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Theoretical and experimental investigation of the electronic properties of the wide
band-gap transparent semiconductor MgGa2O4
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We present an experimental and theoretical study of the electronic structure of the transparent conductive
oxide semiconductor MgGa2O4. Its valence band and the core levels have been measured experimentally by
angle-resolved photoemission spectroscopy and compared to theoretical ab initio density-functional calculations.
The bands stem from oxygen orbitals and have a dispersion of about 0.6 eV and high effective masses, in
agreement with the calculations. Angle-resolved measurements of the Ga 3d core levels indicate a sizable upward
band bending, which in combination with an exact model potential yielded a quantitative estimate of the spatial
extension of the depletion region, the effective Debye length in the material, and the extrinsic bulk carrier
density.
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I. INTRODUCTION

Transparent conductive oxides (TCOs) are interesting ma-
terials from the fundamental point of view because their phys-
ical behavior clashes with our intuition about the electronic
structure of bulk matter. In fact, they possess at the same time
semiconductorlike electrical conductivity and transparency in
the visible range, two mutually exclusive properties in bulk
intrinsic undoped semiconductors. This rather simple descrip-
tion of the fundamental properties of TCOs is complicated by
the presence of extrinsic volume defects, surface states, and
defects, which introduce electronic states in the band gap and
therefore alter the light absorption spectrum and the electrical
conduction.

A large number of angle-resolved photoemission spec-
troscopy (ARPES) studies has been devoted to the investigation
of the many TCO family members: ZnO [1–4], CdO [5–7],
In2O3 [8–10], and SrTiO3 [11,12]. A further TCO interesting
for applications is β-Ga2O3, which, thanks to its 4.85 eV band
gap [13–16], has a very high breakdown voltage [17] and is
seen as one of the most promising candidates for replacing
present materials in high-power devices in the automotive and
power transmission devices [18]. However, despite the promis-
ing properties, Ga2O3 has the disadvantage of crystallizing in
a monoclinic unit cell [19], which has a strong mechanical
anisotropy. The unfavorable consequence is that it is very
difficult to fabricate large wafers oriented perpendicular to the
(100) and (001) cleavage planes.

Therefore, materials with a wide band gap as Ga2O3,
but with a more symmetric unit cell and a lattice parameter
matched to that of other TCOs, are strongly sought after to grow
functional epitaxial homo- or heterostructures. In this paper,
we report a comprehensive study of the electronic structure of
magnesium gallate, MgGa2O4, which is a TCO possessing the
typical properties of this group: n-type conductivity in unin-
tentionally doped as-grown crystals and optical and electrical
conduction tuned by the growth and postgrowth annealing
conditions [20]. As-grown MgGa2O4 crystals are blue and

semiconducting with a relatively high carrier density, but
annealing in oxygen renders them completely transparent and
electrically insulating. On the other hand, annealing in vacuum
and/or hydrogen renders the crystals bluish and electrically
conductive. Structurally, MgGa2O4 is more isotropic than
Ga2O3 since it crystallizes in a cubic unit cell [21], which does
not possess the mechanical anisotropy of monoclinic systems.
MgGa2O4 has however the drawback that the low mobility still
hinders the application in “true” devices based on TCOs, like
gas sensors, Schottky contacts, photodiodes, photodetectors,
transistors, etc.

Because MgGa2O4 can be potentially used in devices, it
is necessary to understand its fundamental band structure
and how it affects other physical quantities, like electrical
conductivity and the optical absorption. For this reason, we car-
ried out angle-resolved photoemission (ARPES) experiments
on the valence band and gallium 3d core level electrons to
determine the band dispersion, the size of the band gap, the
presence of the surface states, and of a surface band bending.
We find that the as-grown samples are strongly n doped, but
still in the nondegenerate regime, since the conduction band
minimum (CBM) could not be measured. The dispersion in
the valence band is small, of about 0.6 eV, and generally in
good agreement with our ab initio density-functional theory
calculations. The latter underestimate the size of the gap by
about 50%, a problem that we ascribe to the choice of the local
density exchange-correlation functional, as it has been shown
to occur in other spinel systems. The binding energy of the Ga
3d core levels shifts to lower values when the photoelectron
emission angle increases, indicating an upward band bending
and therefore a surface depletion layer. A thorough analysis of
the core level binding energy by an exact model of the surface
band bending revealed its depth dependence and lead to the
determination of the effective Debye length and the bulk charge
carrier density. Thus we establish a way to determine the bulk
carrier density by means of ARPES, i.e., a probe of the surface
electronic states.
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II. EXPERIMENTAL AND ANALYSIS DETAILS

