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Abstract

In the current work, pristine a-Fe,O; metal oxide was doped with Mg in an attempt to modulate its elec-
tronic properties. To this end, we employed an experimental high throughput strategy, including scan-
ning XRD and optical spectroscopy, which were complimented by atomistic density functional theory
(DFT) calculations. The combined study reveals that at Mg/Fe atomic ratios up to ~1/3, the bandgaps of
the hematite-Mg composite materials are similar to that of the pure material. The observed bandgaps are
rationalized by electronic band structure and density of states calculations. Additional rational for the
similar bandgaps in pure and doped hematite is provided by topological Bader charge analyses, which
indicate that the Mg and Fe ions in the hematite matrix have similar partial atomic charges. Nonetheless,
the small charge density difference between the Mg and Fe ions induces a slight spin polarization on
both oxygen and Fe ions, resulting in changes in the band edges. Further charge density analyses, using
charge density maps and chemical-bonding analyses with the crystal orbital Hamiltonian population
scheme, indicate that Mg forms ionic bonds with the neighboring oxygen atoms. This change from iron-
oxygen covalent bonds to a more ionic nature for magnesium-oxygen bonds is probably responsible for
the reduction observed in the computed bulk modulus of a-Mgy 17Fe; 3303 (193 GPa) compared to o-

Fe,0; (202 GPa).
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Introduction

Hematite (0-Fe,03) is an attractive metal oxide for potential use in solar water splitting,'™ as well
as for photovoltaics,” due to its chemical stability, abundance and non-toxicity. Fe,03/MgO composites
have been tested for various catalytic energy materials applications such as H,O, decomposition cataly-
sis® and enhanced arsenic adsorption performance.” Hematite can be manufactured by several methods,
including atomic layer deposition (ALD), pulsed laser deposition (PLD) or spray pyrolysis. In spite of its
many favorable properties, hematite is not a practical material for photovoltaic applications due to poor
charge transport, which is a result of limited small-polaron mobility (i.e. the electron hopping between
adjacent sites, which is accompanied by geometrical changes within proximal lattice sites®), and a
bandgap of ca. 2.1 eV, which is not optimal for the solar spectrum. This implies that many physical fea-
tures, such as bandgap and structural and mechanical properties,” must be improved in order to make this
material attractive for photonic water splitting and photovoltaic applications.

In order to modulate the photon absorbing abilities of potential photovoltaic materials, bandgap
engineering has emerged as a promising direction and has drawn attention from both the experimental
and computational scientific communities.'” ' Such engineering can be achieved by replacing individual
atoms in the hematite structure by different metal and non-metal atoms, i.e. both Fe and O in pure hema-
tite can be considered for substitution.

The crystal structure of hematite has layers of oxygen atom separated by layers of iron atoms. The
iron ion is in a formal +3 oxidation state, and has a half-filled band (i.e. 3d°configuration). The magnetic
ordering within each Fe-layer is ferromagnetic and in-between layers the ordering is antiferromagnetic.'?
In order to optimize the photoactivity of hematite, the band structure of pure and 3d transition metal in-
corporated hematite was investigated computationally by several research groups using density function-
al theory (DFT). Huda et al. studied Sc, Ti, Cr, Mn and Ni incorporated hematite at the local spin density
approximation level with on-site Hubbard correction (LSDA+U level of theory) and found that the crys-
tal cell parameters increase for the Sc and decrease for Ti, Cr, Mn and Ni incorporated hematite.'® These
transition metals also have a marked effect on the density of states (DOS) of doped hematite. The band
due to Sc mixes well with the original conduction band of hematite, while Ni produces two additional
states in the center of the gap. The observed trend was rationalized by an increased localization of the d
orbitals as one moves across the periodic table from Sc to Ni.'* Yang et al. studied transition metal doped
hematite at the LSDA+U level of theory as well.'* Interestingly, the authors noted that for Cu and Cd
half-substituted hematite, the bandgap does not change significantly for the spin up channel. However,
for the down spin channel, they observed a band crossing of the Fermi level, indicating half-metallic be-

havior."* Recently, Xia et al. attempted substitution of the oxygen atom by sulfur at the DFT generalized
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gradient approximation (GGA) level of theory with Hubbard correction (GGA+U). Their study revealed
that at an S concentration of 5.6%, a direct band gap of 1.45 eV is obtained."”” Pozun et al. studied
bandgap properties of doped hematite using hybrid DFT. In this work, all transition metal and p-block
elements were examined as substituent atoms for a single Fe atom in a 120 atom supercell, and it was
found that the HOMO-LUMO gap changes are due to the addition of states into the bandgap region.'

