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Pressure effects on the electronic and optical properties of AWQO, wolframites (A = Cd, Mg, Mn,
and Zn): The distinctive behavior of multiferroic MnWQ,
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The electronic band-structure and band-gap dependence on the d character of A>* cation in AWOQ, wolframite-
type oxides is investigated for different compounds (A = Mg, Zn, Cd, and Mn) by means of optical-absorption
spectroscopy and first-principles density-functional calculations. High pressure is used to tune their properties
up to 10 GPa by changing the bonding distances establishing electronic to structural correlations. The effect of
unfilled d levels is found to produce changes in the nature of the band gap as well as its pressure dependence
without structural changes. Thus, whereas Mg, Zn, and Cd, with empty or filled d electron shells, give rise to
direct and wide band gaps, Mn, with a half-filled d shell, is found to have an indirect band gap that is more
than 1.6 eV smaller than for the other wolframites. In addition, the band gaps of MgWO,, ZnWO,, and CdAWO,
blue-shift linearly with pressure, with a pressure coefficient of approximately 13 eV /GPa. However, the band
gap of multiferroic MnWO, red-shifts at —22 meV /GPa. Finally, in MnWOy,, absorption bands are observed at
lower energy than the band gap and followed with pressure based on the Tanabe-Sugano diagram. This study
allows us to estimate the crystal-field variation with pressure for the MnOg complexes and how it affects their

band-gap closure.
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I. INTRODUCTION

Tungstates of general formula AWOy, where A is a divalent
cation, are considered as the best scintillating materials for
x- and y-rays detection as well as for medical imaging
applications in x-ray computed tomography.'> The wide-gap
semiconductors magnesium, zinc, and cadmium tungstate
MgWOy4, ZnWO,, CdWO,) are remarkable members of
this family of compounds and their properties have been
extensively studied during the past decade. In particular,
their scintillating efficiency and radiation hardness make
them prototypic scintillators for rare-event searches.>* On
top of that, multiferroic tungstates like manganese tungstate
(MnWQ,) are fascinating from the fundamental-science view-
point because of their intriguing magnetic phase diagrams.>®
In addition, MnWOQO, exhibits spontaneous ferroelectricity
induced below 12.5 K. All of the above-mentioned compounds
have a common monoclinic crystal structure (space group
P2/c) named wolframite. This structure, shown in Fig. 1,
consists on layers of alternating AOg and WQOg octahedra that
share edges forming alternating zigzag chains.” Despite the
scintillating properties of wolframite tungstates, their long
decay time is a disadvantage for several applications. Thus,
tuning their electronic properties might be helpful to improve
their scintillating features. However, only a few studies on
their electronic properties have been reported.*'*-1? In this
context, pressure is an efficient tool to correlate changes in the
interatomic distances with electronic properties. In particular,
the combination of high-pressure experimental studies and
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band-structure calculations has been shown to be an adequate
method to characterize the electronic properties of related
materials like scheelite-structured tungstates.'> Previous ef-
forts have been carried out to understand the band structure
of wolframites. Band-structure calculations have been per-
formed in nonmagnetic CAWO, and ZnWO,.'*!> According
to Refs. 14 and 15, both compounds have a direct band gap at
the Z point of the Brillouin zone (see Fig. 1).!° Additional
efforts have been dedicated to studying the energy-band
dispersion of the magnetic wolframites FeWO,4 and CoWOy,.!"
However, supplementary research is needed to better under-
stand the electronic structure of magnetic and nonmagnetic
wolframites.