The measurements were carried out at the 5m-NIM beam-
line at Bessy II [22]. Bulk single crystals were grown at the
Leibniz Institut für Kristallzüchtung (IKZ) by the Czochralski
method as described in detail by Galazka et al. in [20]
and aligned before the experiments by the Laue method, as
described in the Appendixes. The surface was prepared by
several sputtering and annealing cycles with argon ions. Since
this is the very first ARPES experiment on MgGa2O4, we show
later the effect of the surface preparation parameter on the
photoemission spectra. Because MgGa2O4 becomes insulating
if annealed at 600 ◦C, as observed by Galazka et al. [20],
we chose to anneal at 500 ◦C. The spectra were measured
down to 18 K and, even at that low temperature, no charge
up was observed in the spectra (at a maximal flux of about
1011 photons per second), as observed in the data presented in
the Appendixes.

To obtain reliable ARPES spectra along the high-symmetry
directions of the crystal, the sample has to be aligned to the
rotational axes of the manipulator. To accomplish this task,
we used the information derived from the Laue diffraction
experiments, as thoroughly explained in the Appendixes. This
procedure alone is not sufficient to accurately determine the
normal emission direction. To determine it, we have used the
theoretical calculations shown in Fig. 3. One recognizes that
the theoretical valence band maximum is located at the � point.
We acquired spectra rotating the manipulator about the two
perpendicular in-plane axes and thus determining the angles
for which the bands have the lowest binding energy, i.e., are at
he valence band maximum. These angles determine thus the
normal emission direction with sufficient accuracy to carry out
the photon-energy dependent ARPES experiments to measure
the dispersion along k⊥.

Because of the high angular resolution, 0.2◦, of our SES
2002 detector, the line shape of the valence band at a particular
point of the Brillouin zone was obtained by integrating the
intensity over a small angular range, typically 0.5◦ or 1◦. The
complete band dispersions shown in the main paper were
obtained joining together spectra measured for which the
emission angle was changed stepwise by 10◦, since the detector
has an acceptance angle of 14◦. Of the total acceptance angle,
only the central 10◦ was considered and the 2◦ on either side
were used to check the sample alignment and rotation accuracy,
but otherwise not used in the figures presented here. To obtain
the band positions, the line shape was fit with a polynomial
function in a small range about the maximum. To estimate the
band gap, the inflexion point on the low binding energy side of
the valence band was found. Then a linear fit of the spectrum
was done and the linear function extrapolation to zero yielded
the valence band maximum energy. This value was then used
to calculate the band gap size.

The dispersion along k⊥ was obtained by using the standard
ARPES formula for the calculation of k⊥ as a function of the
kinetic energy, which contains the unknown inner potential V0:

k⊥ =
√

2m

h̄

√
EK cos2θ − V0, (1)

where m is the electron mass, h̄ is the reduced Planck constant,
andEK and θ are the photoelectron kinetic energy and emission
angle. For the normal emission direction, θ = 0◦.

The inner potential V0 can be determined, for any crystalline
material, using the periodicity of the band structure. In fact,
the electronic bands must have maxima or minima at certain
high symmetry points of the reciprocal lattice; also those
located along the k⊥ direction. Since our MgGa2O4 sample is
oriented with the (001) direction perpendicular to the surface,
the reciprocal space points � and X can be reached at normal
emission using two photon energies and at those two points
the band dispersion must show maxima and/or minima. This
is readily observed in the data of Fig. 2, where one maximum
and one minimum are present.

