the amplitude—in mathematical terms it is a Dirichlet-to-
Neumann map [17]. It is this form of embedding potential,
rather than a tight-binding or discretized form, which we shall
apply in this paper to the time-dependent problem.

The time-dependent version of the Dirichlet-to-Neumann
map has been studied by Ehrhardt [18], and applied
to embedding the time-dependent Schrodinger equation,
discretized spatially as well as temporally—Ehrhardt paid
particular attention to the stability and accuracy of the time
evolution. Moyer [19] has used this to study a range
of one-dimensional problems including the scattering of
electrons in model semiconductor structures. Recently, Kurth
et al [20] have developed a spatially discretized method to
study quantum transport through a structure between two
leads, replacing the leads by time-dependent embedding self-
energies; they also consider time-varying bias potentials in
the leads. Boucke et al [8] have applied the time-dependent
relationship between normal derivative and amplitude to the
one-dimensional problem of an oscillating potential of the

© 2008 IOP Publishing Ltd  Printed in the UK
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form V(z,1) = —1/cosh’[z + & sin(wt)] acting on the
wavefunction 1/cosh(z). (This wavefunction is the bound
state of the static potential; the oscillating potential is
equivalent, by the Kramers—Henneberger transformation [21],
to the static potential in a spatially uniform time-varying
electric field.) They solve this problem on a finite spatial
grid, with the boundary relationship, for zero potential in the
external region, applied to the end grid points.

Instead of using a finite-difference grid, Ermolaev er al
[22] expand the wavefunction in region I in a basis set.
The matrix element of the kinetic energy operator evaluated
over this finite region of space gives a normal derivative
term at the boundary of region I, and this is evaluated using
the Green function relationship with the boundary amplitude.
They also consider the time evolution of the bound state of
the —1/cosh?(z) potential, but instead of transforming the
spatially homogeneous, time-varying electric field using the
Kramers—Henneberger transformation, they treat the problem
directly, with a sinusoidally varying field in region II. Like
Ermolaev et al, we will also use a basis set for expanding the
wavefunction in region I, but we incorporate the amplitude—
derivative relationship in a way analogous to the energy-
dependent embedding method [13].

We begin this paper with a derivation in section 2 of
the time-dependent embedding method, based on our original
method for embedding the stationary Schrodinger equation. In
section 3 we derive the time-dependent embedding potential
analytically for a constant external potential in region II, and
demonstrate a numerical technique for embedding on to a
constant electric field. We move on to model applications
in sections 4 and 5. In section 4 we shall consider the
same problem as Boucke er al [8]—the oscillating potential
-1/ cosh?[z + &y sin(wt)] acting on the 1/ cosh z bound state,
using a very small region I enclosing this potential and
embedding on to zero potential on either side. We shall see that
the results are in excellent agreement with a finite-difference
calculation extending a large distance on either side of the time-
varying potential. In this section we shall next consider the
excitation of a localized wavefunction at the surface of a free-
electron metal by a time-dependent perturbation, with a static
electric field on the vacuum side of the surface. We could use
this in a model of photo-assisted field emission [23], or even
pump—probe experiments; here the calculation provides a test
of the embedding potential for a uniform electric field.

The problems that we solve in section 4 are restricted
to wavefunctions confined initially to region I, though in
the course of time evolution they leak outside. This is
a severe restriction for surface physics or other condensed
matter applications, where the initial wavefunction is usually
an extended state. In section 5 we shall show how the
time evolution of such wavefunctions can be calculated
using embedding, with region I containing the time-
dependent perturbing potential, but not necessarily the starting
wavefunction. The model calculation that we shall describe
in section 5 corresponds to the surface of a free-electron
metal, with a sinusoidal time-dependent potential applied in
the surface region (region I). With a small basis set, the time
evolution of the bulk wavefunctions at the surface can be
calculated very accurately.

Figure 1. Region I is embedded on to region II over surface S.

Atomic units are used throughout this paper, withe = i =
m, = 1. The atomic unit of time = 2.418884 x 1077 s, so
that 1 fs = 41.341 38 au.

2. Stationary and time-dependent embedding

In this section we shall start from our previous results for
embedding the stationary Schrodinger equation [13], and show
how these can be transformed into time-dependent embedding.
The embedding problem can be represented schematically by
figure 1. We wish to solve the Schrodinger equation—either
time-independent or time-dependent—in the whole system,
regions I+ II: region I is treated explicitly, and region II is
replaced by an ‘embedding potential” at the interface S, added
on to the Hamiltonian for region I. In a typical application
to surfaces, region I would be the surface layer or two of
atoms together with the potential barrier region, and region
II would be the vacuum on one side and the substrate crystal
on the other [15]. The embedding potential ensures that
the wavefunctions evaluated in region I match correctly in
amplitude and derivative on to the appropriate solutions of the
Schrodinger equation in region II.

