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ARPES studies of the inverse perovskite Caz;PbO: Experimental confirmation
of a candidate 3D Dirac fermion system
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We investigate the band structure of the inverse perovskite Ca;PbO, a candidate three-dimensional (3D) Dirac
fermion material, through soft x-ray angle-resolved photoemission spectroscopy. Conelike band dispersions are
observed for Ca;PbO, in close agreement with the predictions of electronic structure calculations. We further
demonstrate that chemical substitution of Bi for Pb is effective in tuning the Fermi level of Ca;PbO while leaving
its electronic structure intact. Our study confirms that the inverse perovskite family provides a promising platform

for the exploration of 3D Dirac fermion systems.

DOI: 10.1103/PhysRevB.96.155109

I. INTRODUCTION

Three-dimensional (3D) Dirac fermion systems have
emerged as one of the most prominent topics in condensed
matter physics. They comprise a class of topological materials
in which bulk conduction and valence bands with linear
energy-momentum dispersion relations meet at finite points
or along curves in k space. These phenomena have been
theoretically predicted and experimentally verified to occur
at the phase transition point between a trivial insulator and
a topological insulator [1-4], or in topological semimetals
including those of the 3D Weyl [5-22], 3D Dirac [23-29], and
topological nodal line semimetal (TNLS) [6,30—44] types.

Recently, there has been a growing interest in the cubic
antiperovskite family as potential source of such novel
topological phases of matter as 3D Z, invariant topolog-
ical insulators [45], 3D massive Dirac fermions [46—48],
topological crystalline insulators [49,50], TNLSs [34,35],
and topological superconductors [51]. In particular, recent
theoretical calculations on Caz;PbO [46] [Fig. 1(a)], made
of Ca’>",Pb*", and O~ ions, predict the presence of a 3D
gapped Dirac-like cone at finite momentum along the I'-X
direction, which results from a band inversion of the Ca 3d
and Pb 6p bands at the I' point. Of paramount interest is
the possibility that CazPbO hosts 3D Dirac fermions with
cubic symmetry as an intrinsic part of its electronic structure,
since 3D Dirac fermions in other materials are sometimes only
realized under such extreme conditions as low temperature or
high pressure [52—54]. Like normal cubic perovskite materials,
notably SrVO; [55], Ca;PbO exhibits easy cleavage along
(001) planes, which preserve a C4 symmetry element in the
bulk structure, a prerequisite for the protection of its bulk
massive Dirac states and surface massless Dirac states. It is
thus feasible to conduct experiments with a magnetic field
applied along the C, rotation axis, as proposed previously
[56]. Furthermore, the states near the Fermi level (Ef) are
predicted to be derived entirely from Dirac-like bands with
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linear dispersion allowing for fundamental and direct studies
of 3D Dirac fermions [46].

In order to verify the presence of 3D Dirac fermions
experimentally, it is necessary to identify a Dirac point in
3D momentum space and investigate the electronic structure
associated with the particular point not only along the surface-
parallel directions (k, or k) but also along the surface-
perpendicular direction (k,). These requirements call for an
experimental probe with a good definition of k,. Soft x-ray
angle-resolved photoemission spectroscopy (SX-ARPES) is
the most powerful method for directly studying the 3D
electronic band structures of bulk materials, and has been
demonstrated to provide a high-k, resolution [57]. Thus,
SX-ARPES using the tunable excitation energy of synchrotron
radiation is eminently suited for the navigation of the 3D
electronic structure of CazPbO. In this paper we employ
SX-ARPES to experimentally observe the Dirac-like band
dispersion along the I'-X direction in the 3D Brillouin zone
(BZ) of bulk Ca3PbO. By comparing these results with those
for Bi-doped Caz;PbO, we also show that electron doping
leads to the shifts of the band structure downward, thereby
demonstrating that aliovalent doping is effective in tuning the
Er of Ca;PbO without fundamentally changing its Dirac-like
band structure.

