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Semiconducting Electronic Structure of the Ferromagnetic Spinel HgCr,Se, Revealed by
Soft-X-Ray Angle-Resolved Photoemission Spectroscopy
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We study the electronic structure of the ferromagnetic spinel HgCr,Se, by soft-x-ray angle-resolved
photoemission spectroscopy (SX-ARPES) and first-principles calculations. While a theoretical study has
predicted that this material is a magnetic Weyl semimetal, SX-ARPES measurements give direct evidence
for a semiconducting state in the ferromagnetic phase. Band calculations based on the density functional
theory with hybrid functionals reproduce the experimentally determined band gap value, and the calculated
band dispersion matches well with ARPES experiments. We conclude that the theoretical prediction of a
Weyl semimetal state in HgCr,Se, underestimates the band gap, and this material is a ferromagnetic

semiconductor.
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Angle-resolved photoemission spectroscopy (ARPES) is
a powerful tool for investigating the electronic structure of
solids because ARPES can directly observe band disper-
sions [1]. By comparing ARPES spectra with ab initio band
calculations, it is possible to verify the presence of various
emergent electronic properties, such as Weyl points in polar
Weyl semimetals [2-5] and magnetic Weyl semimetals
[6,7]. Density functional theory (DFT) [8,9] calculations
are often used to predict the electronic structure of a
material, but DFT calculations are known to underestimate
the width of the band gap of solids [10]. The discrepancy
between calculations and experiments can be eliminated
with the help of hybrid functionals, where model param-
eters are adjusted to reproduce the experimentally deter-
mined materials’ characteristics [11].

Among the materials showing very different character-
istics in calculations and experiments, the ferromagnetic
spinel HgCr,Se, (space group Fd3m, T~ 110 K) [12—
16] is one of the most intriguing. Magnetotransport studies
have reported that this material is an insulator [12] or either
a p- or n-type semiconductor [17], depending on crystal
growth conditions. Infrared optical measurements have
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observed a band gap of 0.3-0.8 eV depending on temper-
ature [18-20]. The proposed s-d model [21] accounting for
direct allowed transition at the I" point and the band gap
could explain the temperature dependence of electron mass
and the anisotropy of the magnetoresistance of p-type
materials [22]. On the other hand, recent DFT calculations
using the generalized gradient approximation (GGA) for
the exchange-correlation functional have predicted a semi-
metallic electronic structure and the presence of magnetic
Weyl points near the Fermi level [23]. Their prediction and
another study on pyrochlore iridates [24] are two of the
earliest works of magnetic Weyl semimetals. Following the
magnetic Weyl semimetal proposal, additional support for
the Weyl semimetal state was found by the observation of
the anomalous Hall effect (AHE) [25]. However, the AHE
of HgCr,Se, has an unconventional temperature depend-
ence [26]. Since then, a theoretical study has suggested that
the observed AHE temperature dependence may be extrin-
sic, caused by scattering, and unrelated to magnetic Weyl
semimetals [27]. In addition, another report on the band
dispersion of HgCr,Se, [28] has claimed that the modified
Becke-Johnson exchange-correlation functional [29] yields
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a gapped magnetic semiconductor phase. To the best of our
knowledge, the direct observation of the band dispersion by
ARPES has been missing, and the real electronic structure
of HgCr,Se, is still under debate.

In this Letter, we report the first observation of the band
dispersion of HgCr,Se, by soft-x-ray (SX) ARPES. We
observed only hole bands around the Fermi level and did
not find any electron bands crossing them. This result
unambiguously indicates that HgCr,Se, has a semicon-
ducting electronic structure in the ferromagnetic phase,
which is consistent with the previously reported transport
and optical properties [12,17-19]. Our accurate DFT
calculations using hybrid functionals could reproduce the
semiconducting band dispersion, and the calculated band
dispersion agrees well with the experimental results. Our
results highlight that a simple comparison of ARPES
spectra with DFT calculations has to be handled with care.