Using the lattice parameter of MgGa2O4 in the fcc lattice
representation, we have that the X point lies at a distance of
2π/a from �. Furthermore, in the extended zone scheme, the
� point is at a position k�

⊥ = 2π
a

n, with n even number and, as a
consequence, the X lies at kX

⊥ = 2π
a

(n + 1). Using the formula
(1), one obtains

k�
⊥

kX
⊥

=
√

2m
h̄

√
E�

Kcos2θ − V0

√
2m
h̄

√
EX

Kcos2θ − V0

=
√

E�
K − V0√

EX
K − V0

, (2)

where E�
K and EX

K are the kinetic energies necessary to reach
the � and X points, respectively, and in the last equality the
normal emission condition has been used. Equation (2) can
be easily solved to yield the inner potential parameter V0 as
a function of the experimental kinetic energies and of the
positions of the high symmetry points � and X, which have
been derived above. Thus one has

V0 =
( k�

⊥
kX
⊥

)2
EX

K − E�
K( k�

⊥
kX
⊥

)2 − 1
. (3)

In Eq. (3) one notices that the ratio of the k⊥ momenta

appears, which equals k�
⊥

kX
⊥

= 2π
a

n
2π
a

(n+1)
= n

n+1 . The last formula

shows that the ratio of the k⊥ components of the � and X points
of the fcc lattice does not depend on the lattice parameter, but
only on the integer n, the Brillouin zone order in the extended
zone scheme. Thanks to this observation the formula for V0

simplifies to

V0 =
(

n
n+1

)2
EX

K − E�
K(

n
n+1

)2 − 1
= (n + 1)2E�

K − n2EX
K

2n + 1
. (4)

This formula can be used to determine the value of the inner
potential as a function of n, which is 11.2 eV for MgGa2O4.

III. DETAILS OF THE BAND STRUCTURE
CALCULATIONS

The calculations presented in this work have been done
using the QUANTUM ESPRESSO code [23] implementing the
density functional theory using a plane wave ansatz and
pseudopotentials. For the calculations, we used an fcc unit
cell and the 14 atoms basis. The pseudopotentials used were
of the norm-conserving scalar relativistic type, generated by
the Fritz-Haber Institute method. For the integration on the
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FIG. 1. (Left) Inverse spinel structure of MgGa2O4 with balls
representing the different ions: (red) oxygen anions, (gray) tetragonal
cations, and (violet) octahedral cations. Both these coordination sites
are marked by the black lines. (Right) MgGa2O4 wafers prepared
from a bulk crystal: insulating (top) and semiconducting (bottom).

Brillouin zone in the self-consistent calculation a 6 × 6 × 6
Monkhorst-Pack mesh was used and a cutoff of 80 Ry for
the wave function, while a 360 Ry cutoff for the charge
density is automatically selected by the code. The Perdew-
Burke-Erzenhof exchange and correlation functional was used
and the experimental values of the atomic positions and the
lattice parameter were chosen. The energy cutoff, the lattice
parameter, and the atomic positions were changed in order
to be sure that the calculations were fully converged and
therefore exclude artificial discrepancies between theory and
experiment. Virtually no change in the band gap and band
energy could be determined upon an increase of the energy
cutoff to 400 Ry. A variation of 1% of the lattice parameter
yielded the total energy minimum, but showed no improvement
in the band gap. The band gap remained also unchanged upon
relaxation of the atomic positions. Four configurations of the
tetrahedral Ga and Mg site occupations (see next section) were
calculated and all showed very similar results, with variation
in the band energies of the order of a few meV. Because all
the elements in MgGa2O4 are light, no strong spin-orbit effect
is expected and therefore no fully relativistic calculation was
attempted.

IV. CRYSTAL STRUCTURE

MgGa2O4 crystallizes in an inverse spinel structure, which
can be described by a simple cubic lattice with parameter
a = 8.286 Å, as represented in Fig. 1. This representation
consists in a unit cell with a basis of 56 atoms, 32 oxygen
atoms and 24 cations occupying 16 octahedral sites and
eight tetrahedral sites, and was the first one used to classify
MgGa2O4 [21].

This complex structure can be considerably simplified since
it possesses the space group of the diamond structure and can
be reduced to a cubic face-centered lattice with a 14 atoms
basis, namely eight oxygen atoms and six cations (Mg and
Ga), as shown in Fig. 2. The main idea is to consider first only
the Ga cations: as one can see from Fig. 2(a), these ions sit
exactly at the positions of an fcc lattice with one atom basis.
The second step is to consider one of the Ga ions sitting at the

FIG. 2. Structure of MgGa2O4 in the fcc system with 14 atoms
basis. Spheres colored in gray indicate the Ga atoms, in red the oxygen
atoms, and in blue either Mg or Ga ions in the tetrahedral sites (see
text).