Several experimental works also tackled the properties of a variety of doped hematite analogues.
Experimentally it was found that the bandgap of nanoporous hematite produced by spray pyrolysis sub-
stantially decreases upon Ti doping.'® Si doped hematite, deposited by spin coating followed by heat
treatment,'’ as well as Ti and Sn co-doped anodic deposited hematite, showed only minor changes of the
bandgap.'® Mohanty et al. measured an indirect bandgap for both pure hematite and Mg doped hematite,
of 2.135 eV and ~2.5 eV, respectively.'” Recently, Tang et al. interpreted the Tauc plots as suggesting an
increase in the bandgap with increasing Mg concentrations. In that study, the reported atomic Mg concen-
tration was as high as 8.1% under Ar/O, atmosphere.”’

In the present study, we introduce thin films of Mg doped hematite as an alternative to transition
metal doping, in an attempt to modify the bandgap of a-Fe,Os;. Reduction of the a-Fe,O; bandgap can
make this material more viable as a photovoltaic device, as well as a catalyst for water splitting. We pre-
sent optical bandgaps measured on a thin film of Mg-doped hematite with different Mg/Fe atomic ratios,
obtained using continuous compositional spreads (CCS) produced by PLD. These thin-film properties are

compared to atomistic DFT calculations.

Methods
I. Experimental methods

Combinatorial material libraries with a CCS were used to investigate the properties of hematite as
a function of the concentration of Mg substituent. The libraries were produced on alkaline free glass with
a size of 71 x 71 mm? The libraries were deposited by pulsed laser deposition using a commercial system
(Neocera) consisting of a KrF excimer laser with an emission wavelength at 248 nm (Coherent Compex-
Pro102). The pulsed laser energy was ~1.8 J/cm?, and was focused onto the target to a 0.07 mm” spot ar-
ea, at a repetition rate of 8 Hz. The target to sample distance was 52 mm, and the deposition was carried
out at an oxygen pressure of 7 mTorr, while the substrate heater was adjusted to 500 °C.

A pure hematite library was deposited using 30,000 laser pulses. To produce a CCS library, 60
pulses from a Fe,0; target (99% pure, Kurt J. Lesker Co.) were deposited with the center of the plasma
plume close to one edge of the glass. The glass substrate was rotated by 180° and the Fe,O; target was

switched with an MgO target (99% pure, Kurt J. Lesker Co.), from which 2 pulses were deposited, Figure

4
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1. The rotation cycle was repeated 500 times to produce a library with a maximum film thickness of 400
nm at the peak deposition of the Fe;Os. The small number of pulses during each cycle guaranteed deposi-
tion with a thickness on the order of the crystal unit cell. The unit-cell-per-pulse deposition in conjunc-
tion with substrate heating, achieved optimal intermixing of the two materials throughout the library.

Separate depositions of Fe,O; and MgO at room temperature, with a sticker glued to the substrate
that had a grid of holes as a shadow mask, were used to measure the thickness profile of the two materi-
als using a scanning profilometer (Dektak 150). The doping density was calculated based on the thick-
ness profiles of the pure materials, which are superimposed in a CCS library.

Thin film X-ray diffraction measurements (XRD) with mapping capabilities (Rigaku
SMARTLAB) were used to evaluate the crystal structure of the pure hematite and CCS libraries. The 0-
20 (40 kV, CuKa) scans were performed in a range from 25° to 80°, at a scan rate of 1°/min. Optical
measurements were carried out using an automated scanning system in combination with an optical fiber
based system consisting of two integrating spheres and a CCD array of spectrometers (USB4000, Ocean
Optics). The total reflectance, total transmission, and specular reflection were measured on an array of 13
x 13 points in the library.*! The bandgap was subsequently derived from Tauc plots. The error in the opti-
cal measurements is 0.1%.

