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Electronic structure of a thermoelectric material: BiCuSO
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We investigate transport properties and the electronic structure of BiCuSO, a thermoelectric material which
was predicted as a possible parent compound for unconventional superconductivity. For the p-type BiCuSO
samples studied in this paper, our transport measurements show metallic behavior down to 2 K, and we observe
an increase of saturated magnetic moment around 4 K, which could be due to the reorientation of the magnetic
easy axis. Using angle-resolved photoemission spectroscopy measurements, we acquired the comprehensive
electronic structure of BiCuSO including the predicted flat band, and by carrying out photon polarization
dependent measurements we further investigated the orbital characters of bands near the Fermi level. Compared
with its sister compound, BiCuSeO, we find the flat band could be the origin of high figure of merit (ZT') value

in the BiCuChO (Ch = S, Se) family.
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I. INTRODUCTION

Recently, BiCuSO and its sister compound BiCuSeO have
emerged as promising thermoelectric (TE) materials due to
their intrinsically low lattice thermal conductivity [1-3]. By
p-type doping, such as introducing Cu deficiency [4] or re-
placing Bi** with A%t (A = Sr, Pb, Mg ...) [5-11], the TE
performance of BiCuChO (Ch = S, Se) can be dramatically
enhanced while the lattice structure is barely influenced,
which suggests the excellent TE performance in BiCuChO
is likely rooted in their electronic structures, as is also sup-
ported by first-principles calculation [8,12]. On the other
hand, BiCuSO has attracted research interest due to its po-
tential for hosting unconventional superconductivity [13-18]:
Ubaldini et al. reported a superconducting transition at 5.8 K
in polycrystalline BiCug 9SO [13], and Mazin and coworkers
proposed that the superconductivity in BiCu ¢SO may be me-
diated by spin fluctuation induced by Cu deficiency [14,16],
despite the controversial experimental observation of semi-
conductorlike behavior in subsequent transport measurements
[17-23]. With these motivations, a systematic investigation on
the electronic structure of BiCuSO is needed.

In this paper, millimeter-sized high-quality BiCuSO single
crystals (p doped due to Bi and/or Cu deficiencies) were syn-
thesized for electrical magnetic property measurements and
angle-resolved photoemission spectroscopy (ARPES) study.
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In transport measurements, the sample remains metallic down
to 2 K, and no magnetic order but an increase of saturated
moment at low temperature (=4 K) is observed from the
magnetic susceptibility measurement. From ARPES measure-
ments, comprehensive band structures are acquired, including
the flat band predicted by first-principles calculation [12,14—
16], the large carrier density of which can enhance the TE
performance at high temperatures. Using polarization depen-
dent ARPES measurements, we find that the topmost valance
bands mainly consist of the Cu d,./d,, and S p,/p, orbitals.
By providing a comprehensive reference of the electronic
structure and related physical properties of BiCuSO, our paper
will assist the search for superconductivity, and promote the
advancement of TE performance in BiCuC#hO single crystals.

II. METHODS

BiCuSO and BiCuSeO single crystals were grown by
the chemical vapor transport method [24,25]. First, the
polycrystalline samples were synthesized using a solid-state
reaction method by heating the powders of Bi (Alfa Aesar,
99.999%), Bi,0O; (Sinopharm Chemical Reagent 99.99%),
Cu (Sinopharm Chemical Reagent 99.99%), and S (Alfa
Aesar 99.5%), or Se (Alfa Aesar 99.999%) in a sealed
evacuated quartz tube at about 700 °C for seven days. Sec-
ond, a certain amount of BiCuSO or BiCuSeO powder and
transport agent I, were mixed, loaded into the evacuated
quartz ampoule, and then placed in a two-zone furnace with
the temperature profile of 500-600 °C to grow the crystals.
After over ten days, millimeter-sized single crystals with
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FIG. 1. Characterization of BiCuSO single crystals. (a) Schematic illustration of crystal structure, with CuS4 tetrahedral layers highlighted
in light blue. (b) Photography and XRD patterns along different directions. (c) EDS results. (d) Brillouin zone labeled with high symmetry
points. The ZAR (Z) plane and ’'MX (I") plane are marked in blue and green, respectively. (e) Electronic band dispersion along I"-X-M-I"-