(3/4, 3/4, 3/4) position, along the (111) direction, inside the
primitive fcc unit cell volume. This Ga is surrounded by four
oxygens forming a tetrahedron and also included in the fcc
primitive unit cell. By a permutation of two fcc unit vectors it
is possible to shift oxygens to an equivalent position forming
an empty tetrahedron around the (1/4, 1/4, 1/4) position, as
shown in Fig. 2. Here, each oxygen is coordinated to a Ga ion
and three of those contribute to form the octahedron at which
center an Mg or another Ga sit, as indicated in Fig. 2 by the
violet spheres. Three further Mg or Ga ions form a tetrahedron,
to which four more oxygen are bound, three of which “close”
the octahedron and one of which “closes” the tetrahedron.

Thus the large simple cubic unit cell with a basis of 56
atoms can be reduced to a simpler fcc unit cell with 14 atoms:
8 O, 4 Ga, and 2 Mg. The degree of disorder in the inverse
spinel unit cell can be further characterized since two Ga atoms
must sit in the (0,0,0) and (3/4, 3/4, 3/4) positions. Therefore,
in the remaining four tetrahedral sites two Mg and two Ga
atoms can be placed. Since there are four possible sites, each
of which must be occupied by two (and only two) cations of
each species (to maintain charge neutrality), there is a total of

4!
2!×2! = 24

2×2 = 6 possible configurations, each of which breaks
locally the inversion symmetry.

In the ideal inverse spinel structure, the gallium ions occupy
all tetrahedral sites, while the remaining gallium and by the
magnesium ions randomly occupy the octahedral sites. The
position of the cations is not fixed, but Mg and Ga can (by
temperature activation) hop between octahedral and tetrahedral
sites. To characterize this behavior an inversion index can be
defined by the percentage of the Ga atoms in the tetrahedral
sites. According to first-principles calculations, the possibility
for the cations to exchange site originates a phase transition
[24] at a temperature of 1300 K and demonstrated experi-
mentally above 800 ◦C [20,25]. At these high temperatures,
the degree of inversion falls up to 2000 K to around 85%.
According to Seko et al. [24], another phase transition occurs
because the Mg and Ga cations at the octahedral sites can
exchange their position. This process induces a transition at
a temperature of 270 K, as calculated in [24], at which the
structure changes from cubic to tetragonal.
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FIG. 3. k⊥ dispersion represented by energy distribution curves
stacked as a color map and overlapped to the ab initio band structure
calculations, represented by the gray dotted lines. The horizontal red
lines indicate the � and X high-symmetry points of the Brillouin zone.

V. EXPERIMENTAL BAND DISPERSION AND
COMPARISON TO THEORY

By measuring the ARPES spectra at different photon ener-
gies and normal emission, as shown in Fig. 3, we obtained the
band dispersion along the momentum direction perpendicular
to the surface, namely the �X direction. The intensity map
indicates that the highest peak is located about 5.2 eV below
the Fermi level and its position changes as a function of the
perpendicular component of wavevector, a clear signature of
the bulk character of the band. Using the procedure explained
in Sec. II, we determine that with hν = 26 eV the � point is
reached and with 39 eV the X point, which are the fcc Brillouin
zone edges. Close inspection of the data in Fig. 3 reveals that
the total bandwidth is about 600 meV, small with respect to the
6 eV total width of the full valence band, but not negligible.
Moreover, the experimental dispersion is in full agreement with
the band structure calculations, which overlap the experimental
bands, as shown in Fig. 3.

Since MgGa2O4 is a nondegenerate semiconductor, it is not
possible to provide the value of the band gap because the CBM
is unoccupied and therefore not observable by ARPES. Data
along one in-plane �-X direction are shown in Fig. 4, where a
clear dispersion about � can be observed. The theoretical cal-
culations, superimposed to the data, reproduce the experiment
well and show generally flat bands, with a downward (negative
effective mass) dispersion. While the individual theoretical
bands cannot be experimentally resolved, it is possible to
observe a separate manifold of bands at about −12 eV along
both �X and XM directions having an experimental effective
mass higher than the theoretical one.