In this work we combine high-pressure (HP) optical-
absorption experiments and band-structure calculations of
MgWO,, ZnWO,, CdWO,4, and MnWOy,. In Secs. II and
IIT we present the experimental and computational details.
In Sec. IV we first explain the opposite band-gap behavior
found for MnWOQO, and the rest of wolframites. Then, the
discussion of the pre-edge band of MnWO,'® is made on
the basis of crystal-field estimations and Tanabe-Sugano (TS)
diagram analysis. The two observed bands are assigned to two
of the five forbidden Mn?* d-d intraband transitions and their
dependence with pressure as well as for the rest of d-d bands is
obtained. Finally, the calculated density-of-states (DOS) and
electronic band structure for wolframites at ambient pressure
and 10 GPa is presented. A comparison between them eluci-
dates the influence of Mn?* 3d electrons in the valence band.
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FIG. 1. (Color online) Crystal structure of CdAWO, and Brillouin
zone for wolframites with the highest symmetry points.

II. EXPERIMENTAL DETAILS

MgWO, crystals were prepared using the flux growth
technique,'® ZnWO, crystals were grown by means of the
Czochralski method,2’ CdWO, crystals were obtained from
MTTI Corporation, and MnWO, crystals were grown by the
high-temperature solution method.® Samples were cleaved
from the ingots in the exfoliation (010) plane with dimensions
of around (100 x 100 x 10) pum’. They were loaded in a
diamond-anvil cell (DAC) equipped by 500-m culet IIA-type
diamonds. The pressure chamber consisted in a 200-pm-
diameter hole drilled in a 45-um-thick inconel gasket. Ruby
fluorescence was used as pressure standard®! and a mixture of
methanol-ethanol-water (16:3:1) was employed as pressure-
transmitting medium.?>?? Experiments were performed up to
10 GPa and a minimum of three independent experiments
were carried out for each compound. At higher pressures
the appearance of defects as precursors of phase transitions
observed at higher pressures'®?%>* favor the scattering of light
precluding the performance of accurate optical measurements.
Optical-absorption measurements in the ultraviolet-visible
(UV-VIS) range under compression have been carried out
making use of both a deuterium lamp as a source in the UV
and a halogen one in the VIS range. Light was collimated by
fused silica lenses and focused on the sample in the DAC
by a confocal system consisting on a pair of Cassegrain
reflecting objectives (15x) to avoid chromatic aberrations.
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The transmittance of the samples was measured using the
sample-in sample-out method and detected with an Ocean
Optics USB2000-UV-VIS spectrometer.?

III. CALCULATIONAL DETAILS

First-principles total-energy calculations were done within
the framework of the density-functional theory (DFT)? and
the pseudopotential method using the Vienna ab initio simula-
tion package (VASP).?’ The exchange and correlation energies
were taken in the generalized-gradient approximation (GGA)
according to Perdew-Burke-Ernzerhof prescription.”® The
projector-augmented wave (PAW) scheme?’ was adopted and
the semicore 5 p electrons of W were also explicitly included in
the calculations. The set of plane waves used extended up to a
kinetic energy cutoff of 520 eV. This large cutoff is required to
deal with the O atoms within the PAW scheme to ensure highly
converged results. A dense Monkhorst-Pack (MP)*° grid
used for Brillouin-zone integrations ensures highly converged
results to about 1 MeV per formula unit. We use 16 k points
to perform the geometrical optimizations of these compounds
with symmetry P2/c and wolframite-type structure. At each
selected volume, the structures were fully relaxed to their equi-
librium configuration through the calculation of the forces on
atoms and the stress tensor (see Ref. 31). In the relaxed equilib-
rium configuration, the forces are smaller than 0.004 eV / A and
the deviation in the stress tensor from a diagonal hydrostatic
form is less than 1 kbar (0.1 GPa). For MnWOy,, we performed
spin-density calculations with the GGA 4 U method, to take
into account the strong correlation due to the d electrons of
Mn, on the basis of the Dudarev’s method.*?> An effective U
of 3.9 eV has been used in our calculations. We found that
the antiferromagnetic configuration is the most stable one.??
The application of DFT-based total-energy calculations to the
study of semiconductors properties under high pressure has
been reviewed in Ref. 34, showing that the phase stability
and electronic and dynamical properties of compounds under
pressure are well described by DFT.