II. Computational methods

The calculations were performed with the VASP 5.2.12 program,* >

using the projector aug-
mented wave (PAW)*® %’ pseudo potentials (PP) method, see Supporting Information for additional de-
tails. Plane wave energy cutoffs of 500 and 700 eV were tested in conjunction with the PBE*® functional.
The energy cutoffs of 500 and 700 eV produced nearly identical geometrical, electronic density of states
(DOS) and Bader analysis results (Supporting Information, Table Sla, S1b and Fig. S1). The PBE func-
tional was augmented with a Hubbard on-site potential, with U=4.3 eV* for the d states of Fe, within the
GGA+U approach.30 A gamma point centered grid was used with a k-point distance of 0.2. The cell pa-
rameters and geometries of all structures were optimized until the forces converged to <0.002 eV/A.

Bader charge analysis was performed on the all-electron densities (the core density was generated
from the PP files).”'** Based on the experimental XRD analysis, which indicated that the hematite crystal
structure is preserved upon incorporation of Mg, the computational model assumed substitutional Mg
doping.

To study the effect of incorporating Mg, a single Fe atom was replaced by an Mg atom in hexago-
nal unit cells of 30 (1x1x1), 60 (1x2x1), and 120 (2x2x1) atoms, thus mimicking different Mg concentra-

tions. The Mg/Fe ratios correspond to 1/11, 1/23, 1/47 and the corresponding chemical compositions are

Mgy 17Fe; 8303, MgoosFe1.9203, and Mgp psFe; 9603. For the ratio 1/11, in addition to the 30 atoms simula-
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tion cell, we also computed the 60 atoms configuration cell, which contains 2 Mg atoms, 22 Fe atoms and
36 O atoms. 7 different arrangements of the 2 Mg atoms within the unit cell were evaluated. The lowest
energy configuration corresponds to the atomic arrangement in which the 2 Mg atoms occupy the same
layer (see conf. a in Table S2). We note that such an arrangement induces spin polarization in the simula-
tion cell. This configuration is lower in energy than conf. f (see Table S2), for example, in which the two
Mg atoms occupy different layers, resulting in zero net spin of the simulation cell. The results obtained
with the 60 atoms cell mirror those obtained for the 30 atoms cell.

An antiferromagnetic interlayer ordering was assumed, as it is the lowest energy magnetic con-
figuration of hematite.'? For studying the band structure of pure and Mg alloyed hematite a set of special
k-points was generated using the A CONVASP-online facility, (Fig. $2).%

The electronic structure study of a-Fe,Os; and Mgy 17Fe; 3303, was further complemented by com-
puting the optical properties of Fe;O3 and Mg@Fe,0s, in the PAW framework using the method of Gaj-
dos et al.* In this approach, we compute the imaginary part of the macroscopic dielectric tensor, which is
directly related to the optical absorption spectrum of any material.*’ >’

To evaluate the nature of the chemical bonds, we plotted the crystal orbital Hamiltonian popula-
tion (COHP)4O'42 for the spin densities of a-Fe,O; and Mgy 17Fe; 303, focusing on the Fe-O and Mg-O
nearest neighbor bonds. We employed the LOBSTER program, which calculates COHPs directly from
the plane-waves.*> COHP provides the energy resolved visualization of chemical bonding in solids based
on DFT calculations, by rewriting the band structure energy as a sum of energy per orbital contribution.
An energy integral of COHP (ICOHP) provides access to the contribution of an atom or a chemical bond
to the distribution of the one particle energy. The validity of the method has previously been shown by
application to chemical textbook examples like diamond, GaAs, CsCl, and Na and several different clas-
ses of solid-state materials.***

To evaluate the bulk moduli, B, of a-Fe,O3; and Mg, ;7Fe; s303, we optimized the volume and
shape of the cell subjugated to several values of pressure, using the PSTRESS keyword in VASP. For the-
se calculations, the plane-wave energy cutoff was increased to 750 eV, and the keyword
ADDGRID=.TRUE. was used to add a support-grid for the evaluation of the augmentation charges, as

this reduces the numerical noise in the computed forces.
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Results and Discussion
I. Experimental Results
1. Structure of pure and Mg alloyed Fe,Os.