2.1. Stationary embedding

The original embedding method is based on a variational
principle for the energy, and here we shall outline the
derivation [13, 14]. The one-electron Hamiltonian, of which
we wish to find the expectation value, is given by

H=-iV'+V(), ¢))

where V is the one-electron potential. In region I we
have an arbitrary trial function ¢; this is extended through
region II with the exact solution 1 of the Schrodinger equation,
evaluated at some trial energy €, which matches in amplitude
on to ¢ over the boundary S joining the regions (figure 1). It
is assumed that at an external boundary (the dashed line in
figure 1), the wavefunctions satisfy a homogeneous boundary
condition, typically going to zero. The expectation value of H
is then given by

fidr¢*Ho + e fydry*y + 1 [odrs¢*(22 — 2L)
Jdrg ¢ + [ dry=y '

(@)
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The first two terms in the numerator are the expectation values
of the Hamiltonian in regions I and II. The third term, an
integral over the boundary S, contains the difference in normal
derivatives on either side of S (measured outwards from I) and
comes from the kinetic energy operator acting on the kink in
the trial function.

‘We now use a result obtained by applying Green’s theorem
in region II,

Iy (rs)
P

ns

1
W) = =3 [ i Gutrs. s G)
Gy is the Green function in II satisfying the zero normal
derivative boundary condition on S. Taking the inverse of (3)

gives the result which is central to the embedding method,

T [ a6y s oy, @)
ons s

where G;' is the surface inverse over S. G,' is the
embedding potential and, as we see from equation (4), it is
a generalized logarithmic derivative. G I is the same as the
mathematicians’ Dirichlet-to-Neumann map [17, 24], mapping
the Dirichlet boundary condition (the amplitude specified over
the boundary) on to the Neumann (the derivative specified).
Using this result, and the fact that ¢ = ¢ over the boundary,
we obtain

/Sdr(;S - —2/drs/drs¢ (rs)Gy ' (rs, rs: €0 (rh).
(5)

To complete the simplification of equation (2), we use a second
result involving the embedding potential [13],

—1 /.
/drllf*w = —/drs/drgqﬁ*(rs)wrb(r@.
)i S S

de
(6)
Substituting (5) and (6) into (2) gives us the embedding
variational principle,

. 1 a¢
E={/dr¢ H¢>+5/ e
N
aGO
/drs/drsqb <G0 - )¢}
—1
x{/drqbqb—/drs/ 5 ¢} . @)
I S S €

This gives E in terms of the trial function ¢ defined in region I
and on its boundary S.

The wavefunction ¢ which minimizes (7) satisfies the
following equation in region I, including S:

1_, 1 ¢

——V + V@) )o@ +6(—rs)| = —

2 dng

—1

+/drs(G ©+(E—o’ )¢>(rg>}=E¢(r).
8)

The embedding potential evaluated at trial energy € plus the
energy derivative term give G, ! at the required energy E, to

first order in (E — €). The surface terms in square brackets
vanish when ¢ has the correct normal derivative to match on to
the solution of the Schrodinger equation in region II, so this is
the correctly embedded solution of the Schrodinger equation.
To find the solutions of (7) and (8), we expand ¢ in terms
of basis functions y; (here we assume that they are real and
orthonormal):
¢ =) ax ). ©)
1
Substituting into (7) and finding the stationary values of E
gives the following embedded Schroédinger equation in matrix
form:
Z(H,‘j + E[j)aj = Ea[.
J

(10)

The first term comes from the Hamiltonian and the surface
derivative term in the variational principle,

1
H;; = /dl‘ Xi (r) |:—5V2 + V(l‘)i| X (1)
I

+ ;/dl‘s xi(r s)M
n

1
=3 /drvxi(l‘) «Vyx;(r) + /drxi(r)V(r)xj(r),
I 1
while the second term comes from the embedding potential,
Y= /drs f dry xi(rs)[Ga1 (rs,r5;€) + (E —¢€)
S S

3G, (rs, ;s €)
e ma] L

1D

12)

When € lies in an energy continuum of region II, G, !
complex, so we usually find the Green function of (H + %)
rather than the eigenvectors.

2.2. Time-dependent embedding

We shall now build the time-dependent formalism on the
results of the last section. First we consider the relationships
between normal derivative and amplitude as functions of time,
corresponding to (3) and (4) in the energy-dependent case.
Taking the Fourier transform of (3) gives us

Y (g, 1)
on S
(13)
where we use a tilde to indicate functions of time. Go satisfies
the time-dependent Schrodinger equation in region II,

~ 1 4 -
Y (rs, 1) =—§/dr/s/ dt’ Go(rs, rg; 1 — 1)
S —00

1 2 . 0 ~ / / / /
_EV + V(r) — 15 Gor,r';t—1t) =8(r—r)s(t—1),
(14
with the zero-derivative boundary condition on S, and, because
we take the retarded Green function, we have,

Go(r,x¥;1—1) =0, r<t, (15)
hence the upper limit of 7 in the integral in (13). This
can be derived directly by applying Green’s theorem to
the inhomogeneous equation (14), and the corresponding
homogeneous equation for ¥ (r, 7) [8].
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Turning to the inverse relation giving the derivative in
terms of the amplitude, we have to proceed differently, because
the Fourier transform of G, ! does not converge—it is an
increasing function of €. However, Ehrhardt [18] and Boucke
et al [8] have shown that 81/}(t) /dng can be expressed in terms
of the time derivative of ¥ (¢), and here we give a simple
derivation. We re-write the integrand in (4) as