Z-R-A-Z overlapped with calculation.

metallic luster and flake shape were obtained. The crystal
structure of the as-grown crystals was determined by single-
crystal x-ray-diffraction (XRD) measurement (Supernova,
Oxford Instrument). The electrical transport measurements
were performed with a 9 T physical properties measurement
system (PPMS-9T, Quantum Design) by a standard four-
probe configuration. The characterizations of the magnetic
properties were carried out in a magnetic property mea-
surement system (MPMS3-SQUID, Quantum Design). The
energy-dispersive x-ray spectroscopy (EDS) measurements
were carried out with a scanning electron microscope (SEM,
FEI-Quantum).

ARPES measurements on BiCuSO were performed at
beamline 105 of Diamond Light Source and measurements
on BiCuSeO were performed at beamline SIS of Swiss
Light Source. The overall energy and angular resolutions are
~10 meV and ~0.2°, respectively. The samples were cleaved
in situ along the [001] direction and the ARPES measure-
ments were carried out under ultrahigh vacuum of better than
1.3% 107! mbar at the temperature of 6 K. The photon en-
ergies used in ARPES experiments on BiCuSO ranged from
120 to 210 eV: fine maps and high symmetry cuts at the TMX
plane (I" plane) and ZAR plane (Z plane) were measured at
182 and 164 eV, respectively. The Fermi level (Er) of BiCuSO
was determined by the Er of gold measured in the same
beamtime. For BiCuSeO, the photon energy used in ARPES
experiments was 186 eV (I" plane) and 154 eV (Z plane).

The ab initio calculations were performed within the
framework of density functional theory as implemented in
the Vienna Ab-Initio Simulation Package [26]. The Heyd-
Scuseria-Ernzerhof hybrid exchange-correlation function [27]

and a k mesh of 9x9x4 were taken. Calculations without
spin-orbit coupling are presented in this paper due to better
consistency. Due to the stoichiometric structure used in the
calculation, in BiCuSO, the calculated Fermi level locates
0.23 eV higher than the valence band maximum (VBM);
in BiCuSeO, the calculated Fermi level locates 0.19 eV
higher than the VBM. In this paper, the calculated band
structure of BiCuSO is shifted by +0.20 eV and renor-
malized by a factor of 1.01; that of BiCuSeO is shifted
by +0.19 eV.

III. RESULTS AND DISCUSSION

A. Characterization of BiCuSO single crystals

BiCuSO has the same crystal structure as LaFeAsO (space
group P4/nmm) [28], formed by the alternative stacking
of insulating BiO4 layers and conductive CuS, tetrahedral
layers (highlighted by blue tetrahedra) [Fig. 1(a)]. Our single-
crystal samples appear as millimeter-sized thin flakes with
black metallic luster [Fig. 1(b)]. The single-crystal XRD pat-
terns confirm the high quality of our samples, where we
extract the lattice constants of ¢ = 3.87 A and ¢ = 8.57 A
[Fig. 1(b)]. The EDS measurement [Fig. 1(c)] presents char-
acteristic peaks of all four elements, from which we find
the Bi/Cu/S atomic ratio to be 0.83/0.9/1.0. The established
literature shows that Bi deficiency can function as hole doping
which rigidly shifts the electronic structure, and Cu deficiency
is predicted to induce magnetic order and superconductivity
[14-16]. We notice that our samples have the same propor-
tion of Cu deficiency as the previously reported BiCuSO
samples that demonstrate superconductivity [13]. Figure 1(d)
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FIG. 2. Electrical and magnetic properties of BiCuSO. (a) Temperature-dependent resistivity curve, with a zoom-in at low temperature
shown as the inset. (b) Hall resistivity curves at different temperatures. (c) Temperature-dependent carrier density extracted from (b). (d)
Magnetoresistance (MR) curves at different temperatures. (e) Field-dependent magnetization at different temperatures, with zoom-in around
2 T shown as an inset. (f) Magnetic moments per formula unit (f.u.) at different temperatures extracted from the data in (e).

