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U Parameter of the Mott-Hubbard Insulator 6 H-SiC(0001)-(+~/3 X +/3)R30°:
An Ab Initio Calculation
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The 6H-SIC(0001)-(+/3 X +/3)R30° surface exhibits one half-filled localized dangling-bond orbital
per surface unit cell. Its electronic structure can accurately be described as a Mott-Hubbard insulator.
We investigate its spectrum by a spin-polarized ab initio quasiparticle calculation. The resulting band
structure shows one occupied and one empty surface band, separated by a direct band gap of 1.95 eV.
Since the band gap in the spectrum of the Hubbard model is directly given by the on-site Coulomb-
interaction parameter U of the dangling-bond orbital, our results allow for a reliable determination of

U =195¢eV.

PACS numbers: 73.20.At, 71.10.Fd, 71.15.-m, 71.30.+h

Ab initio techniques have been employed with great suc-
cess to describe the electronic structure of weakly cor-
related materials, like semiconductors or simple metals.
For more strongly correlated systems, on the contrary, like
d- and f-band systems, cuprates, etc., the concepts behind
available ab initio techniques are sometimes too limited to
correctly describe the complex many-body effects. In such
cases model Hamiltonians like, e.g., the Hubbard model
are employed. These models, however, contain free pa-
rametersthat haveto befitted, thuslimiting their predictive
power. Therefore, it is a great and important challenge to
accurately calculate these parameters from first principles
and to form a close link between ab initio and model ap-
proaches. Inthis paper wediscussasystem inwhich sucha
link isindeed possible: the Mott-Hubbard insulator ground
state of the 6H-SIC(0001)-(v/3 X +/3)R30° surface. We
present the results of a spin-polarized first-principles quasi-
particle band-structure cal culation which, combined with a
treatment of additional correlation effects within the Hub-
bard model, yields the correct electronic spectrum in close
agreement with experiment.

To obtain the quasiparticle band structure we employ
a spin-polarized generalization of the GW approximation
(GWA) for the electron self-energy [1]. Mott-Hubbard in-
sulators (in particular d- and f-electron systems) are of-
ten described by the LDA + U approach, which can be
regarded as a further approximation to the GWA (see the
discussion by Anisimov et al. in Ref. [2]). The two ap-
proaches are thus not contradictory but they complement
one another. In the present case, however, the states un-
der consideration are not strongly localized atomic d or f
states, but are surface states that are composed from va-
lence orbitalsin acomplex way. This can lead to problems
in the LDA + U framework [2], and the accurate deter-
mination of U is difficult (see below). We believe that the
GW scheme discussed in this paper provides a more direct
approach to the electronic structure of the present surface
system.
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Among the large variety of SIC polytypes and their
surfaces, the 6H-SIC(0001)-(+/3 X +/3)R30° surface has
raised particular questions concerning its electronic struc-
ture [3—10]. The thermodynamically most favorable con-
figuration, as resulting from local-density approximation
(LDA) calculations [3-5], is given by one Si adatom per
surface unit cell in the T, position on the surface. This
structure is shown in Fig. 1 (for details, see the discussion
in Ref. [3]). The S adatoms saturate the three dangling-
bond orbitals of the Si top layer atoms. The adatoms,
in turn, give rise to a new p,-like dangling-bond orbital
which contains one unpaired electron per unit cell. In the
single-electron picture, this one electron per unit cell leads
to a half-filled surface band in the fundamental bulk band
gap: the band structure is metallic. The band, as resulting
from an LDA calculation, isshownin Fig. 2 by the dashed
line. It disperses between 1.15 and 1.6 eV, with a band-
width of 0.45 eV. The LDA Fermi level isat 1.3 eV. The
dispersion of the band can be described approximately by a
simple tight-binding picture with a rather small -7 hop-
ping term of 0.05 eV between neighboring dangling-bond
orbitals.

Top View Side View
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FIG. 1. Top and side view of the 6H-SIC(0001)-(+/3 X /3)
surface (taken from Ref. [3]). Open circles (o) denote Si atoms,
full dots (e) denote C atoms. The surface is terminated by a Si
layer with an additional Si adatom in T, position.
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FIG. 2. Band structure of the 6H-SIC(0001)-(+/3 X +/3) sur-
face, calculated in LDA (——-), LSDA (— - —), and in fully

spin-polarized GWA (—).