IV. RESULTS AND DISCUSSION

A. Pressure dependence of the band-gap energy

In order to determine the pressure dependence of the band
gap and the absorption coefficient () near the band edge for
the four studied wolframites, we have carried out absorption
measurements in the UV-VIS-NIR region. The corresponding
absorption-coefficient spectra at different pressures can be
found in Figs. 2 and 3. The explored range of the absorption-
coefficient values reaches around 2000-3000 cm~! for all
the studied compounds. The absorption-edge shape found
for MgWO,, ZnWO,, and CdWOy is very similar to that
previously reported at ambient pressure'*> and, given its
steepness, suggests that they are direct-gap semiconductors in
very good agreement with our and previous calculations.'*!
The photon energy dependence of o for MnWO, points
toward an indirect band gap, as will later be confirmed by our
calculations. In Fig. 2, it can be noticed that under compression
the absorption edge slightly moves to higher energies in a very
similar way under compression for MgWO,, ZnWO,, and
CdWQ,. In these compounds, the absorption edge exhibits an
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FIG. 2. (Color online) Optical-absorption spectra at different
pressures up to 10 GPa for the three scintillating wolframites:
MgWOy,, ZnWOy,, and CdAWO,.

exponential dependence on the photon energy, which can be
understood according to Urbach’s law.?® Thus, to follow the
band-gap energy (E,) evolution with pressure, the absorption

edges at different pressures have been fit according to Urbach’s
hv—Eg

rule @« = Age fv . In this equation, Ey is related to the
steepness of the absorption tail and is usually known as the
Urbach’s energy. Ay = k+/Ey, with k being an intrinsic
constant for each material. This law has been demonstrated
to work well for wolframites and related compounds.®—®
These two parameters can be assumed to remain constant under
pressure as long as the compounds remain ordered and defects
are not induced by pressure.’® As an example, for MgWO, we
obtain for the whole pressure range nearly constant values of
Ap=500cm™" and Ey = 0.095 eV.

For MnWO,, we observe that in addition to the band edge
there exist two pre-edge bands. Even though the weakest one
is not observed by Choi et al.,'® the intense one is correctly
interpreted by them as a d-d Mn?>* intraband transition.
We shall focus on their discussion in the next subsection.
Concerning the band gap of MnWQy, it moves down in energy
as we apply pressure (Fig. 3). As described above, the slow
increase of « (with respect to the photon energy) suggests
an indirect nature for the fundamental band gap. This fact
is confirmed with a straight-line tendency with energy for
a'/? = K(hv — E,) as can be seen in Fig. 3. In Fig. 4, we
represent the variation of the band gap with pressure up to
10 GPa for the studied wolframites. For MgWO,, ZnWOy,, and
CdWOQy, the pressure dependence of E, is linear, with pressure
coefficients, d Eg /d P, similar to 13 meV /GPa (see Table I).
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FIG. 3. (Color online) Optical-absorption spectra at different
pressures for MnWO, wolframite. Spectra have been vertically
shifted to facilitate the vision. In addition to the absorption-edge
decrease, a red-shift movement of the two Mn** d-d transitions is
observed at lower energy. (Inset) Linear dependence of the square
root of the absorption spectra of MnWOy,. The least-squares fit of the
linear portion of the absorption edge is shown as the continuous line.

Exactly the opposite behavior is observed for MnWO,, where
its band gap decreases at —22 meV /GPa. In addition, in Table I
we compare the present experimental and theoretical values
for the band gaps at ambient pressure with previously reported
values. The agreement is good within experimental accuracy.
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FIG. 4. (Color online) Band-gap dependence with pressure for
the measured compounds. Each symbol type represents a compound
and the continuous lines represent the least-square fittings to the data.
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TABLE 1. Previous and present experimental band gap values
at ambient pressure together with calculated values. The pressure
coefficients for the band gaps of the studied compounds are also
shown.