illustrates the Brillouin zone (BZ) of BiCuSO, and the no-
tation of high symmetry points when orbital characters are
not considered. In the following content, we focus on the
electronic structure in high symmetry planes, the I plane
(marked by green) and Z plane (marked by blue). Figure 1(e)
offers an overview of the electronic structure by presenting
the band dispersion along I'-X-M-T"-Z-R-A-Z. We observe
dispersive bands along I'-M and Z-A, which form multiple
hole pockets near the VBM, in good consistency with the
calculation. We also observe broad features along I'-X and
Z-R, which can be attributed to the weakly dispersive bands
in the calculation. This coexistence of light and heavy hole
bands near the VBM is favorable for TE performance, as the
light hole bands can contribute to good electrical conductivity
while the heavy hole bands can maintain a large Seebeck co-
efficient, which endows BiCuSO with promising potential for
thermoelectricity [29].

B. Electrical properties of BiCuSO single crystals

Electrical and magnetic properties of BiCuSO single crys-
tals are presented in Fig. 2. Our samples exhibit the typical
metallic behavior, showing a monotonically increasing re-
sistivity (pyy) against temperature (7)) from 2 to 300 K
[Fig. 2(a)]. The zoom-in view at low temperature confirms
there is no superconducting transition down to 2 K. The Hall
measurements [Fig. 2(b)] show a linear increase of Hall re-
sistivity (pyy) against magnetic field (B) at all temperatures,
indicating only a single type of charge carrier in BiCuSO
crystals and that the dominant carriers are holes. Carrier den-
sities [Fig. 2(c)] extracted from Hall coefficients have values
around 10" cm™3, an order of magnitude larger than that

reported in polycrystalline samples [18-21,23], and show an
increase of ~40% from 200 to 2 K. The magnetoresistance
(MR) measurements [Fig. 2(d)] show negative MR below
10 K and no apparent variation above 100 K. The metallic
behavior in BiCuSO single crystals can be attributed to the Bi
and Cu deficiencies, which introduce sufficient carriers to the
degenerate phase and, meanwhile, result in weak localization
at low temperature [25,30].

C. Magnetic properties of BiCuSO single crystals

Cu in stoichiometric BiCuSO has an electronic config-
uration of 3d'°, which contributes zero magnetic moment
according to Hund’s rules [31]. Calculation shows that 10%
Cu deficiency in BiCuSO is favorable for a ferromagnetic
order, where Cu can contribute ~0.12 ug per formula unit
(f.u.) [14,16]. Karna et al. observed a saturated moment of
0.61 pug/f.u. at 3.7 K in BiCug 4SO polycrystalline samples
and claimed a canted ferromagnetic order, which evolves
from an in plane antiferromagnetic order at 180 K [19,20].
However, the magnetization loops [Fig. 2(e)] in our sam-
ples indicate no magnetic order down to 2 K. Curiously, the
zoom-in view around 2 T shows an increase of the saturated
magnetization at low temperature. The saturated magnetic
moment [Fig. 2(f)] extracted from Fig. 2(e) shows little vari-
ation (~0.20 ug/f.u.) when the temperature decreases from
300 to 8 K, while it jumps to ~0.23 ug/f.u. (+14%) when
temperature further decreases to 2 K. As our samples are
flakelike and all the magnetic measurements were performed
normal to the ab plane, this sharp increase may result from
the reorientation of the magnetic easy axis from in-plane to
out-of-plane direction [19]. Another possible mechanism is
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FIG. 3. Electronic structure of BiCuSO. (a) Equal energy contour at the valence band top (VBT) in the I" plane, measured in LH. (b) High
symmetry cuts along M-I"-M measured in (i) LH, (ii) LV, and (iii) corresponding calculation. (c) Equal energy contour at the VBT in the Z
plane, measured in LH. (d) High symmetry cuts along A-Z-A in (i) LH, (ii) LV, and (iii) corresponding calculation. (e) High symmetry cuts
along R-Z-R in (i) LH, (ii) LV, (iii) the second derivative of the LH results, and (iv) corresponding calculation. The equal energy contours are

mirror symmetrized, and have an integration width of 50 meV.