The metallic nature of the surface band isin clear con-
trast to experiment. Photoemission spectroscopy [5,7,9]
shows one fully occupied surface state whichisabout 1 eV
lower than the experimental Fermi level at 2 eV. At the
Fermi level, the density of statesisvery low, so the surface
is definitely not metallic. Furthermore, inverse photoemis-
sion spectroscopy [8—10] shows the existence of an empty
surface state at about 3 eV. It has already been suggested
by Northrup and Neugebauer [4] and by Furthmdiller et al.
[5] that a Mott-Hubbard transition may occur at the sur-
face, resulting in a nonmetallic ground state. This is mo-
tivated by the small hopping term between the orbitals. If
the on-site Coulomb interaction of the orbital with itself
(the U parameter in the Hubbard model) is significantly
larger than the bandwidth, hopping of electrons between
the orbitals will be suppressed. The originally metallic
band, which can be filled by two electrons per unit cell,
will split into two bands, the so-called “Hubbard bands,”
which are separated by U. Each of these bands can accom-
modate only one electron per unit cell, so that the lower
Hubbard band will be completely filled and the upper one
will be empty, forming a nonmetallic ground state.

The Hamiltonian of the surface states consists of three
major contributions: (i) the hopping interactions ¢;; be-
tween neighboring orbitals, (ii) the on-site interaction U
of one orbital with itself, and (iii) the interaction H' of
the orbitals with the rest of the crystal. [Note that two
different types of correlation result from the Hamiltonian:
long-range correlation effects due to H’, caused by dielec-
tric screening, and short-range on-site correlations due to
U.] The usual procedure of dealing with this situation is
to map the Hamiltonian onto a Hubbard model, which de-
pends on a number of parameters [the center of mass ¢
of the lower Hubbard band, the hopping terms ¢;;, or the
corresponding band dispersion €(k), and the on-site term
U], and to calculate the band structure from there on. In
this mapping procedure, H' is eliminated and only enters
in terms of the free parameter €, which controls the abso-
lute energy position of the bands. One big problem is that
the actual on-siteterm U isstrongly influenced by H' since
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the on-site Coulomb interaction of the orbitals is screened
by the rest of the system. So once H' has been diminated,
U can only be taken as an adjustable parameter.

In our present work we suggest a reversed procedure.
In a first step, we calculate the band structure by em-
ploying a highly reliable ab initio approach without ad-
justable parameters. These calculations are carried out
within the GWA [1]. Its application to the present case of
a Mott-Hubbard insulator requires specific attention. De-
pending on the spin configuration, the on-site term U can
lead to complicated short-range correlation effects (see the
discussion by Hubbard in Ref. [11]) that are not described
by the GW self-energy operator. For most spin con-
figurations, the GWA does not apply, therefore. There is,
however, one spin configuration for which the short-range
correlation effects due to U are zero: the fully spin-
polarized, ferromagnetic configuration. For this case the
GWA gives the correct band structure which consists of
the two bands [11]

€(k) = e + e(k) D
and
er(k) =€ + €(k) + U, ()]

(provided that U > 1;;) with €;(k) for the majority spin
and e,(k) for the minority spin. From this band structure
we immediately obtain the parameters €y, e(k), and U. In
a second step, the parameters can be used to investigate the
additional short-range correlation effects due to U within
the Hubbard model on top of our GW band-structure cal-
culation. This allows us to evaluate the band structure for
al other spin configurations in addition to the ferromag-
netic one.

In order to obtain the band structure of Egs. (1) and
(2) from an ab initio mean-field approach it is necessary
to accurately incorporate the long-range correlation and
screening effects due to H' in the electronic self-energy
operator. This is done in a highly reliable way by the
GW approximation (GWA) [1]. For many systems,
quasiparticle (QP) band structures in excellent agreement
with experiment have been calculated within the GWA [1].
This holds especialy for the fundamental band gaps that
are typicaly obtained with an accuracy of about 0.1 eV.
For the 6H-SIC bulk crystal we obtain a gap energy of
2.98 eV in very good agreement with the measured gap
of 3.02 eV [12,14]. The GWA should be able to describe
the present situation very accurately. In particular, a
highly reliable value of the on-site Coulomb-interaction
parameter U, which isjust the direct band gap of the band
structure, is obtained.