G 9 9
/d Y, (rs rS €)
S i€

[—iey (g, ©)]. (16)

The Fourier transform of G, 1(e)/—ie converges, and the
transform of —ieyr(€) is 81/7(t)/8t. Defining (_;al(t) as the
following Fourier transform,

- 1 [t Gl(rg, r; €
Gal(rs, r/S; t) = E/ de exp(—iet)%,
—00
(17)

the Dirichlet-to-Neumann equation in time becomes

t / /
v (rs, 1) = —Z/drg/ dt/(_;al(rs,r/sgt—t/)iaw(rs’t).
3115 S —00 at’

(18)

We now turn to the embedding problem. The

wavefunction satisfying the time-dependent equation, at this

stage with a time-independent potential, can be written in

region I in terms of solutions of the embedded Schrodinger
equation (8),

G(r, 1) =) aipi(r)e (19)

Equation (8) simplifies if the embedding potential is evaluated
at the eigen-energy,

I
2 8115

(—lvz + V(r>) $i(r) +8(r — I‘s)[

+ /dl’/SGa](Ei)(ﬁi(r/s)] = Ei¢;(r), 20)
s

and multiplying this equation by the coefficients in (19) and
summing over i gives
1 10
—— V24 V(@) | o, 1) +8@r—r15)| = ¢
2 2 ons
+ /dr/ Za‘G_](rs ry; E)ei(ry)e Bl =ia—"~S
s S i iYy s bgs Lj)@Pillg ot .
2

Using the same trick as in going from (16) to (17), this becomes

lv2 1% +38 [—%
<—2 + (r))qb(r ) +8(r —rs) 2 oS

t _ a ,t/
+ /drg/ dz/Gg‘(rs,rg;t—r/)L(arf, )}
—00

=1,

ot
an equation which holds for r inside region I and on the
boundary S.

(22)

To show how the embedding terms in (22) work, we
construct the solution of the time-dependent equation in region
II, ¥, with the inhomogeneous boundary condition that it
matches in amplitude on to q~5 over S, at all times up to ¢:

Y (rs, 1) = g(rs, 1), t <t

From (18), the normal derivative on S is given by

t / /

Ws, 1) _ —2/dr’5/ dt'Gy ' (rs, T t —ﬂ)ia‘b(rs’t).

ong s oo at’

24

But the right-hand side is the second term in the square brackets
in (22), with a factor of —2. For (22) to be satisfied on S as
well as inside region I, the two terms in the square brackets
must cancel, forcing qS(r, t) to match in normal derivative
on to the solution in II; as they already match in amplitude
by construction, we have the correctly embedded solution of
the time-dependent equation. Moreover, the normal derivative
term combined with —%Vz gives a Hermitian operator when
integrating over region L.

It is convenient to start off the time evolution at t = O,
assuming that

(23)

P(rs, 1) =0,

so we change the lower limit in the embedding term in (22)
from —oo to + = 0. We also allow the potential in region I
to be a function of time—we can presumably do this, as it
does not affect the surface integral, originating from region II.
This gives us the final form of the embedded time-dependent
Schrodinger equation:

t <0, (25)

1_, 8¢
<——V + V(r, t)) ¢(r t)+5(r—rs)|:
237’!5

_ Ap(ry, t
+/drg/ dﬂGg‘(rs,rg;t—r/)L(rS/ )}

09
= 1— 26
ar (26)
As in the time-independent case, this equation can be

solved using a basis set expansion of é(r, 1):

$(r, 1) = a;(t)xi(r). 27)

Substituting into (26), we obtain the matrix form of the
embedded Schrodinger equation,

.da;
Z(Hij(t)aj(t)-i-/ dr Zl,(t—t)dt/> —ist,

J

(28)

with the Hamiltonian matrix given by

1
Hij(1) = 5 /IdrVXi(r) = V() + /Ieri(r)V(r, D x;(r),

(29)
and the embedding matrix by

i) = / drs / drg xi (rs)Gy ' (rs, rg; D x;(ry).  (30)
N S

The structure of (26) and (28) is the same as in the
spatially discretized approach to the problem [12, 20], with
an embedding operator added on to the time-dependent
Schrodinger equation.
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3. The time-dependent embedding kernel

In this section we shall evaluate the embedding kernel Ga ! (1)
for constant and linear potentials in region II. We work in one
dimension, but we shall see in section 3.3 how the results can
be applied to three-dimensional problems.

3.1. Embedding on to zero potential

In the one-dimensional case we use (4) to determine G, ! (e),
and then substitute into the Fourier transform (17) to find
(_;6 Y(r). With zero potential the wavefunctions in region II
satisfying outgoing boundary conditions for z > 0 are

exp(—yz2), y =4/ —2€, e<0
Yz, €) = i
exp(ikz), K = \/ﬂ € > 0.
(31
Hence the embedding potential is
Gyl(e) =/—€/2 or —iye/2, (32)

and substituting into (17) the time-dependent embedding
kernel is given by

— €e<0
- 1 [*= /Z2¢’
Gl = — / de exp(—iet) 2
27 J o L €>0
V2e' '
(33)
This integral can be performed analytically [8], and the result
is
0, t<0
Go'lm=31-i 1 (34)
r >

NN
We shall apply this embedding kernel in applications in
sections 4 and 5.