II. EXPERIMENT

As CazPbO is reported to be highly air sensitive [58,59],
the samples were prepared, handled, and stored in an Ar-filled
glove box with residual oxygen and water levels below 1 ppm.
First, polycrystalline CazPbO was synthesized by solid-state
reactions of CaO and Ca,Pb. Both starting materials were
weighed in a stoichiometric ratio, thoroughly mixed in a glass
mortar, and heated at 950°C for 24 h. Next, the synthesized
powder was combined with Ca metal as a flux in a molar
ratio of 1:10 in an iron crucible and sealed in a stainless steel
capsule. The capsule was heated up to 1000°C at a rate of
66.6°C/h and held at that temperature for 6 h. Subsequently,
the temperature was slowly decreased to 800°C at a rate of
0.5°C/h and held there for 20 h. Finally, the crucible was taken
out of the capsule and the residual Ca flux was removed by
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FIG. 1. The sample and the electron transport properties of
Ca3;PbO. (a) The crystal structure of Caz;PbO. (b) Photograph of
a Ca;PbO single crystal with clear squarelike facets. (c) Mobility,
carrier density, and resistivity vs. temperature curves measured for
Caz;PbO and Ca3Pby ¢, Big03O. (d), (e) Magnetoresistance (MR) and
the first-order derivative of the MR with respect to magnetic field (B),
dMR/dB, vs. B for Ca;PbO and Ca;Pb,BigosO at T = 2 K.

distillation at 800°C under vacuum. As a result, crystals with
black color and squarelike facets [see Fig. 1(b)] were obtained.
The size of the grown crystals reaches ~1 mm, which is large
enough to obtain well-cleaved sample surfaces for ARPES
measurements. We also grew the electron-doped samples with
a chemical formula Caz(Pb;_,Bi,)O (x = 0.07). Synthesis of
the Bi-doped single crystals followed the same procedure as
that for the nondoped crystals, except that CasBi; was added
as a Bi source to the Ca,Pb and CaO starting materials, with
the molar ratios being of the form Ca,Pb : CasBiz: CaO =
1 —x: 2x/5:1.

CazPbO crystallizes in a cubic inverse perovskite-type
structure [Fig. 1(a)] with a = 0.484nm and space group
Pm3m [58]. The O atoms are located at the centers of the
unit cell, surrounded by corner-sharing, regular Cag octahedra.
Single-crystal x-ray diffraction (SXRD) was performed on a
0.1 mmx0.1 mmx0.1 mm crystal using an R-AXIS RAPID II
diffractometer and Mo K-alpha radiation, at room temperature.
The crystals were mounted on a glass capillary. Afterward, to
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avoid exposure to air, they were immersed in liquid paraffin
before transferring them from an Ar-filled glove box to the
SXRD apparatus. Unit cell refinement was performed with
CRYSTALCLEAR software (see Fig. S1(a) of Supplemental
Material [60]). The samples were confirmed to have a
cubic crystal structure with lattice parameter a = 0.485(2) nm,
matching that of polycrystalline Ca;PbO.

The compositional formula of the nondoped single crys-
tal used in the ARPES measurements was determined to
be Cay.944)Pb1.001yO1.004) by electron-probe microanalysis
(EPMA), indicating that the crystals contain vacancies on 2%
of the Casites. As for the Bi-doped samples, EPMA confirmed
that the Bi content is almost comparable to the nominal value
~0.07 and that the samples are also slightly Ca deficient.

Resistivity, Hall resistivity, and specific heat measurements
were performed in the temperature range of 1.8-300 K and the
magnetic field (B) range of —9 to 9 T using a physical property
measurement system (Quantum Design). Cu wire contacts in
the four-probe configuration were mounted to the sample with
silver epoxy inside the Ar-filled glove box. The samples were
heated in the glove box to 150°C to cure the epoxy. Samples
were immersed in Paratone-N oil to prevent them from reacting
with ambient air during the measurement. The electric current
flowed in the ab plane while the applied B was parallel to the
C axis.