As a basis for the GW calculation, we first treat the
system within local spin-density approximation (LSDA)
to obtain the fully spin-polarized configuration. Thisleads
aready to a splitting of the former metallic LDA band into
two bands separated by a direct LSDA gap of 0.6 eV (see
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the dash-dotted lines in Fig. 2). Thereafter the QP correc-
tionsto the LSDA bands are cal culated by a spin-polarized
GW approach [15,16]. The resulting QP bands are shown
in Fig. 2 as solid lines. Compared to the lower LSDA
band, the occupied majority-spin band is shifted down to
lower energies by 0.2 eV while the empty minority-spin
band is shifted up to higher energies by 1.15 eV. The QP
corrections depend on the wave vector k, leading to aslight
increase of the band widths from 0.45 to 0.5 eV (0.6 eV)
for the occupied (empty) band. Note that the dispersion
of the empty band is now stronger than that of the occu-
pied one. Thisis different from the origina Hubbard band
structure of Egs. (1) and (2) which gives identical disper-
sion for both bands. The mean direct gap between the two
bands is increased by 1.35 eV due to the QP corrections
and now amountsto 1.95 eV. Thisvalue of 1.95 eV isour
result for the on-site-interaction parameter U of the Hub-
bard model. Note that we obtain indeed U > t;;, which
was a necessary condition for the band structure of Egs. (1)
and (2).

At the real surface, the spin configuration may not be
fully polarized. In fact, within our LSDA calculation
the total energy of the spin-polarized surface is nearly
the same as that of the unpolarized one [17]. It can
thus be expected that the spin polarization, if favorable
a al, is easily broken by nonzero temperature or other
perturbations, so it seems likely that the real surface is
not spin polarized. The degree of spin polarization, in
turn, has a dramatic effect on the electronic spectrum.
For the fully spin-polarized surface the band structure is
given by Egs. (1) and (2). If the polarization is partially
or totally absent, short-range correlation effects (resulting
from U) arise and modify the band structure significantly.
These effects are not described by the GWA but have to
be discussed within the Hubbard model [11], based on
the parameters ¢, t;;, or e(k), and U as derived from
the GWA band structure. For the specific case of zero
spin polarization, i.e., the paramagnetic surface (which
we consider the most redlistic one), and again U > t;;,
the band structure is finally given by two bands [11]

Qi) = e + o ek) ©

and

é(k) = e + %e(k) + U. (4

Compared to Egs. (1) and (2), both bands are at the same
center-of-mass position, separated by U, but the band dis-
persion of each band has been reduced to one half of its
original value. The band structure is shown in Fig. 3. The
dots and triangles in the figure denote experimental data
from a combination of angle-resolved direct and inverse
photoemission spectroscopy, taken by Johansson et al. [9].
Our calculated results agree well with the measured data.
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FIG. 3. Band structure of the unpolarized, paramagnetic sur-
face, as resulting from Egs. (3) and (4). The dots and triangles
are data from direct and inverse photoemission spectroscopy, re-
spectively, taken by Johansson et al. [9].
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Since the direct and inverse photoemission spectrum was
obtained from the same sample in the same experimental
chamber, the measured band gap of U = 2.05 €V between
the two Hubbard bands should be highly reliable.

One main point of our approach is that it allows for a
direct, accurate evaluation of the U parameter. Being re-
lated to the fundamental gap energy, which is usualy de-
scribed very accurately by the GWA, the uncertainty of U
as resulting from our band structure should be only about
0.1 eV. Alternatively, it has been suggested that U could
be obtained from the change in total energy when one of
the dangling-bond orbitals of the entire surface is charged
with an additional or missing electron [4—6]. Thishasto be
simulated by supercells that are artificially enlarged in the
lateral dimensions, thus containing several of the orbitals.
All but one of these orbitals must be saturated, e.g., by hy-
drogen atoms, such that the additional charge will occupy
the single remaining orbital. The corresponding change in
total energy can be calculated, e.g., in LDA. Within this
LDA + U approach [2], Northrup and Neugebauer ob-
tained U = 1.6 eV [4], while Furthmiller et al. obtained
U = 2.1 eV [5]. Thesevauesfor U till show significant
uncertainties in the order of 0.5 eV [4]. On the one hand,
they might be due to the saturation of the other orbitals
which could change the properties of the remaining or-
bital. On the other hand, unphysical long-range Coulomb
interaction effects between the orbitals may remain even
for large supercells. We believe that the direct calculation
of U within a spin-polarized GW band-structure calcula-
tion is more accurate and straightforward.