3.2. Embedding on to an electric field

With other one-dimensional potentials it is necessary to carry
out the Fourier transform in (17) numerically, and we consider
the linear potential corresponding to a constant electric field
E. The wavefunctions in region II satisfy the Schrodinger
equation,

L&y &z =€y (35)
—_— =€
2 dz? ¢ ’
which has Airy function solutions [25],
() = AL (-8 +¢/9),
(36)

and  ¥(z) = Bi (—(25)% (z+¢ /5)) .

Now we need the combination of ¥, and ¥, corresponding to
outgoing waves, and from the asymptotic behaviour of the Airy
functions [25], this is given by

¥4 (z) = Bi (—(25)% (z+ e/s)) +iAi (—(25)% (z+ e/g)) .
37

So in this case the energy-dependent embedding potential at
z=0is

2€)} [Bi/ (—(25)%6/5) +iAl (—(25)%e/5)]

2[Bi(—@e)te/e) +iai(—@orte/c)]

(38)
which we evaluate using the Airy function programs due to Gil
et al [26]. For large positive or negative €, G, '(€) has the Je
free-electron behaviour given by equation (32), so once again
we divide by € when finding the Fourier transform to obtain the
time-dependent kernel. The free-electron behaviour at large €
is what we would expect—the potential becomes irrelevant in
this limit.

In the numerical Fourier transform of G, () /€ we must
be careful about the singularity at ¢ = 0, and we re-write the
integral as

G, (e) =

Gy'(e)

_ i +oo
Gyl(1) = - / de exp(—iet)

oo

I Gyl (e) — Gl (0
— L/ de exp(—iet)M
27 J_ o €

'G—] 0 +00
G, O de
2 o €

exp(—iet)

(39)

The first integral is well behaved at ¢ = 0, but in evaluating
the second integral we have to be careful about the contour of
integration around this point. As Ga '(t) is zero for t < 0, the
singularities of the integrand must lie in the lower half-plane,
so we replace el by ﬁ where 7 is infinitesimal. Our Fourier
transform then becomes
; +00 -1 —1
Gl = — / de exp(—ier G0 = Go O
2 J_ €

o0

0,
+ —1
G, (0),

To evaluate the integral in (40), our procedure is to include
an exponential damping term exp(—|e|/I"), and discretize the
integral with finite limits. This simple method of evaluating the
Fourier transform works well.

Results for the time-dependent embedding kernel with an
electric field £ = 2 au are shown in figure 2, using a coefficient
I' = 500 au in the damping term. We see that Ga L) is
accurately zero for negative . For t — 0 from above, the
kernel tends to the free-electron value (34), in accordance with
our intuition: at short times (or high energies) an electron
cannot tell whether it is in an electric field or not. For larger
t, Ga !(¢) rapidly approaches the zero-frequency embedding
potential, G, ](O), which is the contribution from the pole
in the frequency integral (39); the larger the field, the more
rapidly it approaches a constant value. This form of Ga ')
makes it very easy to evaluate the long-time contribution to the
embedded Schrodinger equation.

We test the accuracy of the embedding kernel by
calculating the time evolution of a wavefunction &(z, t) over
the extended system of regions I and II, and then use (18)
to compare the Dirichlet-to-Neumann result with the directly
calculated derivative at the boundary of region II. In this

t<0 40)
t > 0.
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4 T T T

3F 4

2+ 4

G (a.u.)

t(a.u.)

Figure 2. Ga '(¢) for the Schrisdinger equation with electric field
& = 2 au: solid line, Re Gal; dashed line, Im Gal.

test the potential itself is time-independent, with an infinite
barrier at 7 = 0, zero potential between z = 0 and 7, and
in region II beyond z’ an electric field corresponding to the
potential —&(z — z’). The wavefunction at = 0 is taken to be
a sum of Gaussians vanishing at z = 0,

~ Z—2z 2 Z+z 2
1#(z,0)=exp|:_< wo)]_exp[_< wo):|’

z >0,

(41)

and the value of zy and the width w are chosen so that the
initial value of the wavefunction at z’, where the electric field
starts, is negligible. To solve the time-dependent Schrodinger
equation for 1/~/(z, t) we discretize in both space and time,
evolving forward in time steps §¢ using the norm-conserving
Crank—Nicolson method [29],

- istH\ ! iStH\ -
I/f(z,t+8t)=<l+ 5 > <1— 5 >¢(z,t), (42)

where H is the finite-difference Hamiltonian matrix [30].