Although the overall theoretical band dispersion is in
agreement with the experimental one, the calculated band gap
is 2.45 eV, i.e., about half of the experimental one, 4.9 eV [20].
This strong disagreement is readily observed in the top-left
panel of Fig. 4, in which the CBM lies too low in energy, within
the experimental ARPES band gap. However, no state in the
band gap was measured by photoemission and we attribute

FIG. 4. (a) ARPES maps at hν = 26 eV (�-X direction) and
(b) hν = 39 eV (X-W direction) overlapped to the theoretical band
structure, shifted by 5.34 eV. The theoretical CBM energy is too low:
the theoretically predicted gap is too small. (c) The full theoretical
band structure plotted along the high symmetry directions of the
fcc Brillouin zone, labeled by the high-symmetry points. (d) Orbital
decomposition of the density of states of MgGa2O4.

this finding to the common underestimation of the band gap
occurring in density-functional theory (DFT) calculations,
when done in the local-density approximation, as in the present
case. Calculations of a higher level of sophistication could
solve the problem in MgGa2O4 and reproduce the correct size
of the band gap. The dependence of the theoretical band gap on
the choice of the exchange-correlation functionals in spinels
was actually addressed in theoretical papers [26,27] for several
spinels like MgGa2O4. The calculations in these works yield a
band gap that is at most 66% the size of the experimental one
when done within the local approximation, while the modified
Becke-Johnson functional or the GW approach widens the
band gap to 95% of the experimental one.

From the spectra of Fig. 4 the general trend of the band
dispersion is obvious and a bandwidth of about 500 meV,
very similar to that of the dispersion along k⊥ (in Fig. 3), can
be recognized. A measurement along the X-M direction was
performed and presented in Fig. 4(b) and there it is possible
to see a weaker dispersion. In all cases, no intensity could be
observed at the Fermi level. Since the latter is usually observed
if surface defects are present, we conclude that the density of
surface defects in sputtered and annealed MgGa2O4 is below
the detection limit of ARPES.

The theoretical calculations predict that MgGa2O4 is a
direct semiconductor, since the CBM lies at the � point. If we
assume that the theoretical position of the CBM is correct, as
in the case of Ga2O3, In2O3 [15], and MgAl2O4 [26], then we
deduce that for ARPES MgGa2O4 has a direct band gap. This
is shown in Fig. 4, where one can observe that the experimental
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top of valence band and the theoretical CBM lie at the �

point. Figure 4(d) shows the contribution of each constituent to
density of states of MgGa2O4. One observes that the valence
band is dominated by oxygen states, especially near the valence
band maximum, with the metal cation contribution becoming
sizable only at higher binding energies. This is also the situation
in the conduction band, where the metal and oxygen weights
are comparable at all energies.

VI. EXACT MODEL OF THE BAND BENDING

Lüth [28,29] presents an exact one-dimensional model of
the band bending in which no assumption is made on the depth
and width of the accumulation/depletion region and if it is
deep enough to originate a free electron gas. It only considers
the bulk doping and how much the bands have to bend at the
surface in order to keep the Fermi level constant across the
semi-infinite solid. We report here the main derivation steps
and the numerical results important for the present work.

The depth-dependent potential, v(z), normalized to the
thermal excitation energy,

v(z) = eV (z)

kBT
, (5)

is subject to the Laplace equation:

d2v

dz2
= − e2

kBT εε0
(nb − pb + pbe

−v − nbe
v). (6)

The intrinsic potential ub is the potential in the bulk, asymptot-
ically away from the surface, while nb and pb are the density
of bulk donors and acceptors.

The first integration of the above equation can be done
analytically yielding the following expression:

z

L
=

∫ v

vs

± dv
√

2
√

cosh ub+v

cosh ub
− v tanh ub − 1

, (7)

an implicit equation for the normalized potential. To obtain
it, one has to resort to numerical integration leading to the
band-bending potential, which can either be of accumulation,
depletion, or inversion type. The results of the integration for
various values of ub are shown in Fig. 5.

The first important point in the last equation is that the depth
is scaled to the effective Debye length L of the solid:

L =
√

εε0kT

e2(nb + pb)
, (8)

where e is the elementary electron charge, ε0 is the vacuum
permittivity, and kB is the Boltzmann constant. L is a function
of temperature, dielectric constant, and of the charge doping
under the square root. The second important point is that
when the normalized surface potential becomes high, the band
bending acquires a linear dependence on the normalized depth
over at least a depth of 2L. In this limiting case,

v(z) = vs − 7 × z

L
, (9)

where the proportionality constant has been derived from
Fig. 5. This linear decay is important for MgGa2O4, as it will
be explained in the next section.