Ab initio Previous Present
calculations Experiments'>* experiments
E, dE./dP E, E, dE,/dP
(eV) (meV GPa™!) (eV) (eV) (meV GPa™!)
MgWO0O, 3.22 4.52 3.9 4.06 139
ZnWO, 2.79 —0.14 3.9 3.98 12.7
CdwO0O, 291 4.60 4.2 4.02 12.0
MnWO, 1.83 —28.5 2.5 2.37 —22.2

We would like to call attention to an additional fact. In the
absorption spectra, in addition to the fundamental absorption,
an absorption tail is also seen at lower energies. This tail is
typical of orthotungstates.® Its nature has been the subject of
considerable debate being associated to impurities or defects,
but it is beyond the scope of this work. The low-energy tail
overlaps partially with the fundamental absorption but it does
not preclude us to the conclusions presented above. In addition,
excitonic absorptions could influence the optical absorption as
observed in scheelite-type StWO,.'? In particular, the shape
of the excitonic absorption can change upon compression.*’
This change can slightly influence the pressure coefficient
determined for the band gap.

To conclude, we would like to comment that in oxides
related to MnWOy, like PbCrO,4,*' with a similar pressure
dependence of Eg, it has been suggested that metallization
could be induced by pressure. In the case of MnWOy, a linear
extrapolation of E, predicts that metallization will not take
place up to 80 GPa, a pressure 50 GPa larger than the typical

transition pressure of wolframites,'*>* indicating that pressure

4D
4T2g(D)
4E,, *4,,(G)

4G - -
4T2Q(G)
4T1g(G)

68
64,(S)

Free ion 0,
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would not induce metallization in MnWO, during the pressure
stability range of the low-pressure wolframite phase.

B. Mn** d-electrons crystal-field splitting

As mentioned above, in MnWQO, in addition to the
absorption edge two weak bands can be identified at 1.83
and 2.22 eV at ambient conditions. Both bands move to lower
energies following a similar trend as E,. The band at 2.22 eV
has been previously reported by Choi et al.'® and interpreted
as due to a Mn?* d-d intraband transition produced by the
pseudo- Oy, crystal-field splitting of the Mn* d orbitals. The
one at 1.83 eV has not been measured previously. These two
bands are both spin-forbidden in a centrosymmetric system.
However, the noncentrosymmetric distortions present in the
MnOg octahedra (pseudo-0Oj,) favor their presence although
they should be weak as observed. The measurement of only two
d-d bands out of a total of six is not enough to unequivocally
assign them. Therefore, in principle, no further information
about the crystal-field (10Dg) or Racah parameter (B)***
of MnWO, could be obtained. However, pressure happens
to be an inestimable tool because it allows us to measure
the bands dependence with the crystal field. According to
Macavei et al.,** pressure produces a shortening of the Mn-O
distances. These distances shortening should be translated into
a crystal-field increase with pressure. In Fig. 5 we present the
ground and first excited states of Mn?* ion in a cubic octahedral
Oy, coordination, together with the TS diagram for the depicted
transitions. We can observe for this d> system a spectacular
spin-flip transition at 10Dg/B =~ 28, where the system goes
from a high-spin to a low-spin state. For MnWO, we start with
a high-spin configuration and within our pressure range we
will remain in this configuration since very large crystal fields
would be required to find Mn?* in low-spin configuration.
In the high-spin configuration only two of the possible five
accessible transitions are supposed to decrease with 10Dgq.

E/B

10Dg/B

FIG. 5. (Color online) Energy-levels scheme showing the ground and excited states due to the crystal-field splitting of the Mn?>* d° levels
(left). TS diagram showing the variation with the crystal field of the five electronic excited and ground states (right).

125202-4



PRESSURE EFFECTS ON THE ELECTRONIC AND ...

TABLE II. Mn?* bands, crystal field, and Racah parameter B
values at ambient pressure with their pressure coefficients.