For this test we take an electric field £ = 2 au beyond
7z’ = 3 au, with the constants in the Gaussian wavefunction
zo = 0.5 au, w = 1 au. The intervals in the spatial and
time discretization are 6z = 0.0005 au and §r = 0.005
au, and the spatial range extends to z = 40 au—enough to
eliminate edge effects over the time range that we consider. We
then evaluate 9V /dz at z/ directly from the finite-difference
results, using first-order differences, and compare this with
the derivative evaluated using (18) with the embedding kernel
shown in figure 2, and first-order differences for 81/7 /0t. The
comparison is shown in figure 3: the values of 91 /dz from the
Dirichlet-to-Neumann (D-to-N) relationship (solid and dashed
lines) can hardly be distinguished from the results for the
derivative calculated directly (dots). Only at very short times,
and because of some noise in the direct results, can they be
distinguished. This shows that our numerical evaluation of the
embedding kernel for the electric field is accurate—the method
can presumably be extended to other potentials.

dy/dz (a.u.)

t (a.u.)

Figure 3. Electric field test: 94/ /97 at 7’ evaluated from the
Dirichlet-to-Neumann relation compared with direct calculation from
the numerical wavefunction. D-to-N results are the solid line (real
part) and the dashed line (imaginary part); direct results are the dots,
which are hardly distinguishable except close to t = 0.

3.3. Shifting the potential

If we know the embedding kernel for a potential V (r) in
region II, we can immediately find an expression analogous
to the Dirichlet-to-Neumann relationship (18) for the potential
shifted by a constant Vj). The time-dependent Schrodinger
equation satisfied by v/ (r, r) in region Il is given by

1 - v
——V+ V@ + Vo ) ¥ =i—l/f, (43)
2 ot
and making the substitution
U(r, 1) = exp(—iVot) W (r, 1), (44)
U satisfies the unshifted Schrodinger equation
Lo vin) b =il 45)
—= r r,t) =i—.
2 ot

As 0 /dng is related to dW/dr by the original embedding
kernel for V (r), the corresponding relationship for i with the
shifted potential is given by

AV (rs, 1 o
s, 0 _ —2exp(—iv0t)/drg/ 4Gy (rs it — 1)
ong S 0

J -
X o [exp(iVor )Y (rg, 1)]. (46)

This result will be particularly useful when we come
to deal with the potential step at a surface. Moreover, a
one-dimensional potential has often been used in surface
calculations [27], and then the solutions of the Schrodinger
equation have the form

U (r, 1) = exp(iK - R)Yk (z, 1), (47)

where K is the Bloch wavevector parallel to the surface, and R
is the surface-parallel component of r. Then ¥k satisfies the
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one-dimensional Schrodinger equation shifted by K2/2, and
the Dirichlet-to-Neumann relationship becomes

3k (z,1) _

2 Kt /ldt/él(t 1)
5z exp 3 | 0
0 iK2t It
X — | eX 5 )
or [P\ T ) VK

where Ga ! is the embedding kernel for the one-dimensional
potential. The right-hand side of (48) provides the embedding
potential for states with Bloch wavevector K in this form of
potential.

Another approximation for surfaces is to assume the full
three-dimensional potential for the surface region itself (region
I) and a one-dimensional potential for the bulk substrate
and the vacuum (which together constitute region II) [28].
Again, (48) can be used to construct the embedding potential
for each Fourier component of the wavefunction in region L.
We shall explore this in a later paper.

(48)

4. Embedding

4.1. Model atomic problem

To test our time-dependent embedding method with the kernels
derived in section 3, in this section we calculate the time-
evolution of states which are initially localized in region I. We
start off with the time evolution of the normalized bound-state
wavefunction ¥ (z) = 1/+/2cosh(z) of the one-dimensional
potential V(z) = —1 /coshz(z) in a time-varying electric
field £ = & sinwt. Ermolaev et al [22] solve this problem
directly, but we follow Boucke er al [8], who use the
Kramers—Henneberger transformation [21] to convert this into
the problem of the wavefunction evolving in the oscillating
potential,

V(z,t) = —1/ cosh’[z + & sin(w?)] (49)

with zero potential beyond (figure 4). Here & is the classical
amplitude of oscillation in the electric field, & = &/w?. We
solve the embedded Schrodinger equations (26), (28) in region
I, defined as |z| < d, replacing the regions with |z| > d
by the zero-potential embedding kernel. The time-dependent
wavefunction in region I, qS(z, t), is expanded in a basis set
given by

mimz
Cos ﬁ, m even
En=1 20 (50)
sin , m odd,
2D

where D lies beyond d (figure 4) to give flexibility in
amplitude and derivative at the boundary of region I. We
orthogonalize and normalize the basis functions within region
I by diagonalizing the overlap matrix S,
+d
Smn = / dZEm(Z) En(z)' (51)
—d
Defining o/ as the jth eigenvector of S, with eigenvalue s, the
Jjth orthonormalized basis function is given by

1 .
x(2) = 7 ;a,; B (2). (52)

:_D _di rd +Q z

Figure 4. Oscillating model atomic potential. Region I, treated
explicitly, lies within z = =£d. The basis functions for expanding the
wavefunction in region I are defined in terms of z = +D.

If overcompleteness is a problem, this will show itself as a very
small value of s;, and the corresponding basis function can be
dropped.