The Fe,03-MgO library is deposited as a continuous compositional spread (CCS) on an alkaline-
free glass substrate. To obtain the CCS layer, a small amount of each material is ablated per deposition
cycle, thus good intermixing between materials is achieved. A schematic presentation of the Fe,O3-MgO

CCS library is presented in Fig. 1.

a) b) <)

/ u-Fezoa\ a-Fe,0,

Glss substrate” -

Figure 1. Schematic representation of the a) pure hematite library, and b) the CCS Fe,03-MgO li-
brary. The light-blue bottom depicts the glass substrate, while the orange is the a-Fe,Os3 deposition, and
the dark blue is the MgO deposition. Each layer of a-Fe,O3; and MgO is one deposition cycle. Deposition
of the layers was repeated 500 times. c) An actual image of the deposited CCS library, where the top part
(red-orange) is the a-Fe,O; maximum thickness and the other edge (180°) is the MgO maximum thick-

ness, which is transparent in visible light.

The ratio between the Fe and Mg atoms is calculated based on the thickness profiles, which are
measured for each of the materials separately and based on their theoretical densities, as shown in Fig. 2.
The Mg/Fe atomic ratio is between 0-1 for areas of the library that have more Fe,Os, which is most of the
library. The areas in the library that have an Mg/Fe atomic ratio of 1 or higher are the areas where the
MgO deposition is thickest. In this case the Mg atoms either completely replace the Fe in Fe,O3, or form
a separate MgO phase.
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Figure 2. Fe to Mg atomic ratios, calculated based on the a-Fe,O3 and MgO thickness profiles and
densities. The right scale bar includes the ratios over the entire library, and the left scale bar is enlarged

for the Mg/Fe ratios from 0 to 1.

XRD measurements were used to map the Fe,O3-MgO library (Fig. 3). XRD mapping of a library
deposited using only a Fe,Os target displays peaks that belong to pure a-Fe,O3, (Fig. S3). In contrast,
mapping of the Fe,03-MgO CCS library shows some peaks that differ from the pure hematite phase. For
an Mg/Fe atomic ratio of 0.045, the XRD spectrum contains the peaks for the hematite phase, and also a
new peak, indicating that an unidentified Mg-Fe,O; phase is formed. For an Mg/Fe atomic ratio of 0.069
and 0.146 the peak intensity of the unidentified Mg-Fe,Os phase increases.

Se O Mg/Fe=0.045
“] =
[ ]

Mg/Fe=0.146

Figure 3. X-ray diffraction spectra of Mg doped hematite, Mg/Fe atomic ratios of 0.045 (blue),
0.069 (red) and 0.146 (green). Circles represent the peaks corresponding to the a-Fe,O3; phase, and the

squares represent the peaks corresponding to the Mg-Fe,O3; mixed phase.

i1. Optical bandgap.
Optical measurements, including total transmission (TT) and total reflection (TR), were carried

out on the Fe;O3-MgO CCS library. The absorbance (Abs) for every point in the library is derived as:
8
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(eq. 1) Abs= 1-TT-TR

The absorbance (Abs) is then used to calculate the absorption coefficient (o) for every Mg/Fe
atomic ratio in the library by:

(eq. 2) a=(-In(1-Abs))/d
where d is the total thickness of the Fe,O3-MgO CCS library. The bandgap is derived by plotting (ahv)l/ 2
as a function of the energy, hv (Tauc plot), taking into account that Fe,Oj; has an indirect bandgap.'® The
linear regime in the Tauc plot is fitted using a linear fit function, and the bandgap is determined as the
intercept point between the linear fit and the energy x-axis (Fig.4, Fig. S4, Fig. S5). The bandgaps found
for the pure hematite library are 1.92-2.12 eV, in agreement with bandgaps reported in the literature."