In order to experimentally identify the 3D massive Dirac
fermions, we performed bulk-sensitive SX-ARPES measure-
ments at the beam line BL-2A MUSASHI at the Photon Fac-
tory, KEK. The tunable excitation energy of the synchrotron
radiation source enabled us to trace the electronic structures
in all three dimensions of momentum space. Samples were
cleaved in situ at the measurement temperature of ~20 K under
an ultrahigh vacuum of 1x 107" Torr, and the experimental
data were collected using a Scienta SES-2002 electron energy
analyzer with light linearly polarized along the horizontal
direction. The energy and angular resolutions were set to
approximately 170 meV and 0.3°, respectively.

To provide a theoretical reference with which to compare
our ARPES results, we performed DFT band structure calcu-
lations with the Perdew-Burke-Ernzerhof (PBE) generalized-
gradient approximation [61] using the VASP code [62],
while the effective mass and hole carrier concentration were
calculated using SKEAF code [63]. In agreement with the
pioneering theoretical work on this compound [46], a Dirac
electron is found to be located along the I'-X direction in the
BZ [Figs. 2(a) and 2(b)].

III. RESULTS AND DISCUSSION

A. Transport properties

Figure 1(c) shows the temperature dependence of the
mobility, carrier density, and resistivity of the nondoped
and the Bi-substituted CazPbO samples. These measurements
reveal metallic conduction with p-type carriers [see Fig. 1(c)
and Fig. S1(b)]. Upon partially substituting Pb with Bi, the
carrier density N slightly decreased from 1.4x10?°cm™ to
6.9x10” cm™ at T =2 K, but the Hall mobility pu sig-
nificantly increased from 50cm?® V~'s7! to 370cm?> V~!s~!
at this temperature [Fig. 1(c)]. The high hole -carrier
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FIG. 2. Comparison of the measured and theoretically calculated
band structures of Ca;PbO. (a), (b) The PBE-DFT band structure of
Ca;PbO and its bulk BZ. Red dots highlight the six 3D Dirac point
positions. (c), (¢) ARPES intensity plots along the I'-X lines of the
k. and k, directions, respectively. The peak positions of the MDCs
and EDCs are plotted by the red open squares and blue open circles,
respectively. The intensity plots are symmetrized with respect to the
center lines and averaged (see Fig. S3 of Supplemental Material [60]).
Black dashed lines represent the results of band structure calculations.
(d), (f), Second-derivative ARPES spectra along the I'-X lines of the
k. and k, directions, respectively.

concentration is consistent with the EPMA result indicating
that both the nondoped and the Bi-substituted samples contain
a Ca deficiency of 2%, which is likely to generate holes:
Cag, — V¢, + 2h* + Ca(g).

Figure 1(d) shows the magnetic-field (B) dependence of
the magnetoresistance (MR) ratio for both nondoped and
Bi-doped Ca;PbO at T =2 K, where the MR ratio (%) is
defined as [p(B)—p(0T)]/p(0T)x 100. The linear dependence
of the MR ratio on the magnetic flux density B, one of the
distinguishing magnetotransport properties of Dirac fermions
[64], is clearly observed when the first-order derivative
dMR/dB curve is investigated, as illustrated in Fig. 1(e).
dMR/dB is semiclassically proportional to B? at low B, but it
soon saturates at a critical field |B| of ~1.6 T, which is defined
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as the point of intersection between the extrapolated slope at
low B and the saturation level at high B (dotted lines). The
linear B dependence observed at moderately low-B values
in both nondoped and Bi-doped Ca3;PbO are characteristic
features of Dirac fermions.