Bands Energy at 1 atm (eV)  dv,10Dg/d P (meV GPa™')
*T1,(G) 1.83 —-26

4T (G) 2.22 —23
YE.*A1,(G) 2.50 0

4T, (D) 2.83 -3

‘E (D) 3.04 0

10Dg 0.94 27

B 0.077 —

These two ones are °4,(S) — 4T1g(G) (v1) and ®4,(S) —
T4 (G) (v2), with %A1 (S) — *Th4(D) (v4) band decreasing as
well but very slowly. This is exactly the type of behavior that
we found for our measured bands. Assuming that the measured
bands can be assigned as v, and v, with values at ambient
pressure of v; = 1.83 eV and v, = 2.22 eV, the vy /v; =
1.22 relative coefficient would find its correspondence in
the TS diagram (Fig. 5) for 10Dg/B = 12.17 and vy/B =
28.59. Thus, the Racah parameter would have a value of B =
0.077 eV (see Table II) at ambient conditions. This would
imply a crystal-field value of 10Dg = 0.94 eV. These two
values are in reasonable agreement with previously reported
B and 10Dg for Mn?* in MnOg systems, supporting our
hypothesis. In fact, according to Ref. 45, for MnOg, 0.079 <
B < 0.082¢eV and 1.04 < 10Dg < 1.30 eV. These are slightly
higher values than the ones we have found for MnWQ,. Once
both bands are identified we can follow their evolution with
pressure and crystal field, thus producing our own TS diagram
shown in Fig. 6. There, we can see both the experimental data
and all the estimated bands from the ground state °A;(S) to
T14(G), *Trg(G), *E4(G),*A14(G), *T»e(D), and *E (D). For
our estimations we have kept Racah parameter B constant
with pressure. It is, in fact, a reasonable approximation since
it has been shown for Mn?* in octahedral coordination that
dB/dP tends to be one order of magnitude smaller than the
crystal field 10Dg variation with pressure d10Dg/dP.* In
Table II we report the experimental and estimated band values,
together with the estimated crystal field at ambient conditions
and their pressure coefficients. There can be observed that the
obtained pressure derivatives for nl and n2 are much larger
than those obtained previously for tetrahedrally coordinated
Mn?* %6 as well as happens for the crystal field. It is interesting
to remark that according to the estimated pressure dependence
of the crystal field, a spin crossover transition would take
place for MnWOQ, at 47 GPa, which is a pressure larger than
the transition pressure of the structural transformation known
to take place at 25 GPa from Raman studies.*’

C. Density of states

In Table III we present a comparison of the lattice
parameters and atomic coordinates obtained for MnWO,
at ambient pressure from x-ray diffraction experiments and
from our calculations. We can observe that the calculations
agree reasonably well with experiments,** providing a good
description of the crystal structure. The pressure evolution of
the structural parameters and the atomic positions also agrees
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FIG. 6. (Color online) Crystal-field and pressure variation of the
five Mn>* bands energy. Solid dots represent the accessible exper-
imental data obtained for the two lowest energy bands. Continuous
lines represent the estimative variation of the bands derived from the
experimental data.

with the experiments. The same can be affirmed for the other
three wolframites here studied. Structural calculations for
CdWO,4, MgWO0Oy, and ZnWOQO, have been already compared
with experiments in previous works, !>?%?#33 showing a similar
agreement that for MnWOy. The calculated crystal structures
have been used by us to obtain the total DOS and the
partial DOS projected over atoms and orbitals at different
pressures in order to analyze the different contributions to
the band gap evolution with pressure. We used accurate
calculations to obtain the DOS and the partial DOS, with a
big sampling of k points and the Gaussian smearing method
with a smearing parameter of 0.05. The Im- and site-projected
DOS are obtained with the method provided in the VASP
package.”” Due to the use of PAW?’ pseudopotentials, the

TABLE III. Experimental and calculated structural parameters of
the wolframite MnWOQj;.