The bandgaps obtained for the Fe,O3-MgO CCS library are lower for some of the Mg/Fe atomic
ratios, and range from 2.03 eV to 1.6 eV (full maps of the bandgaps can be found in Fig. S4). The higher
bandgaps in the CCS library mostly belong to the pure Fe,03 phase and the Mg-doped Fe,O5 phase.”* A
plot of the bandgap as a function of the Mg/Fe atomic ratio in the CCS library is given in Fig. 4. At low
Mg/Fe atomic ratios up to 0.2 the bandgap remains within the range of the reported bandgap values." For
higher Mg/Fe atomic ratios (0.2 to 0.35), the bandgap is only slightly reduced to ~1.85, although the
spread in the data increases. The spread in the data is probably due to the formation of both the pure and
doped hematite and new Mg-Fe,O3 phases. The bandgap reduction likely arises from the new Mg-Fe,;O3
phase or Mg doping of a-Fe,O3 (Fig. 3), in which Mg atoms may replace Fe atoms in hematite, thus
changing the absorbance. The slight bandgap reduction can possibly make a-Fe,Os; more viable for pho-
tovoltaic applications or for water splitting, as the lower bandgap can collect photons from the IR region
of the solar spectrum, and improve the absorber properties of a-Fe,O3;. Experimentally, it can be con-
cluded that small amounts of doping of Mg in hematite, up to ratios of Mg/Fe=0.2, do not significantly
affect the absorption and bandgap of hematite. Furthermore, it seems that the hematite structure is main-

tained and that new Mg-Fe,O; phases do not affect the structure of the hematite.
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Figure 4. Bandgap vs. Mg/Fe atomic ratios, depicting a spread in the bandgap values for Mg/Fe
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atomic ratios up to ~0.35. The bandgap is derived by plotting (ahv)* as a function of the energy, hv

(Tauc plot).

II. Computational Results
A. Structure

The cell parameters of pure and Mg doped hematite are shown in Table 1. For pure hematite, the
volume of the monoclinic 30-atom unit cell is 313.56 A°>. It remains practically unchanged, with a value
of 313.75 A, when one iron atom, is substituted with a magnesium atom. Structural parameters of larger
monoclinic cells of pure hematite of 60 and 120 atoms also do not change with the inclusion of Mg atom,
Table 1.

In the pristine hematite we obtain two sets of Fe-O bond lengths: three Fe-O bonds of 2.130 A
and three Fe-O bonds of 1.976 A. In a-MgyFe, O3, x=0.17, the first set of Fe-O bonds slightly decreases
to 2.096 A and the second set increases to 1.989 A. The Mg environment may be defined by two sets of
Mg-O bonds as well, with values of 2.058 A and 2.165 A (each set has three Mg-O bonds). The minute
change in Fe-O bond lengths upon incorporation of Mg, as well as the similarity between the Fe-O and
Mg-O bond lengths, explains the almost unchanged global cell parameters. Similarly, for lower concen-
trations of Mg (x=0.08 and x=0.04), the cell parameters remain nearly identical to the pure system (Table

1, Table S3).

10
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Table 1. Computed cell parameters for pure and Mg-alloyed hematite.

Pure a-Fe,O3

Cell Atom Composition Expt.*”’ Atomic configuration of the simulation cell
a, A 12-Fe, 18-0 24-Fe, 36:0 48-Fe, 72-0
b, A 5.038+0.002 5.097 5.097 10.193
c, A 5.097 10.193 10.193
Volume of the unit cell, ¥, A>  13.772+0.012 13.937 13.938 13.938
313.56 627.12 1254.18
Mg-doped a-Fe,03
Cell Atom Composition Atomic configuration of the simulation cell
Mg/Fe atomic ratio 1-Mg, 11-Fe, 18-O 1-Mg, 23-Fe, 36-:O 1-Mg, 47-Fe, 72-O
Chemical Formula 1/11=0.09 1/23=0.04 1/47=0.02
Cell Parameters Mg0.17F61.33O3 Mgo.ogF€1.9203 Mg0.04Fe1.9603
a, A 5.096 5.094 10.194
b, A 5.096 10.191 10.194
c, A 13.949 13.938 13.937
Volume of the unit cell, V, A’ 313.75 627.15 1254.20