B. 3D nature of the band structure

The ARPES intensity image in Fig. 2(c) shows the band
structure along the X-I"-X path of the k, axis, generated from
ARPES scans at photon energies from 256-371 eV with the
inner potential of 8.5 eV (see Supplemental Material [60]). The
intensities in the binding energy range less than 1 eV are not
sufficient to describe the band structure of CazPbO near Er.
To better visualize the band structure, the second-derivative
ARPES spectrum is illustrated in Fig. 2(d). The bands marked
as B1 and B2 are still not so easy to distinguish for the k.,

direction, showing that the Ak, broadening (~0.25 A” l) is too
large to resolve these two bands that are also approximately

0258~ apart from each other. In addition, the suppression of
the intensity can be ascribed to matrix element effects. Despite
the limit of resolution, it becomes possible to confirm the
emergence of B1/B2 bands in the lower binding energy range
and determine the photon energy of 311 eV corresponding to I'
in the 3D BZ. Through comparison with the PBE calculations,
the band near the EF is assigned to the Pb-6 p3,, derived bands,
while the band whose top reaches 1.0 eV is attributed to the
Pb-6p /> derived one. The Pb-6p band structure is consistent
with the results of PBE calculations, though the E¥ is shifted
downward from the Dirac points.

Next, in order to see the band dispersion in more detail,
we investigated the band structure of Caz;PbO along the
k, direction, which provides equivalent information to that
of Figs. 2(c) and 2(d) but with much higher momentum
resolution. Figure 2(e) presents the resulting valence band

structure along the X-I"-X path of the k, axis withk, = 0 A ,
together with the plots of the peak positions of the momentum
distribution curves (MDCs) and energy distribution curves
(EDCs). The two Pb 6 p3/, bands marked as B1 and B2 cross
the Er and consequently form hole pockets around the T’
point. The presence of these hole pockets is in accord with
the results of transport measurements which revealed p-type
conductivity.

C. Estimation of the Dirac point position and bandwidth

To elucidate the measured dispersions in detail, we com-
pared the observed band dispersion near the Er with that
of the PBE calculations for the B1 band, which directly
passes through the theoretical Dirac points (see Fig. S2(b)
of the Supplemental Material [60]). To enable a quantitative
discussion, the band dispersion of B1 determined by extracting
the peak positions of the MDCs and EDCs along the I'-X line
is reproduced with a linear least-squares fit to the following
phenomenological equation

Eobs(kx) = Eshifl + a*Ecal(kx)a (1)

where Ecu, Egire and o represent the calculated band disper-
sion, the energy shift, and the correction factor of the band mass
m*, respectively. Only Egpr and o are adjustable parameters
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during the fit to the observed band dispersion. The best fit is
obtained with o ~ 1.43(2) and Eguie ~ 0.46(1) eV, showing
that the bandwidth of the calculated B1 is expanded by 43%
in our CazPbO sample. By reducing the bandwidth of the
experimental B1 by 1.43, the Dirac points originating from
the B1 are estimated to reside 0.32(1) eV above the Eg. By
assuming that the shape of actual band structure is similar to
the calculated one, the hole concentration is estimated from the
volume of Fermi surface obtained by calculated band struc-
ture with Ep shift of Eg,s/c. The estimated concentration,
2.33%x10° cm =3 (B1:2.07x10®° cm =3, B2:2.59x 10! cm ™),
almost agrees with the value ~1.4x10* cm™> obtained from
the Hall measurements. In addition, Fig. 2(e) shows that all
the three Pb-6p bands are well reproduced by Eq. (1) with
the same parameters, although there are some discrepancies at
the energy positions near stationary points such as I'. The
agreement between the modified calculated bands and the
APRES spectra is further confirmed by the matching between
the second-derivative ARPES spectra and the modified PBE
calculations in Fig. 2(f).

D. Bi-substitution effect on band structure

Next, in order to examine the effects of Bi substitution on
the electronic structure of CazPbO, we performed ARPES
measurements on Bi-doped Ca;PbO. Before the ARPES
measurement, we measured the core-level spectra of the
Bi-doped samples to check for a shift of the Ep due to
Bi substitution (electron doping), as shown in Fig. 3(a). In
comparing the peak positions of the Pb 4 f between the
nondoped and the Bi-doped CazPbO samples, it becomes clear
that Bi doping has induced a peak shift of ~0.12eV toward
higher binding energy, delineating the connection between Bi
substitution and electron doping in Caz;PbO.