Experiments Calculations

a 4.830(1) A 4.87194 A

b 5.7603(9) A 5.85264 A

c 4.994(1) A 5.04390 A

B 91.14(2)° 90.96061°

Site

Mn 2f (0.5, 0.6856(4), 0.25) (0.5, 0.67935, 0.25)
W 2e (0, 0.1800(1), 0.25) (0, 0.17737, 0.25)

0, 4g (0.211(1), 0.102(1), 0.943(1)) (0.20958, 0.10324, 0.94038)
0, 4g (0.250(1), 0.374(1), 0.393(1) (0.25184, 0.37155, 0.39328)
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FIG. 7. (Color online) Partial density of states of MgWO, (a) and
MnWO; (b) at ambient pressure.

Im- and site-projected DOS character does not require the
specification of a Wigner-Seitz radius.

Figure 7 compares the partial DOS for MgWO, (a) and
MnWOy (b) at ambient pressure. For MgWQO, we can observe
that the contribution of the Mg 3s states to the DOS is negligi-
ble with the upper part of the valence band being basically
contributed by O 2p states, which are slightly hybridized
with W 5d states, which otherwise dominate the conduction
band and are slightly hybridized with the O 2p ones. In great
agreement with previous works,'*!3 this is very similar to the
DOS that we have obtained for CdAWO, and ZnWO, despite
the 3d electrons of Cd>* and Zn?* cations. In the former cases,
the 3d electrons are well localized at the bottom of the valence
band and only slight Cd or Zn 4s states hybridization with O
2p states takes place throughout the valence and conduction
bands. Due to this similarity between the basic electronic
properties of these three wolframites where the A?* cation
plays a small role, we will focus on the discussion of the
MgWOQO;, case in comparison to MnWQO,. The DOS feature
observed for MgWOQO, at the bottom of the conduction band
from 3 to 5 eV is worth discussing, since it appears in the DOS
of all the wolframites at the bottom of the conduction band.
It is entirely due to threefold degenerate W 1,, empty states
produced after the splitting of the W 5d ones under the strong
crystal field created by the surrounding six oxygen atoms, with
the twofold degenerate e, empty states being at higher energy.
MgWO,4 DOS shows a great contrast with that of open d-shell
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FIG. 8. (Color online) Partial density of states of MgWO, (a) and
MnWO;, (b) at 10 GPa.

wolframites as MnWOQy. This can be observed in Fig. 7 with the
two additional features at —0.75 and 4.5 eV present in the DOS
of MnWOQy in comparison to MgWOy. Due to the open d-shell
character of Mn?* in MnWOy, the contribution from the Mn
3d states to both the valence and conduction bands is large,
especially for the valence band. Because of the octahedral
crystal field in which Mn?* cations are found, and same as with
WO empty 5d states, Mn 3d states are split in an e, twofold
degenerate and #,, threefold degenerate state at lower energy.
Thus, from —1 to 0 eV there is a two-peaks-like structure,
which is basically due to the two Mn e, states with the 7,
ones being found 0.5 eV below in energy, which are highly
hybridized with the O 2p states. Additionally, the Mn 34 states
partially contribute to the bottom of the conduction band, even
though it is basically due to the W 5d bonding states, which
are hybridized with the O 2p ones as happens in MgWO,.
In relation to the narrow DOS peak observed at 4.5 eV, it is
due to the antibonding Mn t#,, sates. Therefore, comparing the
electronic band structures of both compounds it can be stated
that the fundamental transition (band gap) has to basically take
place from the O 2p states to the W 5d ones in both cases,
but the presence of the Mn 3d states, and very specially their
split in the #,, and e, states, because of the crystal field, play
a very important role in the band gap of MnWO,. They are
responsible of the band lowering of this compound.
Concerning the DOS for both compounds at 10 GPa (see
Fig. 8) we can observe that on one hand, for MgWOQOy only
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FIG. 9. (Color online) Electronic-band
structure of MgWO,, ZnWOQO,, and CdAWO, at
ambient pressure (black) and at 10 GPa (red).
The Fermi level is shown as a dotted line.
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a small increase toward higher energies is observed in the
conduction band, whereas on the other hand, for MnWOQOy,
pressure originates an interesting effect on its DOS. A change
of the Mn 3d splitting is observed upon compression, which
is a clear evidence of the crystal-field increase caused by the
shortening of the Mn-O distances. In addition, a lowering of
W 1, states of the bottom part of the conduction band is
induced by pressure, which has a direct effect on the band gap
reduction observed. In summary, as a first approximation what
occurs upon compression is that the W-dominated bottom of
the conduction band moves faster than the Mn-dominated top
of the valence band, causing a reduction of the band gap.