the change of Cu 3d electronic configuration (chemical va-
lence), which can also lead to the increase of the saturated
moment [32]. Detailed investigation on the magnetic order
of the BiCuSO single crystal is needed for clarifying this
phenomenon.

D. Electronic structure of BiCuSO

Figure 3 presents the electronic structure of BiCuSO. The
equal energy contour at the valence band top (VBT) in the
I' plane [Fig. 3(a)] shows quadruple segments located be-
tween I' and M. In the high symmetry cut along M-I"-M
measured using linear-horizontally (LH) polarized photons
[Fig. 3(b-i)], we observe the three bands predicted by the
calculation [Fig. 3(b-iii)]: the band « that forms the VBM the
center of which locates at k; = £0.35 A~'; the hole band y
the maximum of which locates at ' ~ 0.24 eV below Ef;
and the band g that appears as broad features with weak
intensity. By fitting the VBM to a parabola, we extract an ef-
fective mass of about —0.56 m, (Fig. 4). In the high symmetry
cut measured using linear-vertically (LV) polarized photons
[Fig. 3(b-ii)], we observe intensive band « around the VBM
while diminishing bands 8 and y because of orbital selection.
The equal energy contour at VBT in the Z plane [Fig. 3(c)]
presents a weak feature at the center apart from the quadru-
ple segments, indicating the presence of additional electronic
structure near Ep. In the LH cut along A-Z-A [Fig. 3(d-i)],

we observe similar band dispersion as along M-T"-M, featured
by the dispersive bands o’ and y’. In the LV cut along A-Z-A
[Fig. 3(d 11)] we determine the maximum of band o’ at kj =
+0.38 A~! and extract the effective mass of —0.63 m, (Fig. 4).
The hole band at Z cannot be clearly identified due to the
intensive triangular feature, which results from the resonance
of S 2p orbitals [33].

It is notable that calculations predicted flat bands along
R-Z-R near the VBM [12,14-16,21], which could be the ori-
gin of the high ZT value in the hole-doped BiCuSO. First,
this flat band contributes to a local extremum in the density

()LH M- )LV A-Z
-0.56 me -0.63 me
S
(9]
T -0.2
-
L
0.4
0.6 0.2 -06 0.2
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FIG. 4. Zoom-in view around the valence band top. (i) Zoom-in
view of Fig. 3(b-1). (ii) Zoom-in view of Fig. 3(d-ii). The red circles
show the peak positions of the energy distribution curves, which are
fitted with parabolic curves to obtain the effective masses.
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FIG. 5. Orbital characters of the valence band in BiCuSO. (a) Schematic illustration of the ARPES experimental geometry. (b) Left
panel: Brillouin zone (BZ) and notation used in the calculation of orbital character. Right panel: Equal energy contours at VBT in the Z
plane measured in LV and LH. The dashed lines in the left panel are used for locating the high symmetry points. (c) Calculated orbital
weights of (i) Cu dy, + S p, and (ii) Cu d,; + S p, along the horizontal direction (black notation), or orbital weights of (i) Cu d,. + S p, and
(ii) Cu d,; + S p, along the vertical direction (red notation). (d) High symmetry cuts along R-Z-R measured in (i) LV and (iii) LH, and
(ii) cut along R-Z-R obtained from the map data. The vertical dashed lines show the boundary of BZ. (e) Simulation results following the

photoemission selection rules.

of states (DOS) [14-16], which could account for the dra-
matic increase of carrier density and the enhancement of
electrical conductivity in the p-type samples [9]. Second,
according to the Pisarenko relationship [34], charge carriers
with large effective mass are necessary for the large Seebeck
coefficient. According to both our experimental data and the
calculation, the valence band top along the [110] direction
(I'-M and Z-A) shows dispersive bands, which contributes
a hole carrier with small effective masses (Fig. 4) and is
favorable for the electrical conductivity. The heavy carriers
are most likely contributed from the heavy hole bands along
the [100] direction (I'-X and Z-R), or the fine structures
around Z [10,12].