Our results are compiled in Table I, together with band-
structure data obtained within the LDA + U approach
[4,5] and with experimental data [5,7—9]. The center-of-
mass position of the occupied, lower band (e;) is sig-
nificantly lower in our data than in LDA + U because
the former includes a negative QP correction. Within the
LDA + U approach, it is unclear whether the energy po-
sition of the lower band should just be taken from the LDA
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TABLE|. Calculated and measured band-structure data
(center-of-mass energies ¢, = €, and €, = ¢ + U, band
widths W, and W,,, and direct surface band gap U) for the two
surface bands [ and « (in €V). The first column contains our
results (cf. Fig. 3). The LDA + U results have been obtained
by Northrup and Neugebauer [4] and by Furthmiller et al. [5].
The experimental data are from Furthmdiller et al. [5], Johans-
son et al. [7], Themlin et al. [8], and Johansson et al. [9].

Thiswork LDA + U Expt.
Lower band: ¢ 0.85 1.23 1.3 0.95° 1.0° 0.95°
(Occupied) W, 0.25 0.18% 0.2° 0.2° 0.2¢, 0.25¢
Upper band: €, 2.75 2.82 3.4° 3.44, 3.0¢
(Empty) W, 0.3 0.18% 0.2° 0.349, 0.2¢
Separation U 1.95 1.63 2.1° 2.2¢9 2.05¢

“Ref. [4]; PRef. [5]; °Ref. [7]; “Ref. [8]; °Ref. [9].

band. The experimental center-of-mass energy is dlightly
higher than in our approach but lower than indicated by
LDA + U. All calculated and measured band widths (W;)
agree very well with one another. We take this as a strong
indication that the assumption of zero-spin polarization,
leading to the reduced band dispersion in Egs. (3) and (4),
is correct. The results for the position of the empty, upper
band (e,) deviate significantly from each other. This is
due to several reasons. In the calculated LDA + U data,
a distinct uncertainty stems from the total energy derived
determination of U (see above). In the ARIPES study by
Themlin et al. [8], the position of the Fermi level rela-
tive to the bulk VBM was not measured but was adopted
from Ref. [7], which aso bears a significant uncertainty.
Also for the band width of the empty band (W,) the re-
sults scatter both in theory and in experiment. The mea-
sured data by Themlin et al. indicate that the band width
could be larger than that of the lower band (0.34 eV as
compared to 0.2 eV), which we also abserve in our results
(0.30 eV as compared to 0.25 eV). This effect is not de-
scribed by LDA + U which gives identical band widths
for both bands. Concerning the band separation U, all
theoretical and experimental data agree well with one an-
other apart from the smaller value of 1.6 eV as calculated
by Northrup and Neugebauer.

In conclusion, we have performed a spin-polarized
quasiparticle band-structure calculation for the 6H-
SIC(0001)-(+/3 X +/3)R30° surface within the GW
approximation. We have employed the most redlistic
structural model of a Si adatom in the 74 position on the
Si-terminated surface. The band structure of the ferromag-
netic configuration consists of two nearly parallel bands
with band widths of 0.5 and 0.6 eV, separated by a direct
band gap of U = 1.95 eV. The combination of our GW
band-structure results and the Hubbard model alows us
to take short-range on-site correlation effects into account
and to evaluate the band structure of the more realistic
paramagnetic surface. This reduces the band widths of
the lower and upper Hubbard bands to 0.25 and 0.3 eV,
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respectively. Our final results for the band structure are
in good agreement with recent experimental data. Our
present approach allows for an accurate calculation of the
corresponding U parameter, for which we obtain a value
of U = 1.95eV.
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