FIG. 5. Calculation of the band bending potential at semiconduc-
tor surfaces for different surface potentials vs and intrinsic potentials
ub, as indicated in the labels of the two panels.

VII. Ga 3d CORE LEVELS

The Ga 3d core levels can be observed at a binding energy
of EB = 21.6 eV. In our measurements, only one peak was
observed, even though spin-orbit coupling should split it in
at least two components. The most important feature of the
core level data is that the binding energy is reduced by about
350 meV upon increase of the photoelectron emission angle,
as shown Fig. 6, while no change is expected at all. The
observation of a change in binding energy can be attributed to
the depth-dependent band bending occurring near the surface.
At fixed kinetic energy, i.e., fixed photoelectron escape depth,
the angular dependence of the binding energy corresponds
indeed to a depth sensitivity, whose quantitative relation is
illustrated in the Appendixes.

We used the exact model exposed in the previous section
to retrieve the depth dependence of the band bending from

FIG. 6. Angle-resolved photoemission spectra of the Ga 3d core
levels taken at the angles indicated in the label. A black vertical line
indicates the peak maximum at normal emission (labeled 0◦). A clear
shift of the peak is observed when the photoelectrons are observed at
grazing emission.
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the experimental core-level data. We used the experimental
dielectric constant of bulk MgGa2O4, which has been mea-
sured as a function of the temperature [30] and attains a value
of ε = 9.4 at room temperature. The effective Debye length
can be calculated using the angular dependence of the Ga 3d
peak position, as explained in the Appendixes. Therefore, the
bulk carrier density can be estimated in 3 × 1017 cm−3, which
is in good agreement with Hall-effect measurements [20],
which are bulk sensitive. A significant advantage of the ARPES
with respect to the transport experiments is that in the former
ordinary contacts of Mo and Ta were used to ground the sample,
while in the latter the sample contacts had to necessarily be
made of a special InGa alloy and capacitance discharge. The
photoemission spectra showed no sign of electrical charge-up
effect (as shown in the Appendixes) on photon flux variation
of a factor of about 20 both at room temperature and at 18 K
also indicating that MgGa2O4 undergoes no Anderson local-
ization and retains its semiconducting character throughout the
temperature range explored.

Therefore, with the method presently proposed, a reliable
value of the bulk carrier density can be estimated by ARPES,
with no need of special grounding contacts. While not in
general justified, the use of a bulk model to interpret ARPES
data is in the present case possible because the experiments
showed no evidence of surface states (all bands show a k⊥
dispersion) and no surface defect states in the band gap.
Under these conditions, using the bulk model leads to reliable
estimates of the material-specific parameters.

Theoretical model calculations of the Debye length [31]
for highly doped GaAs, but still in the nondegenerate regime,
predict a very peculiar dependence on temperature and doping.
For a very thorough presentation of the theory of the De-
bye length in bulk and nanostructured semiconductors, see
Ref. [32]. While with increasing carrier concentration the
Debye length generally decreases, if the Fermi level crosses
the conduction band, then the Debye length can acquire values
as large as 100 Å in a narrow temperature range. Although
the model calculations [31] were done for doped GaAs, the
value of the Debye length obtained at room temperature and
for a doping of 5 × 1017 cm−3 is about 60 Å, which is
remarkably close to the value obtained from our photoemission
experiments on MgGa2O4. Despite the difference between
GaAs and MgGa2O4, our results are very promising and the
temperature dependence of the Debye length in transparent
oxides by ARPES are planned for the near future.

VIII. TEMPERATURE DEPENDENCE

Figure 7 shows photoemission spectra taken at two points
of the Brillouin zone with two photon energies at different
temperatures. The first important feature the data show is that
the band gap remains virtually constant, with a variation of
a few meV over the whole temperature range. Since there is
no state in the band gap, we have no access to the sample
Fermi level. However, an energy scale reference can be made
by means of the core-level data, as shown in the right panel
of Fig. 7, where close inspection reveals a slight shift down to
100 K.