Single crystals of HgCr,Se, were grown by the chemical
transport reaction technique using CrCly as a carrier agent.
The crystal structure was analyzed by powder x-ray
diffraction (Supplemental Material Fig. S1 in Ref. [30]).
We used three single crystals in the experiments; two of
them (A and B) were p-type, and the other (C) was n-type.
Since as-grown HgCr,Se, crystals usually become p-type,
the n-type crystals were obtained by annealing them in a
Hg vapor [15,17,33-35]. A triangular face of a single
crystal and the edge of the triangle [Fig. 1(a)] correspond
to the (111) plane and the [110] direction, respectively
(Supplemental Material Note 2 in [30]). We set the
xyz axes so that the x axis was parallel to the edge
and the z axis was perpendicular to the plane [Figs. 1(a)
and 1(b)]. The characteristics of HgCr,Se, single crystals
were examined by transport, magnetic, and infrared trans-
mission analysis (Note 3 in the Supplemental Material [30]).
SX-ARPES measurements were performed at BL25SU of
SPring-8 [36], and supplemental ARPES measurements
using vacuum ultraviolet (VUV) light were performed at
BL5U of UVSOR. We used 400-550 eV SX light in
SX-ARPES measurements and 60 eV VUV light in
VUV-ARPES measurements. The measurement temper-
ature was kept around 50 K. The samples were cleaved
in situ in ultrahigh vacuum better than ~3 x 10~ Pa. The
cleaved surfaces were later examined by contact-mode
atomic force microscopy (AFM) in air. The electronic band
structures were calculated from first principles using the
Quantum Espresso [37] and Wannier90 [38] packages
(Note 3 in the Supplemental Material [30]). The charge den-
sity was calculated with the Kohn-Sham equation with the
Heyd-Scuseria-Ernzerhof (HSE) 06 exchange-correlation
functional [39,40]. After that, the Kohn-Sham bands were
derived with the Wannier interpolation method [41,42]. The
experimentally observed crystal structure was adopted, and
spin-orbit coupling was included in the calculations.

We distinguished p- and n-types by the temperature
dependence of the resistivity [Fig. 1(c)]; p-type crystals
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FIG. 1. Structure, transport properties, and optical properties.
(a) Microscope image of an octahedral single crystal. (b) Brillouin
zone and high-symmetric points. (c) Temperature dependence of
the resistivity. (d) Temperature dependence of the band gap of
crystal C (n-type) estimated from the transmittance spectra.

(A and B) exhibited increasing resistivity at lower temper-
ature while the resistivity of an n-type crystal (C) dropped
upon cooling at around T ~ 110 K [17,25,33,43]. These
conductivity types are consistent with the Seebeck coef-
ficient signs determined by a hot-probe method at room
temperature. We observed some steps and spikes in the
p — T curves. We think they can be due to the magnetic
domain structure reformation with changing the temper-
ature; the anomalous magnetoresistance behavior [Fig. S3
(a) in the Supplemental Material [30] ] indicates unconven-
tional transport properties at the magnetic domain boun-
daries. Since the resistivity curve for the n-type sample is
similar to that of metal, n-type HgCr,Se, has been
considered to be a degenerated semiconductor [17,33].
The magnetic property measurements showed ferromag-
netic behavior below T [Figs. S3(b) and S3(c) in the
Supplemental Material [30] ]. The transmittance spectra of
n-type HgCr,Se, (crystal C) showed a steplike feature
(Fig. S4 in the Supplemental Material [30]); the trans-
mittance steeply dropped to nearly zero above a threshold,
indicating the existence of a band gap. The band gap energy
estimated from these spectra [Fig. 1(d)] exhibits a temper-
ature dependence similar to previous studies [18-20].
Since the previous studies use p-type samples to measure
the band gap, our measurements of the n-type sample
clarify that the band gap behavior is independent of the
carrier type. All these results are consistent with the
previous reports claiming that HgCr,Se, is a ferromagnetic
semiconductor.

Using SX-ARPES, we present conclusive evidence for
the semiconducting electronic structure of HgCr,Se, in the
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FIG. 2. SX-ARPES measurements. (a) k, dispersion along the
I'L’ direction. (b) Fermi surface of crystal A (p-type). Black
solid lines represent the cross section of the Brillouin zone.
(c),(d) Band dispersions of crystals A (p-type) and C (n-type)
along the I'K direction [black arrow in (b)]. (b)—(d) were taken
with 475 eV SX light.

ferromagnetic phase. We could observe band dispersions
from all three samples. Figure 2(a) represents the k,
dispersion of HgCr,Se, (crystal A) along the 'L’ direction
obtained by changing the photon energy from 400 eV to
550 eV. We used the inner potential of 12 eV and the work
function of 5 eV to convert the photon energy to the wave
vector. These values gave properly symmetric k, disper-
sions about the T" or L’ points.