B. Charge analysis

The average Bader charges and volumes for pure and doped hematite are shown in Table 2. The
computed charge of the iron atom is 1.780 a.u. in the pure hematite. It remains practically unchanged
(1.789 a.u.) for the highest concentration of Mg considered in this work, i.e. Mgy ;7Fe; 3303. For lower
concentrations of Mg, such as in MggpsFe; 9603, we observe a small change, with a partial charge of
1.792 a.u. Interestingly, the computed Bader charges of magnesium incorporated into a-Fe,O3 is 1.719
a.u. This value remains very similar for all three concentrations considered in this work, and is very simi-
lar to the charge of 1.689 a.u. of Mg in pure MgO. This picture is consistent with the common notion that
magnesium forms ionic compounds, with a constant charge of approximately +2 a.u. The negative
charges of the oxygen atoms show small variations with varying Mg concentration, Table 2. Thus, intro-
duction of Mg-ions into hematite induces only minor changes in the partial charges of iron and oxygen

compared to pure hematite.

11
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Table 2. Average computed Bader partial atomic charges (a.u.) and volumes (A%) of pure and Mg
doped hematite and pure MgO rocksalt.

Atomic configuration of the simulation cell

Computed cell composition 1-Mg, 11-Fe, 18-O 1-Mg, 23-Fe, 36:0 1-Mg, 47-Fe, 72-O
Mg/Fe atomic ratio 1/11=0.09 1/23=0.04 1/47=0.02
Pure a-Fe,0O; Pure MgO Mgy 17Fe; 8303 Mgy osFe1.9,03 Mg 04Fe1.9603
Average Charges
Mg - 1.689 1.719 1.719 1.718
Fe 1.780 - 1.789 1.789 1.792
o -1.186 -1.689 -1.189 -1.191 -1.193
Average Volumes
Mg - 4.813 4.938 4.924 4.891
Fe 8.305 - 8.202 8.216 8.195
0] 11.883 14.457 12.138 12.035 12.002

The charge distribution in pure a-Fe,O3 and a-Mgy 17Fe; 3303 is shown in Fig. 5a and 5b. In pure
a-Fe,0s, the charge is located in the Fe-O interatomic region (green arrow), indicating some covalent
contribution to the iron-oxygen bond. In a-Mg 7Fe; 3303, however, the Mg-O interatomic region does
not have any electron density (at the presented density iso-value, green arrow), indicating a more ionic

nature of the magnesium oxygen bond. This point will be discussed further below (Section D).

(b)

Figure 5. Charge distribution in (a) a-Fe,O3 and (b) Mgy 17Fe; 3303. The yellow color indicates the
electron density located within the cell, at an iso-surface value of 0.05 el/A’. The blue color represents
the electron density at the cell surface (which interacts with its periodic image). The red-brown spheres
within the yellow electron density indicate the positions of the atoms (Fe, Mg, O). Red arrows indicate

the (a) Fe and (b) Mg atoms at the substitution site. Green arrows point to the regions of cation-oxygen

bonding.

12
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C. Electronic density of states (DOS), band structure and optical absorption spectra.

The electronic DOS and band structure of pure and Mg alloyed hematite (a-Mgy 17Fe; 3303) are
shown in Fig.6a,b and 7a-c. The Fermi level, E-Fermi, is set to 0.The DOS of pristine hematite, which
has an antiferromagnetic spin ordering between the iron layers, shows that the spin up channel and the
spin down channel are symmetric, with a bandgap of 2.01 eV. The top of the valence band is comprised
of the oxygen 2p states, with a contribution from the iron 3d states. The bottom of the conduction band is
comprised of mainly iron 34 states (see Fig. S6 for details). This picture is consistent with previous theo-
retical studies of hematite."

With the introduction of Mg, the symmetry of the spin up and spin down channels is broken, with
a concomitant polarization of both the O-2p and Fe-3d states. The gap in the spin up channel increases to
2.20 eV. Interestingly, in the spin down channel there is a band crossing of the E-Fermi. This is similar to
the DOS structure of metals near the Fermi level (see Fig. S7 for details) and to previous computational
studies on substitution doping of hematite."*