The most prominent variation caused by the temperature is
in the valence band line shape at the � point, where the intensity

FIG. 7. Temperature-dependent change of the (left) valence band
at hν = 26 eV corresponding to the � point, averaged over 2◦ about
the normal emission direction; (right) 3d core levels and the valence
band, averaged over 4◦ at a photon energy hν = 39 eV corresponding
to the X point.

ratio of the main peak at −5.5 eV and of its shoulder at −7 eV
change continuously from 300 K to 50 K. This continuous
variation cannot confirm the theoretical prediction of a phase
transition of Seko et al. [24], which predicts that the order
parameter has a jump at about 270 K and remains constant
at lower temperatures. A phenomenon that could explain the
continuous change of the valence band line shape is the tem-
perature dependence of the lattice parameter, which is unfortu-
nately experimentally unknown in the low-temperature range.

IX. CONCLUSION

In this article, we have presented a comprehensive theoreti-
cal and experimental investigation of the electronic structure of
n-doped intrinsic MgGa2O4. ARPES spectra were measured
with low-energy photons in the UV regime and by means of
photon energy- and angle-resolved scans. We were able to map
the electronic structure of the material along two different high-
symmetry directions. Furthermore, ARPES showed neither
surface states nor defect-related nondispersive features in the
band gap. The measured band dispersion is consistent with
our ab initio DFT calculations, with the exception of the
conduction band minimum, whose energy is too low, an effect
of the underestimation of the gap size by DFT done in the
local-density approximation.

An experimental core-level binding energy shift versus
the photoelectron emission angle is a clear indication of a
band bending in the material. We analyzed it in terms of an
exact model, which leads to the determination of the material
effective Debye length and the bulk carrier concentration.
Remarkably, these two quantities have been obtained by a
surface-sensitive method, ARPES. Even more surprising is the
fact that MgGa2O4 retained its semiconducting character down
to a temperature of 20 K, with no sign of charge up in the
photoemission spectra.

We obtained a good agreement between values of the carrier
density determined by ARPES and by transport measurements
and also between the experimental ARPES value of the Debye
length and model calculations, the latter showing a strong
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temperature dependence. Our results indicate a way to quantify
these two quantities in nondegenerate semiconductors by
means of spectroscopic surface-sensitive methods.
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APPENDIX A: SAMPLE PREPARATION AND
CHARGING EFFECTS

The samples were prepared by sputtering and annealing,
although cleavage was tried, but turned out to be impossible.
We used argon ions accelerated to 1 keV at a partial pressure
of 4 × 10−5 mbar for one hour. The annealing was carried out
at 500 ◦C to reorder the crystal surface, also for one hour.
The quality of the spectra increased quickly with sputtering
and annealing cycles, as it can be seen from Fig. 8. As also
shown in the top part of Fig. 8, the surface is quite robust
to contaminations, since the main peak intensity decreases
about 20% in 3 days from the preparation, with no new feature
detectable.

FIG. 8. (Top) Examples of the valence band at the � point
measured at different times: (red line) fresh surface right after the
preparation, (green line) 3 h after the preparation, (blue line) 1 day
after the preparation, and (black line) 3 days after the preparation.
(Bottom) Examples of spectra taken at the beginning of the experiment
to show the improvement of the surface quality upon sputtering and
annealing. In the figure label, the sputtering parameters are indicated
by S(t,E), with t indicating the sputtering time in minutes and E

indicating the ion energy in keV. Similarly, the annealing parameters
are indicated by A(t,T ′), with t giving the annealing time and T ′ the
annealing temperature.

FIG. 9. Temperature dependence of the photoemission spectra
taken at normal emission under different illumination intensities
(referenced to the mirror current) (left) at 300 K and (right) at 18
K. No shift in the spectra is visible, indicating no charge-up effects.

We found no charging of the samples during the measure-
ments as indicated by the photon intensity-dependent valence
band spectra at 18 K (right) and at 300 K (left) of Fig. 9. The
photon intensity was referenced to the drain current from the
last mirror of the beamline before the sample. No apparent
shift of the spectra was observed, which would occur with a
charging sample.