The k, dispersion analysis revealed that the 475 eV SX
light captures the bulk band dispersion around the I" point.
Figure 2(b) shows the Fermi surface of p-type HgCr,Se,,
and Figs. 2(c) and 2(d) show the I'K direction band
dispersions of p- and n-type HgCr,Se,, respectively. All
dispersions exhibit only hole bands around the I" point. The
top of the hole bands in the p-type sample [Fig. 2(c)] is
close to the Fermi level, which is consistent with the p-type
carrier of the sample. On the other hand, the hole bands in
the n-type sample [Fig. 2(d)] are at a slightly lower energy
than those of the p-type sample [Fig. 2(c)], reflecting the
electron doping of the n-type sample. Note 6 in the
Supplemental Material [30] discusses the energy level of
the n-type sample obtained by the infrared absorption and
ARPES measurements. While earlier band calculation [23]
has predicted that the hole and electron bands would cross
around the I' point in the ferromagnetic phase, such
electron bands were absent in the experimental results.
Thus we conclude that HgCr,Se, is a semicondutor in the
ferromagnetic phase, not a magnetic Weyl semimetal in
constrast to the theoretical prediction [23].
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FIG. 3. DFT calculations. (a) Relation between the mixing

ratio of Hartree-Fock exchange and the band gap. The horizontal
dashed line at 0.3 eV represents the experimental band gap at
low temperatures [19]. (b),(c) Band dispersions at the mixing
ratio corresponding to the orange point in (a). (d) Density of
states (DOS) of the valence bands.

Although SX-ARPES measurements were successful,
ARPES measurements using VUV light, which is typically
used in studies of Weyl semimetals, could not detect any
clear dispersion around the Fermi level (Note 6 in the
Supplemental Material [30]). The difference in SX and
VUV-ARPES results is caused by the rough cleaved
surface of the spinel HgCr,Se;. We will argue this
point later.

We further analyzed the electronic structure of HgCr,Sey
by DFT calculations with the HSEO06 hybrid functional. In
the HSEQ6 functional, a represents the mixing ratio of the
Hartree-Fock exact exchange into the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [44] of
the GGA type; @ = 0 corresponds to the original PBE
functional, and a = 0.25 = ayggge 1S the standard HSE06
value. The PBE functional gives a semimetallic band
structure with magnetic Weyl points near the Fermi level
[23]. However, the standard local density approximation
and GGA exchange-correlation functionals often under-
estimate the band gaps of semiconductors, even occasion-
ally yielding incorrect gap closing. That is why the exact
exchange is included in hybrid functionals to mitigate this
problem [11]. Recent first-principles examinations [45,46]
have suggested that the optimum value of a for an accurate
band gap prediction may be smaller in narrow-gap semi-
conductors. To see the robustness of the gap opening, we,
therefore, calculated the electronic structure with various o
between 0 and 0.25. Figure 3(a) shows the band gaps for

186402-3



PHYSICAL REVIEW LETTERS 130, 186402 (2023)

different @ values. A nonzero mixing ratio « yields a
gapped electronic structure for o > 0.12 and the band gap
increases with increasing « [Fig. 3(a)].

Here we show the calculated band structure with a =
aysgos X 13/16 [orange point in Fig. 3(a)], where the band
gap (0.31 eV) was approximately the same as the exper-
imental one at low temperatures [19]; as discussed above, the
band gap size depends on the temperature but is independent
of the carrier type. Note 7 in the Supplemental Material [30]
represents the calculation result with @ = agggg. Figure 3(c)
shows the band dispersion along the k, direction, which
agrees well with the experimental results [Figs. 2(c)
and 2(d)]. While the magnetic moments of the calculated
electronic structure are aligned along the vertical direction in
Fig. 1(b), the symmetry lowering due to the ferromagnetism
is negligible (Note 8 in the Supplemental Material [30]).
The calculated density of states [Fig. 3(d)] shows the
contribution of Cr 3d and Se 4p orbitals to the valence
band, and the contribution of Cr 3d orbitals is consistent with
our resonant PES measurements (Note 9 in the Supplemental
Material [30]). Our DFT calculations exhibit that the hybrid
functional with the appropriate mixing ratio reproduces both
the band gap determined by infrared spectra and the band
dispersion obtained by SX-ARPES.