Our calculation [Fig. 3(e-iv)] reproduces the flat band
(band §) along R-Z-R and the hole band at Z (band ¢). In
the LH cut along X-I'-X [Fig. 3(e-1)], we observe flat fea-
tures in the center, and weak intensity at both sides [also
observed in Fig. 5(d-ii)] at 0.2 eV below Er. These features
are clearly presented by the second derivative along the en-
ergy axis [Fig. 3(e-iii)], showing the weakly dispersive band
ranging from k, =-0.4 to 0.4 A-! (band §) and the hole
band at Z (band €), which are qualitatively consistent with
the calculation. In the LV cut along X-I"-X [Fig. 3(e-ii)], we
observe the band € with strong intensity around the top. From
the maximum of the hole band at Z, we estimate a binding
energy of ~150 meV the flat band, which is significantly
larger than kpT at low temperature (kg is the Boltzmann
constant). We therefore conclude that the electrical properties
of hole-doped BiCuSO at low temperature are dominated by
the quadruple hole bands between I' (Z) and M (A). However,
in the high temperature range (7 > 1000 K), this flat band

will be involved in the TE process, and substantially con-
tribute to the Seebeck coefficient as well as the carrier density
[3,12].

E. Orbital characters of BiCuSO

Analysis of the polarization dependence of the ARPES re-
sults reveals the orbital characters of the valence band (Fig. 5).
The experimental geometry for the ARPES measurement is
illustrated in Fig. 5(a). The sample mirror plane is aligned
coincident with the direction of the analyzer slit while mea-
suring high symmetry cuts along R-Z-R (cuts 1 and 3). In this
geometry, the LV cut is supposed to show zero intensity of
Cu 3d,;, 3d,,, and S 3p, orbitals, and the LH cut is supposed
to show zero intensity of Cu 3d,., 3d,>_,>, and S 3p, while
presenting some intensity from the out-of-plane orbital com-
ponents (Cu d and S p;) [35,36].

We find the electronic structure of BiCuSO no longer
follows the fourfold symmetry but only mirror symmetry
when orbital characters are considered, and thus redefine
the BZ as the left panel of Fig. 5(b). This reduced sym-
metry is directly presented by the original data of LV and
LH equal energy contours at VBT [Fig. 5(b), right panels].
The calculated orbital weights show that the valence band
top is mainly contributed from the hybridization of Cu 3d,,
and S 3p,, Cu 3d,,, and S 3p, orbitals [Fig. 5(c)], indicating
the formation of a quasi-one-dimensional electronic structure
in real space (Fig. 6), which is favorable for the TE per-
formance [37—40]. We also notice some contribution from
the Bi orbitals at the topmost band along I'-X and I'-Z
(Fig. 7), the maximum percentage of which is 10.76% at
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FIG. 6. Illustration of the quasi-one-dimensional conductive
chain in a CuS, tetrahedron.

', which is smaller than that reported in BiCuSeO (*20%)
[37]. The flat band along Z-R; is dominantly contributed from
Cud,; + S p, orbitals while that along Z-R, is dominantly
contributed from Cu d,, + S p, orbitals. This nonequivalence
in orbital weight is demonstrated by comparing the cuts along
nominally equivalent directions [Fig. 5(d)]. Both cuts 1 and
2 [Figs. 5(d-i) and 5(d-ii)] follow the same selection rule
and present the intensity from Cu d,; + S p, orbitals as pre-
dicted by simulation [Figs. 5(e-i) and 5(e-ii)]. We attribute the
intensity below the flat band [Fig. 5(d-ii)] to the resonance
induced broadening [33]. Compared with cut 2, cut 3 shows
stronger intensity at around —0.8 eV, which is contributed
from the Cud. and S p, electrons excited by LH photons
[Fig. 5(e-iii)].