The time-dependent matrix equation (28) becomes, in this
one-dimensional case with embedding at both ends of the
range,

ZHij(t)aj(t)+Xi(_d)/ dr'Gy ' (1 _;')%
] 0
@ [ -2 _da

where the Hamiltonian matrix element is given by

[ (1dxidy
H""(”‘/_d dz (Ed—za-l-)(i(Z)V(Z,l)Xj(Z)), (54)

and the embedding kernel (_;5 l'is given by (34).
We turn to the numerical time integration of (53), which
we write as
— +iHa = —il,
a
where I is the vector representing the embedding terms in (53):

(55)

oo dp(—d, 1t
Ii = xi(~d) / 4Gyt — )22
0 ar’
. dpd, 1t
T xi(d) / dt’Gg‘(t—t/)M. (56)
0 ar’
We can improve on the first-order integration scheme,
a(t +81) = [1+i8tH @)1 [a(r) — i8tT(1)], (57)

by expanding the time-evolution operator to second order in §7,
giving
St2H (1)?

-1
> ) [a(t) —i8tT ()]

(58)
Although it is not consistently second order in §¢, this stable
scheme proves more accurate than (57) in our tests. In

evaluating the integrals in (56) we use

0p(1) _ (1) — pt — b1)
ot St '

a(t +6t) = <1 +i§tH (t) —

(59)
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Figure 5. Oscillating potential: magnitude of wavefunction at

t = 80 au, 2.55 periods. |¢| calculated using embedding: solid line,
40 basis functions; dashed line, 25 basis functions. |1/~/| calculated
over extended space using finite differences: short-dashed line.

(a) Plotted over embedding region between z = +10 au. |¢| with 40
basis functions and |IZ| are indistinguishable on this scale.

(b) Plotted around the embedding point at z = 10 au.

rather than the more accurate formula

Ap(1) - &t +81) — ¢t — 81)
ot 28t ’

(60)

because (60) cannot be applied at the upper limit of the
integral—we do not yet know é(t + 8t). To perform the
integration itself, we subtract off the (¢ — ¢)~!/? singularity
at ' = ¢, and then use the trapezium rule for the remaining
well-behaved integral.

We calculate qg(z,t) in the oscillating potential (49),
with an amplitude of oscillation & = 2.5 au and frequency
o = 0.2 au, corresponding to an electric field & = 0.1
au. (These are the values used by Boucke et al [8]—as
the bound-state energy of the starting wavefunction is —0.5
au, ionization is due to multiphoton processes.) Region I is
taken with d = 10 au, and the basis functions are defined
with D = 13 au; the results presented below are for 25 and
40 basis functions. An interval 6t = 0.01 au is used in
the time integration (58). As a benchmark we compare the

(a) 0.3 . . .

0.25

0.2

[oL.[wl (a.u.)

-10 -5 0

(b) 0.04 ; ; ; ; ;

0.0395

T

T

0.039

0.0385

T

0.038

o]l (a.u.)

0.0375

0.037

0.0365 . . .
9 9.2 9.4 9.6 9.8 10

z (a.u.)

10.2

Figure 6. Oscillating potential: magnitude of wavefunction at

t = 320 au, 10.19 periods. |$| calculated using embedding: solid
line, 40 basis functions; dashed line, 25 basis functions. |t/;|
calculated over extended space using finite differences: short-dashed

line. (a) Plotted over embedding region between z = %10 au. |q3|
with 40 basis functions and || are indistinguishable on this scale.
(b) Plotted around the embedding point at z = 10 au.

embedding results with the wavefunction &(z, t) calculated
over an extended range, using finite differences and Crank—
Nicolson time integration (42) (throughout this section we use
&(z, t) to indicate the wavefunction through space extended
beyond region I). The extended wavefunction is calculated
over the range —400 < z < 400 au, with a spatial interval
6z = 0.004 au, and a time interval §¢ = 0.02 au.

Figures 5, 6 and 7 show the comparison between the
embedded and finite-difference wavefunctions in region I, for
times ¢+ = 80, 320, and 400 au (the period of the oscillating
potential is 31.42 au) and we see that the agreement is very
good. At the scale of figures 5(a)-6(a), the magnitude of
the embedded wavefunction |q~5|, calculated with 40 basis
functions, is indistinguishable from the magnitude of the
extended wavefunction |1Z|. From figures 5(b)-6(b), we see
that the error in |q~5| is about 5 x 10™* au, with a slight decrease
in accuracy with increasing time. The results with 25 basis
functions are less accurate—they are just distinguishable from
the extended results on the scale of figures 5(a) and 6(a). At
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Figure 7. Oscillating potential: magnitude of wavefunction at

t =400 au., 12.73 periods. (a) |¢| calculated using embedding: solid
line, 40 basis functions; dashed line, 25 basis functions. |IZ|
calculated over extended space using finite differences: short-dashed
line. Plotted over embedding region between z = £10 au.

®) || plotted over extended region between z = £400 au, showing
reflection of the wavefunction at the boundaries of the
finite-difference calculation, and subsequent interference.

t = 400 au, |1/~/| shows slight oscillations about the embedded
|q§| with 40 basis functions (figure 7(a)). The reason for this
is that the extended wavefunction has been reflected from the
limits of its range at z = +400 au, with resulting interference,
as we can see from figure 7(b). Our embedding results are less
accurate than those of Boucke et al [8], who achieve a relative
accuracy in their embedded wavefunction of about 5 x 107>;
however, they apply their embedding as a boundary condition
on a much larger finite-difference calculation.