D. Energy-band dispersions

In Fig. 9 we can find the energy-band dispersion for
MgWO,, CdWO,, and ZnWO4 at ambient pressure and
10 GPa. The calculated bands for the three compounds are very
similar at ambient pressure and under compression. Therefore,
we will discuss here the band structure of MgWO,, which
has not been reported yet. As expected for materials with
a conduction band with d character (W 5d in wolframites),
we can state that the conduction band will be neither very
dispersive nor will its energy minimum be found in the
zone center. On top of that, wolframites crystallize in a
monoclinic P2/c space group, which is centrosymmetric. In
centrosymmetric crystals, no p-d mixing takes place at the
I' point, but it does in less symmetrical points leading to
upwards (downwards) dispersion in the valence (conduction)
band when moving from the I" point. This necessarily implies
that in case a wolframite has a direct band gap, it has to
take place away from the zone center, as can be observed
for MgWOy, ZnWO,,'* and CdWO,," with direct band gaps
at the Z point.'® In the case of MgWOy,, there is an indirect
band gap very close in energy to the direct gap.

In Fig. 10 we can find the energy-band dispersion for
MnWO, at ambient pressure and 10 GPa. Wolframites with
unfilled d A>* cations present indirect band gaps,*® as expected
when there is not p-d mixing in I" but there is p-d mixing in

% 8y
BD ZT YC Z

lower symmetry points away from I". The p-d repulsion results
in up-dispersion of the valence band and so the maximum
occurs in a Brillouin-zone edge. In particular, for MnWO, we
can observe that the indirect band gap takes place from the
valence band top at D and the conduction band bottom at Z.
We have discussed in the previous subsection that they are due
to the Mn bonding e, states, which are hybridized with the O
2p ones. This feature is also observed for CuWO,,* with
the apparition of one band at approximately —0.5 eV being the
electronic band structure calculated for this compound in its
antiferromagnetic state as well as with MnWQO,. Under high
pressure, the opposite behavior is observed for MgWOQO, and
MnWO,. Whereas for MgWO, the bottom of the conduction
band goes up in energy with pressure, for MnWOQO, the bottom
of the conduction band goes down. For both compounds the

Energy (eV)

-3

4

FIG. 10. (Color online) Electronic-band structure of MnWQO, at
ambient pressure (black) and 10 GPa (red). The Fermi level is shown
as a dotted line.
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top of the valence band remains at the same energy. This is
translated into a band-gap increase for the MgWQ, and a
band-gap decrease for the MnWOQOy, which is in agreement
with the type of band-gap behavior previously reported for
CI.IVVO4.49

It has been previously concluded that the bottom of
the conduction band of orthotungstates is dominated by
contributions of W 54 states. On the other hand, the upper part
of the valence band is mainly composed by O 2p states. In
those compounds where the valence shell of divalent cation
A?* contains only s or filled-d states, there is negligible
contribution of them to the valence and conduction bands,
but if the divalent cations have an open-d shell, a larger
contribution of the metal A%>* to the valence and conduction
bands is observed. Consequently, the decrease observed in the
band gap of MnWO, upon compression can be qualitatively
explained by taking into account the pressure increase of the
crystal field acting on W 5d and O 2 p states and the consequent
increase of their hybridization with metal A%* states.”!>