F. Comparison with BiCuSeO

To understand the communal origin of promising TE per-
formance in the BiCuChO family, we further investigate the

electronic structure of BiCuSeO (Fig. 8). Figure 8(a) presents
an overview of the electronic structure of BiCuSeO, featured
by the coexistence of light and heavy hole bands near the
VBT. The Fermi surface of BiCuSeO [Fig. 8(b-i)] presents
a cruciform surrounded by a square cage, obviously different
from the VBT of BiCuSO [Fig. 3(c)]. The cut along A-Z-A
[Fig. 8(b-ii)] presents a clear Er crossing from the outside
bands, showing the VBM is above Ep. The cut along R-Z-R
[Figs. 8(b-iii) and 8(b-iv)] presents a hole pocket capped by
the broad intensity in the vicinity of Ep, which can be at-
tributed to the weakly dispersive band in the calculation along
Z-R [Fig. 8(a)].

Our observation confirms the overall similarity in the va-
lence band structure in BiCuChO, which is rooted in the simi-
larity of crystal structure [12]. Similar to BiCuSO, the topmost
bands in BiCuSeO are strongly dispersive along the [110]
direction while weakly dispersive along the [100] direction,
indicating the observed “flat” band along Z-R could serve as
the origin for the large Seebeck coefficient required by the
Pisarenko relation [34]. Additionally, this flat band can also
contribute to a large DOS at Ef, favorable for the increase of
carrier density and the enhancement of electrical conductivity
in the hole-doping process [3-7,10,11,25].

Despite the common points, our calculation also presents
divergences in the VBT of BiCuChO, particularly around Z.
Unlike BiCuSO [Fig. 1(e)], the Z-centered hole pocket in
BiCuSeO is obviously higher than the nearby hole bands;
the weakly dispersive band along Z-R also shows subtle dif-
ferences. We notice that these fine structures near the VBT
contribute to complex thermoelectric behavior in BiCuSeO
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FIG. 7. Orbital weight of Bi. The size of the purple circle is proportional to the contribution from Bi orbitals.
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FIG. 8. Electronic structure of BiCuSeO. (a) Electronic band dispersion along I'-X-M-I"-Z-R-A-Z overlapped with calculation. (b-i) Fermi
surface map in the Z plane. (ii) Cut along A-Z-A. (iii) Cut along R-Z-R and (iv) corresponding second derivative. The data in the Z plane were
measured in circular-left (CL) polarization at 154 eV. The data in the I" plane were measured in LH polarization at 186 eV.
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along the corresponding direction. (f)—(j) Cuts along the [110] direction at the different k, positions.
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[10]. Unfortunately, these fine structures were unobservable
in the ARPES measurements due to the heavily hole-doped
samples. A detailed investigation on the electronic structure
of BiCuSeO is needed for understanding the divergence in TE
performance of the BiCuChO family.

IV. SUMMARY

In summary, we investigate the transport properties and
the electronic structure of hole-doped BiCuSO single crystals
[Figs. 3, 8 and 9]. Our samples present metallic transport
behaviors without superconducting transition down to 2 K.
The magnetization loops at different temperatures present no
magnetic order, while the increase of saturated magnetic mo-
ment at 4 K indicates possible reorientation of the easy axis.
Our ARPES measurements directly visualize the valence band
structure of BiCuSO and BiCuSeO, especially the weakly dis-
persive bands along Z-R. These flat bands could account for
the enhancement of electrical conductivity in the hole-doping
process, and contribute hole carriers with a large effective
mass that are favorable for a large Seebeck coefficient. We
also reveal the orbital characters of the VBT in BiCuSO,

which mainly consists of Cu 3d,, and S 3p,, Cu 3d,,, and
S 3p, orbitals [Figs. 5 and 10].
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