Figure 3(c) illustrates the ARPES intensity plots for a
Bi-doped crystal along the X-I"-X path of the k, direction

at k, = Oz&_l [cut A in Fig. 3(b)], overlaid with the plots
of the peak positions of the MDCs and EDCs. The B1 band
is similarly reproduced with a fit to Eq. (1) (see Fig. S2(c)
of the Supplemental Material [60]). The best fit is obtained
with a ~ 1.06(1) and Eg,r ~ 0.188(6) eV. By reducing the
bandwidth of the experimental B1 by 1.06, the Dirac points
are estimated to be located 0.176(6) eV above the Eg. Then,
hole concentration is estimated to be 8.72x10' cm™> (B1:
8.21x 10 cm—3, B2: 5.06x 10'8 cm’3), relatively consistent
with the value ~6.9x 10" cm ™3 obtained from Hall measure-
ments. This result illustrates that the decrease in hole carrier
concentration by Bi doping led to the decrease in the expansion
of the bandwidth of the B1 from 43% to 6%. Although it is
uncertain how the change in the bandwidth affects the massive
Dirac states predicted in Cas;PbO, it is evident that Bi doping
contributes to the reformation of the bandwidth of the B1 to
the theoretical one. The second-derivative ARPES spectra in
Fig. 3(d) confirms the agreement between the experimental
bands and modified calculated bands.

For a massive Dirac fermion, conelike band dispersions
show finite curvature at the Dirac points. In Ca;PbO, the Dirac
fermion is predicted to be massive so that the corresponding
band dispersions do not directly pass the Dirac point; therefore,
their shape should become parabolic as the bands approach
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FIG. 3. (a) Core-level photoemission spectra of Ca;PbO and
CazPby9yBig30. (b) 2D cross section of the BZ of Caz;PbO. Red
dots represent the four 3D Dirac points in the plane, denoted as
kp. (c), () ARPES intensity plots along cuts A and B, respectively,
measured for a Bi-doped crystal. The peak positions of the MDCs
and EDCs are plotted by the red open squares and blue open circles,
respectively. (d), (f) Second-derivative ARPES spectra along cuts A
and B, respectively. Black dashed and solid lines illustrate the results
of band structure calculations for cut A and B, respectively.

the Dirac point, as verified in other massive Dirac fermion
systems such as magnetically doped Bi;Se; [65]. Figure 3(e)
displays the ARPES intensity plots for measurements along
cut B, which runs through a single Dirac point in Fig. 3(b),
together with the results of the PBE calculations along cut
B modified by using the parameters obtained in the fit of
the B1 band along cut A to Eq. (1). The second-derivative
ARPES spectra in Fig. 3(f) show some intensity above the
Er due to thermal excitation energy of 2kgT (~3 meV).
However, the intensity at ~0.01 eV above the E¥ is attributed
to some noise produced by taking the second derivative. In
accord with the form of the calculated band structure, which
becomes parabolic at the Dirac point as shown in Figs. 3(e) and
3(f), that of the experimental band structure is also relatively
parabolic, consistent with the feature of the massive Dirac
states.
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IV. SUMMARY

We performed ARPES measurements on Caz;PbO to ex-
amine whether or not it possesses 3D Dirac fermions. Our
observations of the bulk Dirac-like band dispersions near
Er via SX-ARPES were consistent with the results of elec-
tronic structure calculations. This good agreement between
calculated and experimental dispersion strongly supports that
CazPbO is host to native 3D Dirac fermions. In addition, we
showed that the substitution of Bi for Pb in Ca3;PbO led to
the reduction of the excess hole carrier concentration, the shift
of the Dirac point relative to the Ef, and the reformation of
the expanded bandwidth of the band comprising the Dirac
point. Furthermore, we confirmed that Ca;PbO can be cleaved
along the (001) plane, which preserves the C4 symmetry.
These findings encourage further electron doping in Ca;PbO
to directly investigate the possibility of a finite mass gap in the
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Dirac-like band dispersions and the more extensive exploration
of the inverse perovskite family as a promising venue for 3D
Dirac fermion systems.
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