As was noted earlier, the roughness of the cleaved
surface of the spinel HgCr,Se, affects photoemission
spectra particularly in VUV-ARPES. The following argu-
ment about the rough surface illustrates the benefit of using
SX-ARPES to observe the band dispersion of a material
that does not have a good cleaving plane.

The AFM images in Figs. 4(a) and 4(b) compare the
cleaved surfaces of HgCr,Se, and Bi,Se;, which is a
quintuple-layered material hosting topological surface
states [47,48]. The cleaved surface of HgCr,Se, is indeed
rough, while Bi,Se; exhibits large flat terraces with occa-
sional steps, reflecting the layered structure. Compared to
the flat surface assumed in typical ARPES measurements,
the uneven surface of HgCr,Se, will create an unusual
situation when photoelectrons escape from the crystal to the
vacuum. Although the electronic structure of the rough
surface region can be greatly different from that of the bulk,
the photoemission from such an incoherent electronic
structure is expected to be very weak because, roughly
speaking, the photoemission probability is determined by
the matrix element of the ground state and the plane wave.
Therefore we think our ARPES spectra come from the
photoemission in the deeper region (Fig. S10 in the
Supplemental Material [30]), in which the electronic
structure is sufficiently related to the bulk. The clear £k,
dispersion [Fig. 2(a)] and the coincidence with the calcu-
lated bulk band dispersion [Fig. 3(c)] support our argument.

In the three-step model [1], when a photoelectron
escapes from the crystal, the out-of-plane component of
the photoelectron wave vector is modified while the
in-plane component is unchanged (Fig. S11 in the
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FIG. 4. Effect of surface roughness on ARPES spectra.
(a) AFM images of HgCr,Se, and Bi,Se;. Both panels use
the same color scale. (b) Height profiles along the pink and
orange lines in (a). (c),(d) Schematics of a rough surface modeled
by randomly oriented flat surfaces and a flat surface. (¢) Simulated
photoemission spectra refracted by a rough surface in SX and
VUV regions. The dashed parabolas represent the band
dispersion before the refraction.

Supplemental Material [30]). While standard ARPES
studies discuss the refraction of the photoelectron using
a flat plane as shown in Fig. 4(d), such an analysis cannot
be applied straightforwardly to HgCr,Se, with a rough
cleaved surface. We simulated the photoemission from a
rough surface as a sum of photoemission spectra from
randomly oriented flat surfaces [Fig. 4(c) and Ref. [49] ]
using the hole band dispersion in Fig. 2(c). The simulated
spectra in the SX and VUV regions are shown in Fig. 4(e)
for photon energies that are approximately the same as in
the experiments. A slightly broadened parabolic dispersion
is retained in the SX region. However, the simulated spectra
in the VUV region are too broad to see a dispersion curve.
The constant energy maps also exhibit similar behavior
(Fig. S12 in the Supplemental Material [30]). This differ-
ence arises because the wave vector of a photoelectron in
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the VUV region is shorter than that in the SX region and,
therefore, more strongly refracted (Fig. S13 in the
Supplemental Material [30]). A clear advantage of
SX-ARPES over VUV-ARPES is thus that SX-ARPES
can be used to study materials that are not easy to cleave
and therefore suffer from increased surface roughness. We
note that the bulk sensitivity of SX-ARPES [50] and a
microfocused beam of a dedicated SX-ARPES beamline
[36] can also contribute to the clear dispersion observed in
the SX-ARPES experiments.

In conclusion, we show for the first time the ARPES result
of the ferromagnetic spinel HgCr,Se,, which is direct
evidence for the semiconducting electronic structure of this
material. SX-ARPES was used to visualize the valence band
dispersion of HgCr,Se,. We only observed hole bands while
electron bands were absent below the Fermi level. These
ARPES results are consistent with the existence of a band
gap determined by infrared transmittance spectra. DFT
calculations with the HSEQ6 hybrid functional reproduced
the gapped band dispersion. We adjusted the mixing ratio of
the HSEQ6 functional so that the calculations gave the
experimentally observed band gap, and obtained dispersion
curves that agreed well with our ARPES result. Our study
draws attention to choosing appropriate functionals in DFT
calculations and the advantage of SX-ARPES in investigat-
ing the electronic structure of solid crystals.
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