4.2. Surface excitation in a field

In this section we shall follow the time evolution of an electron
wavefunction, initially in the 1/ V2 cosh(z — z’) bound state
of a —1/ cosh?(z — z') potential near a surface, at which there
is a constant applied electric field £ (figure 8). The surface
potential step V is broadened, so the static potential felt by

z, z 0

Figure 8. Model atomic potential near a jellium surface, with applied
electric field in the vacuum. Region I, treated explicitly, lies within
embedding boundaries at z; and z,.

the electron is given by

Vi) = - 1 V., <1 + tanhz /&

cosh’(z — 2) 2 > £0@.

(61)
where 6(z) is the step function. The surface parameters that
we use are Vi = 0.5 au and & = 0.5 au, and we position the
‘atomic’ potential at 7 = —4 au. The electric field is £ = 0.2
au, approximately 10'" V m~'—this is much larger than the
fields used in field emission, but it could represent the field of
an infrared laser in a quasi-static approximation. To excite the
bound-state electron, an additional time-dependent potential is
applied, of the form

_ 2
SV(z,1) = aexp — (Z {z) sin(wr), (62)
witha = 1 au, ¢ = 2 au, and frequency w = 1 au. This
is turned on at + = 0, and we follow the subsequent time

evolution of the bound-state electron wavefunction.

Region I lies in the surface region between the embedding
boundaries at z; and z, (figure 8). We take z; = —14 au and
z, = 6 au, so the embedding region extends =10 au on either
side of the atomic potential. The Hamiltonian for region I
is embedded on to the zero-potential embedding kernel (34)
at z;; at z, it is embedded on to the Airy function kernel
evaluated numerically (section 3.2), shifted by the constant
potential Vj (figure 8), using the shift formula (46). We use
the basis functions given by (50) to expand the time-dependent
wavefunction in region I — these are centred on the atomic
potential with D = 13 au.

Results for qS(z, t) at t = 50 au are shown in figure 9(a),
calculated with 25 basis functions, compared with a finite-
difference calculation for 1/~/(z, t) calculated over an extended
range, —400 < z < 400 au (figure 9(b)). We see that
agreement is very satisfactory, though not quite as good as
in section 4.1 where we used an analytic embedding kernel.
In this calculation we need to take 6t = 0.0025 au in the
time integration, compared with 0.01 au in section 4.1. This
is probably because of the difference in the time-dependent
perturbation.
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Figure 9. Excitation in a field, £ = 0.2 au: magnitude of
wavefunction at 7 = 50 au. (a) |¢| calculated using embedding with
25 basis functions, solid line; |1/~/| calculated over extended space
using finite differences, dashed line. Plotted over embedding region

between z = —14 and 6 au. (b) |t/;| plotted over extended region.

We also calculate the current crossing the embedding
boundaries at z; and z,, using the expression

- 9
j(zt)=Im (qs*a—‘f),

with the normal derivative determined from the embedding
formula (18). Taking the derivative outward from region
I, a positive current indicates charge leaving the region.
Our results are shown in figure 10(a) for the current
crossing each boundary as a function of time—here we have
something physical, which could in principle be compared with
experiment. There is excellent agreement with the current
calculated from the finite-difference results, as we see from
figure 10(b), giving the current in the time range where there is
the biggest difference between the two methods.

(63)

5. Time evolution of extended states

The formalism developed up to now assumes that the
wavefunction ¢ (r, ¢), whose time evolution we study in region

10
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20
t(a.u.)

25 30

Figure 10. Excitation in a field, £ = 0.2 au: current across
boundaries of region I as a function of time. (a) j calculated with
embedding: solid line, across left-hand boundary at z;; dashed line,
across right-hand boundary at z,. (b) Comparison of j at z, using
embedding (solid line), with finite differences (dashed line).

I, has zero amplitude for ¢ < 0 at the embedding surface and in
region II. But in condensed matter applications we are usually
interested in exciting bulk states to which this condition does
not apply, and to study their time evolution we have to extend
the formalism.

We start with a wavefunction W (r) which is an eigenstate
with energy E of the time-independent Hamiltonian H,,
extending through regions I and II. For times t > 0 a time-
dependent perturbing potential 5V (r, t) is applied—confined
to region I—and the wavefunction is subsequently given
throughout space by

Y (r, 1) = W(r) exp(—iEt) + ij(r, 1). (64)
Substituting into the time-dependent Schrodinger equation
gives

an

[Ho + 8V (OJi(1) + 8V ()W exp(—iED) =i .

(65)

so 7(r, t) satisfies the time-dependent Schrodinger equation
with an additional inhomogeneous term. In region II, where
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8V = 0, this term vanishes and 7 satisfies the original
Schrodinger equation,
Hon(t) 127 (66)
= 1—’
on 91

so 7 and its normal derivative across S are related by the
Dirichlet-to-Neumann result (18),

on(rs, 1)

t _ a‘“ I./ , t/
Z/drg/ dt'Gal(rs,r/S;t—t/)M.
S 0 at,
(67)

This means that we can write a time-dependent Schrodinger
equation for 7(r,¢) analogous to (26), with the extra
inhomogeneous term,

(=3V2 + Vo) + 8V (r, 0))ii(r, 1) + 8V (r, )W (r)

. 197 o
X exp(—iEt) + 8(r —rs) 2 e + [ drg dr
S S 0
.97

an(ry, ﬂ)i| _;

at’ oot
Solving this equation within region I gives us the change in
bulk wavefunction. Note that in this section we use 7(r, t)
for the change in wavefunction with r in region I, evaluated by
embedding (analogous to $ in previous sections), as well as the
change in wavefunction extended through all space (analogous
to 1}).