APPENDIX B: LAUE MEASUREMENTS

To exactly map the electronic structure by ARPES, it is
necessary to find the high symmetry directions with respect to
the crystal edges. Therefore, a Laue diffraction measurement
was performed and the result is shown in Fig. 10. The image
shows a clear fourfold symmetry resulting from the (001)
axis being perpendicular to the surface (and parallel to the
x-ray beam). The diffraction intensity was calculated using
the standard diffraction amplitude formula:

S =
∑

i

fie
2πi(hui+kvi+lwi ), (B1)

where hkl stands for the Laue indices, which are Miller indices
or an integer multiple, uvw indicates the position of the ith

FIG. 10. (Left) Experimental Laue diffraction image of
MgGa2O4 done with an x-ray tube equipped with a Cu target.
(Right) Theoretical calculation of the Laue diffraction pattern (see
main text for details). Each diffraction spot is labeled with the Miller
indices of the corresponding crystal planes and the radius of the circle
is proportional to the theoretical intensity. The (800) diffraction spot
is at the origin of the axes and the (501) point in the experimental
figure (left) corresponds to the (1020) in the theoretical calculation
(right). Similarly the (310) corresponds to the (1240) point.
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atom in the unit cell, and fi is the atomic structure factor of
the atom i. The structure factors were taken from [33].

Since all atomic positions are known, the diffraction in-
tensity can be calculated at any point of the reciprocal space
and, as shown in Fig. 10, the calculations, done for the fcc
lattice representation, reproduce all experimental diffraction
points and the agreement is excellent. This procedure yielded
the correct alignment needed for the ARPES measurements.

APPENDIX C: CORE LEVELS, ESCAPE DEPTH,
AND BAND BENDING

It is very well known that, in absence of a band bending,
like in metals or very pure semiconductors and/or in absence
of specific surface defects, the binding energy of core levels
should not depend on the depth. Another well-known fact is
that the photoelectron inelastic mean free path λe, the origin of
ARPES surface sensitivity, is finite and short, i.e., comparable
to the thickness of a few monolayers. Thus an experimental
dependence of the core-level binding energy on the emission
angle is a direct evidence of a potential shifting the energy
positions, i.e., a band bending occurring at the surface.

In the present case, the Ga 3d core level binding energy
of 21.6 eV reduces with increasing (becoming more grazing)
emission angle. This effect is attributed to an upward band
bending occurring near the surface and in a depth range
comparable toλe. The attenuation of the excited photoelectrons
traveling to the surface can be calculated with the usual
(Lambert) formula:

Ia(Eph,Ekin,z) = Iee
− z

λe (Ekin) cos φe . (C1)

The total number of photoelectrons reaching vacuum can be
simplified by

Ia ≈ e−za ⇒ a = 1

λeff
= 1

λe(Ekin) cos φe

, (C2)

where an effective inelastic mean free path has been intro-
duced.

The core-level energies shift because of the band bending
under the surface in a depth-dependent way, which we ex-
plained in the previous section. In full generality, the measured
binding energy EM (a) at an angle α is a weighted mean of
the depth-dependent core-level binding energies EC(z). The

weights are given by the exponential in Eq. (9) which depends
on the depth under the surface and the effective inelastic mean
free path λe:

EM (a) ≈
∑∞

z=0 EC(z)e−z·a∫ ∞
z=0 e−z·a ≈

∫ ∞
0 EC(z)e−z·adz∫ ∞

0 e−z·adz
. (C3)

The first expression for EM (a) involves a sum instead of
an integral because the positions of the emitting atoms are
discrete inside any actual material. They can be indexed by a
natural number and the interlayer distance. This term has been
approximated by a continuous limit in order to use the model
of the previous section.

The shift of the core levels caused by the band bending
is assumed to be of the form of EC(z) = E0 + Ae−Bz, a
simple exponential, which has as a particular case the linear
dependence. With this approximation, Eq. (7) can be solved
and we obtain the following formula for the band bending as
a function of a = 1/λeff :

EM (a) =
E0
a

+ A
a+B

1
a

= E0 + A

1 + B
a

= E0 + A

1 + B · λeff
.

(C4)

Using the linear approximation of the band bending,
EC(z) = A + Bz, leads to

EM (a) = A + B

a
≈ A + B · λe cos φe. (C5)

In our measurement, we observe an increase in the binding
energy of Bλe ≈ 0.5 eV in the angular range that we used. This
value is the last parameter we need to calculate the effective
Debye length, assuming λe ≈ 5 Å,

L = 7

0.5
λe ≈ 70 Å. (C6)

Once the value of the effective Debye length is known, the
bulk carrier density can be estimated, as shown in the previous
section:

nb + pb = εε0kBT

e2L2
≈ 2 × 1017 1

cm3
. (C7)

The value we obtain is reasonable, i.e., it is a typical value for
unintentionally doped transparent conducting oxide crystals,
which also have the same color as our MgGa2O4.
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