Another interesting result to be discussed is that, according
to the DOS of MnWOy, depicted in Figs. 7 and 8, valence and
conduction band have both O 2p and cationic d character. In
special, the valence band has mainly Mn 3d character. Then,
the p-d interaction energy can be estimated from the splittings
between the bonding and antibonding states. It happens to
be of 4.5 eV at ambient pressure and 4.25 eV at 10 GPa for
Mn-O bonds, which otherwise are known to compress under
pressure.**

Finally, in Table I we present the calculated band-gap
values for the four wolframites and compare both experimental
and calculated values. We can observe that ab initio calcu-
lations, as generally happens with the GGA approximation,
underestimate the values for all the wolframites in around
1 eV.5233 In Table I, we also present the calculated pressure
coefficients. In most cases they agree reasonably well with
the experimental values. In the case of ZnWO,, a small
negative pressure coefficient is theoretically calculated. How-
ever, the experimental coefficient is of the same magnitude
but positive. Similar discrepancies have been observed in
scheelite-type tungstates (e.g., STWO,).!> They have been
attributed to the possible existence of excitonic effects that
are not taken into account in DFT calculations but could be
strong in the absorption edge of direct semiconductors like
ZnWOy. A final interesting fact is that in the cases of CdWOQO4
and ZnWOy, calculations predict a band crossing at 12 GPa.
Beyond this pressure, according to calculations, both materials
become indirect band-gap materials with the minimum of the
conduction band at D and the maximum of the valence band at
Z. Unfortunately, the energy difference between the direct and
indirect band gaps is smaller than 10 meV. Consequently, the
band crossing cannot be detected by our experiments because
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it is predicted to occur at a pressure higher than the maximum
pressure reached in the experiments.

V. CONCLUSIONS

High-pressure optical-absorption experiments have been
performed up to a maximum pressure of 10 GPa in wolframite-
type compounds MgWO,, ZnWO,, CdWO,, and MnWO4.
Additionally, ab initio calculations have been carried out to
obtain their electronic band structure and density of states at
ambient pressure and 10 GPa. Experimental and theoretical
results have been compared leading us to understand the
influence of the A2* cation in these compounds. Thus, whereas
MgWO,, ZnWO,, and CdWO, present a direct and wide
band gap, which blue-shifts with pressure at a rate of around
13 meV GPa~!, multiferroic MnWO, presents an indirect
and 1.6 eV smaller band gap, which red-shifts at around
—22 meV GPa~!. This difference in behavior for isomorphic
compounds is explained in the basis of the Mn?* 3d°
electronic levels. Mg?* (3s2), Zn?* (3d'°), or Cd** (44'%)
with filled electronic shells do not contribute either to the
uppermost of the valence band or the bottom of the conduction
band, basically presenting O 2p character in the upmost
of the valence band and W%t 5d character at the bottom
of the conduction band. However, in MnWO,4, Mn?t (3d°)
contributes to the top of the valence band and the bottom of
the conduction band, which translates in a reduction of the
band gap in comparison to the other wolframite counterparts.
Additionally, under pressure, the crystal-field increase in the
MnOg blocks gives rise to a fg-e, splitting increase, with
a fast t,, electronic levels energy decrease and a smaller e,
decrease. The same effect happens with W but in a smaller
extent giving rise to a red-shift of the MnWOQO, band gap.
Moreover, due to the important role played by Mn?* d-d band
in MnWOy, electronic band structure, the two measurable
pre-edge bands have been obtained up to 10 GPa and the
remaining three bands have been estimated. This work has
allowed us to obtain a crystal-field correlation with pressure
and estimate that a possible spin-flip transition should not take
place in MnWOsy. It is predicted to occur at 47 GPa, a pressure
20 GPa higher than the structural transition pressure.*’
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