The band structure of pure and Mg doped hematite was computed for the high symmetry points of
the hexagonal cell. The conduction band minimum (CBM) of a-Fe,;Os3 and a-Mg 17Fe; 3303 remains sim-
ilar with little dispersion. The valence band maximum (VBM) of the spin up channel is shifted slightly
below its position with respect to E-Fermi in pure a-Fe;Os, while that of the spin down channel is shifted
slightly up and thus crossing the E-Fermi at several points along the high symmetry lines of the hexago-
nal cell. Such a band structure of a-Mgy 17Fe; g303 is similar to that of Sc (which is iso-valent with Fe)
doped a-Fe,05 (1 Sc atom per 30 atoms simulation cell) or Al-doped a-Fe,05."* ***" In the aforemen-
tioned structures, the spin up and spin down channels show slight shifts and local perturbations with re-
spect to the pure a-Fe;Os, without introduction of new bands (of the dopant atom) within the original
bandgap of pure a-Fe,Os. Similarly, for half-substituted Sc-hematite, the spin polarization is more signif-
icant and a crossing of the E-Fermi level in the spin down channel was observed.'* Despite the polariza-
tion of the spin up and spin down channels in Mgy ;7Fe; g303, the bandgap remains indirect (Fig. 7b and
7¢).

To further facilitate direct comparison with experiment, we computed the macroscopic dielectric
tensor, which is directly related to the optical absorption spectrum. Inspection of Fig. 8 suggests that our
computed macroscopic dielectric tensor is in good agreement with the experimental absorption spectra,
which was obtained only in the accessible energy range. At higher frequencies the spectrum of
Mg, 17Fe; 3305 is very similar to a-Fe,Os, and hence suggests that Mg-doping will not hamper the optical
properties of a-Fe,O3 at the modeled concentration (Fig. 8a,b). However, at low energy, which was be-

13
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yond the experimentally accessible range, the real part of the optical conductivity, and consequently the

theoretically computed imaginary part of the dielectric function has a peak for Mgy ;7Fe; 3303, known as a

Drude peak, see Figure S9 in the SI.
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Figure 6. Electronic density of states (a) and band structure (b) of pure hematite, calculated at the

PBE+U level of theory (U=4.3 eV). The Fermi energy is set to 0 eV and is indicated by a red dotted line.
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Figure 8. A comparison of (a) experimentally measured absorption coefficient and (b) our calcu-
lated imaginary part of the macroscopic dielectric constant for a-Fe,O3 (black) and Mgy 17Fe; 8303 (red)

for the high energy range.

To summarize, the electronic structure analysis employing Bader electron partitioning, combined
with the computed DOS, band-structure and optical properties, suggest that Mg induces only minor
changes in the electronic structure of hematite. In particular, the Bader charge analysis is useful for un-
derstanding the changes in the electronic DOS of a-MgFe, «O3;. We propose that the small impact of
Mg-doping is due to the effective charge of Mg, which is very similar to that of Fe in a-MgFe, xO3. The
computed charges suggest that Mg and Fe have very similar charges of ~+1.8 a.u., contrary to the formal
oxidation state charges of +2 for Mg and +3 for Fe. We propose this as a reason Mg does not induce sig-
nificant changes in hematite at the considered compositions of a-MgxFe, O3, x=0.04, 0.08, 0.17. To fur-
ther test this assumption, we have performed a similar analysis for the hypothetical Ba analogue, i.e. a-
Bay 17Fe; 8303. The Bader partial charge of the Ba ion is reduced to 1.55 a.u. This results in charge polari-
zation of its neighboring Fe and O atoms to 1.69 and -1.08, which is reflected in a pronounced change in
the DOS of Bay j7Fe; 3305 (Table S4 and Fig. S8), compared to pure a-Fe,O3 or a-Mgy 17Fe; 330s.

The bandgap calculations indicate that when the Mg/Fe ratio is 1/11 (i.e. 0.09) or lower, the
bandgap changes in the spin-up and spin-down channels are small, similar to the experimental findings

discussed in the previous section.