As a model problem we consider the jellium surface with

a smeared-out potential step,

using the same parameters as in section 4.2: Vi = 0.5 au,
& = 0.5 au. Region I lies within embedding boundaries at
Z —10 au and z, 10 au, beyond which the potential
is taken as constant. The bulk continuum wavefunction is
found numerically using Numerov’s method [30], matching
W (z) on to the asymptotic solutions of the time-independent
Schrodinger equation

8715

x Gy'l(rs, rs; t — 1) (68)

1 4+ tanhz/&

5 (69)

Vo(z) = Va (

W) = sin(kz + ¢), <2z (70)
aexp(—yz), 7>z,
with
k = ~/2E, ¥y =2(Vyq — E). (71)

We use the same time-dependent perturbing potential as in
section 4.2 (62), but in this case centred at the surface step.
Region I is embedded at z; on to the free-electron embedding
potential given by (34), and to the right on to this embedding
potential shifted by the potential step Vg, following (46).

The expansion coefficients in the basis set expansion of
n(z, t) in region I satisfy (53) and (55), with an extra term b;
added on to I'; (56) given by

b; = exp(—iEt) V/W dz xi (2)8V (z, HV¥ (2). (72)

As in the surface electric field calculation in section 4.2, we
take §¢ = 0.0025 au in the time integration for accurate results.
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Figure 11. Excitation of a bulk state: magnitude of change in
wavefunction at = 120 au. (a) |77| calculated using embedding with
25 basis functions, solid line; |77| calculated over extended space
using finite differences, dashed line. Plotted over embedding region
between z = —10 au and 10 au. (b) |77| from finite differences plotted
over extended region.

We take a bulk state with energy E 0.3 au and
apply the time-dependent surface perturbation with frequency
w 0.5 au, starting at ¢ 0. The results for the
modulus of the change in wavefunction at ¢ 120 au,
calculated with 25 basis functions, are shown in figure 11(a),
compared with results from a finite-difference calculation
taken over the extended range —1000 < z < 1000 au.
Figure 11(b) shows the finite-difference results over part of
the extended range, and we see edge effects, propagating from
the left-hand boundary and reaching z —100 au. With
the left-hand boundary in the finite-difference calculation at
—1000 au, the results in the surface region become unusable
beyond ¢ 120 au, a problem which of course does
not affect embedding with its correct treatment of boundary
conditions. We see from figure 11(a) that the embedding
results are accurate, even with this relatively small basis
set.

It is interesting to calculate the current in this case, not
only as a sensitive test of the accuracy of the calculation,
but also to illustrate the physics. Of course we must use
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Figure 12. Excitation of a bulk state: current across boundaries of
region I as a function of time. Positive current corresponds to charge
leaving region 1. (a) j calculated with embedding: solid line, across
left-hand boundary at z;; dashed line, across right-hand boundary at
Z,. (b) Comparison of j at z, using embedding (solid line), with
finite differences (dashed line).

the full wavefunction given by (64) in the expression (63)
for the current.  Checking the accuracy first, we see
from figure 12(b) that embedding works well. It is
figure 12(a) which has physical content, and we see that after
a short period of transient behaviour, the current entering
the surface from the bulk (a negative current at z;) and
leaving the surface into vacuum (a positive current at z,)
both settle down to steady behaviour. In fact the currents
balance out on average, as is shown by figure 13, giving
the norm of ¥ (z,¢) in the embedding region. We see
that the charge in the surface region oscillates about a
constant value, after a sudden loss of charge at about ¢
10 au.

The results shown in figure 12(a) are in some ways
surprising—we are solving the Schrodinger equation in the
surface region with an embedding potential based on an
outgoing Green function, and yet we are able to describe the
current entering the surface from the bulk. This goes to show
the power of Green function-based methods.
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Figure 13. Norm of wavefunction in the embedding region as a
function of time.

6. Conclusions

This embedding method provides the correct boundary
conditions for solving the time-dependent Schrodinger
equation in a limited region of space, region I, automatically
matching the solution on to the time-evolving wavefunction
in the rest of the system, region II. Once we have found
the embedding kernel for region II, all that we have to do
is to add this on to the Hamiltonian for region I and time-
integrate the Schrodinger equation in this region. As we solve
the time-dependent Schrodinger equation using the relatively
small basis set needed to describe region I, this embedding
method is very economical. In the examples in this paper we
use a plane-wave basis to expand the wavefunction in region I,
but any other basis set (see, for example, [31]) could be used.

The next stage in this project is to improve the numerical
time-integration scheme, and then apply it to more realistic
surface models to study surface electron excitation.
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