D. Evaluation of the nature of the chemical bond in a-Fe,O3 and a-Mg 17Fe; 3303

To further dissect the effects at play in this material, we performed a chemical bond analysis using
the off-site COHP and the energy integrated COHP (ICOHP) per bond for the nearest neighbors of Fe-O
and Mg-O interactions for both spin channels (Fig. 9). The bonding and the antibonding contributions are
indicated by a negative and a positive COHP, respectively. It is important to note that these COHP plots
are associated with the Fe ion, which is in the spin-down sub-lattice of the unit cell. Hence, for the down
spin channel, all the 3d-states of Fe’" ion are completely filled and for the up spin channel, these states
are above the Fermi level and remain empty (Fig.9a,b). This is consistent with the high spin state of the
Fe’* (3d°) ions. In the up-spin channel of a-Fe,Os (Fig. 9a), the COHP plot indicates strong covalency of
the Fe-O pairs with the ICOHP value at the Fermi level of -0.72eV/bond. This situation changes dramati-
cally for the up-spin channel of a-Mgy ;7Fe; g303 in which the ICOHP value at the Fermi level is only -

17
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0.15 ev/bond (Fig. 9¢). In the down spin channel, the ICOHP for the Fe-O pairs is 0.04 eV/bond in o-
Fe,0; and -0.15 eV/bond for Mg-O pairs in a-Mgy ;7Fe; g303 (Fig. 9b,d). Noticeably, the calculated par-
tial DOS of a-Fe,O; suggests that all the bonding states are primarily composed of O-2p states and the
antibonding states are in close proximity to Fe-3d states for the up spin channel (refer top panel of
COHPs, Fig. 9a). This is exactly opposite for the down spin channel where the bonding states are primar-
ily composed of Fe-3d states and the antibonding states are O-2p states (refer top panel of COHPs, Fig.
9b). The COHP and ICOHP analysis indicate a weak covalent contribution in the Mg-O bond for both
spin channels, and hence the ionic nature of Mg-O bond mentioned above. The results of the quantitative
COHP scheme is in agreement with the charge density maps (Fig. 5a,b), which indicate a notable charge
density in the Fe-O interatomic region (Fig. 5a), and no charge density in the Mg-O interatomic region
(Fig. 5b), consistent with the ionic bonding of the latter.

The covalent and ionic characters of Fe-O and Mg-O bonds might have implications for their
physical properties, such as stiffness of the material, which is manifested in its Bulk modulus. The com-
puted bulk modulus of a-Fe,O3 is 202 GPa while that of a-Mgy ;7Fe; 3305 is significantly lower at 193
GPa, indicating that a-Mgy 7Fe; 303 is not quite as stiff as a-Fe,Os. This difference in Bulk moduli
could be attributed to the Fe-O bond being more covalent, as discussed above, and hence stiffer. On the

other hand, the Mg-O bonds are more ionic and hence the Mg-doped hematite is a softer material.

18
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Figure 9. A comparison of off-site COHPs and ICOHPs (red) per bond for nearest neighbors of Fe
- O in a-Fe;0; spin up (a) and spin down (b) channels, and of Mg-O in Mgy ;7Fe; 303 spin up (¢) and
spin down (d) channels. All energies are relative to the Fermi energy. In addition, the corresponding den-
sity of states is shown for (a) and (b) on top of each COHP plots. For (c) and (d) there is no substantial
DOS for the Mg ion near the Fermi level and thus the DOS is omitted.
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Summary and Conclusions

Structural, optical and electronic properties of thin films of pure and Mg doped hematite were
studied by means of atomistic DFT calculations and experimental measurements. The experimental ab-
sorbance bandgap analysis shows that up to Mg/Fe atomic ratios of 1/3 there is no significant change in
the bandgap of MgyFe,.«O3. Assuming a hematite crystal structure and Mg substitution doping, the com-
puted DFT+U eigenvalue bandgaps for x=0.17, 0.08 and 0.04 do not change significantly relative to pure
hematite. Interestingly, Bader electron density partitioning analysis suggests that Mg and Fe have similar
effective partial charges. This implies that introduction of holes upon Mg doping might not occur as in
traditional semiconductors. This assumption is supported by experimental work by Tanget al.*> ** Based
on these grounds we propose that in order to induce significant changes in the electronic structure of
hematite, an ionic dopant of a-Fe,Os; should have a greater charge difference than that of Mg compared
to Fe. Analysis of the nature of the chemical bond in these materials indicates that the Fe-O pair has a
significant covalent contribution, while Mg-O is mostly ionic, and as a result Mg-doping of hematite re-

sults in a softening of the material.

Supporting Information. Additional information mentioned in the text, SF1-SF8, and ST1-ST4. This

material is available free of charge via the Internet at
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