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Magnetic and electronic properties of single-crystalline BaCoSO
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Doped BaCoSO was recently predicted to be a high-temperature superconductor in a new class based
on Co and Ni. Using a Co-S self-flux method, we synthesized single crystals of the antiferromagnetic
insulator BaCoSO. Our magnetic and specific heat measurements and neutron diffraction provide details of
its magnetic anisotropy and order. Its band gap was determined to be about 1.3 eV by our measurements of
its photoemission spectrum and infrared optical conductivity. Our results can pave the way to exploring the
predicted superconductivity in this Co-based material.
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I. INTRODUCTION

The high-temperature cuprate [1] and iron-based super-
conductors [2,3] were discovered during the past decades,
but the underlying mechanisms of their unconventional high-
temperature (high-Tc) superconductivity are not fully under-
stood. Possible rules and factors governing high-Tc supercon-
ductivity can be extracted from the two known families, sug-
gesting theoretical frameworks that may explain the observed
physics. Recent theoretical work found that both families of
high-Tc superconductors share a special electronic property in
that the crucial 3d orbitals have a band filling that maximizes
the antiferromagnetic (AFM) superexchange coupling [4,5],
through a collaborative interaction between the Fermi surface
and short-range magnetic interactions [6,7]. This led directly
to predictions of new classes of high-Tc superconductors
hosted in doped planes of Ni3+ and Co2+ in trigonal bipyra-
midal coordination [4,8]. To date, it has proven difficult to
verify this bold, concrete prediction, due to the difficulties
encountered in actually preparing the predicted compounds.

Subsequent theoretical work has indicated that the same
physics should also be manifested in tetrahedrally coordi-
nated Co2+, and families of chalcogenides and oxychalco-
genides, such as BaCoAO (A = S, Se) and ZnCoS2, were sug-
gested [9,10]. Adjusting the carrier concentration, for instance
through chemical doping or applied pressure, may induce
superconductivity in these materials [9]. These predictions
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are more readily tested, in particular since the synthesis of
barium thio-oxocobaltate (BaCoSO) powder was reported not
long before the prediction [11]. This insulator is isostructural
to BaZnSO, crystallizing in an orthorhombic lattice (space
group Cmcm) with the Co2+ tetrahedrally coordinated to two
sulfur and two oxygen anions. Co atoms form a square lattice
buckled along the c direction, and CoSO2− layers stack alter-
nately with Ba2+ along the b axis. BaCoSO was proposed to
have an AFM ground state based on density-functional theory
(DFT) calculations [11], and this was verified by neutron
powder diffraction [12]. If this compound can be made to
superconduct, for instance upon hole or electron doping or
the application of high pressure, it would constitute a class
of high-Tc superconductors discovered based on theoretical
predictions, mark a leap toward an understanding of the
existing two classes of high-Tc materials, and pave the way
toward attaining higher transition temperatures by design.

In this paper, we report the growth of high-quality single
crystals of undoped BaCoSO. To clarify its magnetic ground
state, we report its magnetic properties as a function of
crystallographic orientation, and reexamine its magnetic order
through neutron diffraction, resulting in a magnetic space
group different from that reported previously [12]. We also re-
port its band gap based on angle-resolved photoemission spec-
troscopy (ARPES) and optical spectroscopy measurements.

II. EXPERIMENT

a. Sample preparation. Single-crystalline BaCoSO was
obtained using a self-flux method. Following Ref. [12], we
prepared precursor BaO by heating BaCO3 powder (Alfa
Aesar, 99.99%) at 1090 ◦C for 12 h under dynamic vacuum at
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FIG. 1. X-ray diffractogram and optical micrograph of the b-axis
face of a BaCoSO single crystal. The single crystal is on a millimeter
grid.

∼10−5 mbar. The BaO was then mixed with Co powder (Alfa
Aesar, 99.998%) and S granules (Aladdin, 99.999%) under
argon in the molar ratio 1: 6: 4.20. The ratio of excess Co to S
corresponds to the eutectic at Co: S = 61: 39 and 875 ◦C [13],
which serves as a flux with ratio 5:1 based on Co. The choice
of a self-flux eliminates the possibility of contamination by
the components of the flux. The ground powder was packed
into an alumina crucible, sealed inside a quartz tube, and
loaded into a crucible furnace. The charge was heated up to
1000 ◦C, held there for 4 h, then slowly cooled to 880 ◦C
at −1.25 ◦C/h. After several hours at this temperature, the
quartz tube was removed to a centrifuge and the flux decanted
through quartz wool, isolating the BaCoSO crystals. Crystals
took the form of thin rectangular platelets, of size up to
2 × 2 × 0.2 mm3; an example is shown in the Fig. 1 inset.
By an electron probe microanalyzer (Shimadzu EPMA-1720),
the average composition of our single crystals was determined
to be BaCo0.96(1)S0.95(2)O1.6(2) (normalized to Ba), where the
ratio of the first three elements is nearly consistent with the
ideal stoichiometry. The high oxygen content is attributed to
surface contamination, most likely adsorbed water and CO2

from the air.
b. Diffraction. We performed x-ray diffraction on the large

flat face of a crystal at ambient temperature in a laboratory
diffractometer (Bruker D8 Discover) using Cu Kα radiation.

A single crystal was measured at room temperature, 280,
and 100 K using the KOALA white-beam neutron Laue
diffractometer at the OPAL Research Reactor at ANSTO in
Australia [14]. Image data processing, including indexing,
intensity integration, and wavelength distribution normaliza-
tion were performed using LAUEG [15]. Crystal and magnetic
structure refinement was carried out using JANA2006 [16].

c. Magnetic susceptibility. DC magnetic susceptibility
measurements were performed on single-crystalline BaCoSO
in a magnetic property measurement system (MPMS SQUID-
VSM, Quantum Design), for fields along its a, b, and c axes.
The crystal orientation was determined by x-ray Laue diffrac-

tion. During the MPMS measurement, the samples were first
cooled down to 2 K in zero magnetic field, then a field of
100 or 30 000 Oe was applied. The zero-field-cooling (ZFC)
curves were measured on heating up to 400 K, then field-
cooling (FC) curves were obtained upon cooling back to 2 K.

Although most of the Co-S flux was removed by centrifu-
gation, the obtained crystals sometimes had flux remaining on
their surface (see golden areas in Fig. 1). Such samples were
polished using abrasive paper before magnetic measurements
to reduce the influence from impurities.

d. Specific heat. Specific heat was measured on cooling
from 400 to 125 K on a mosaic of three crystals using a physi-
cal properties measurement system (PPMS, Quantum Design)
by the relaxation-time method. The crystals were attached
to the sample stage using Apiezon H-grease to avoid the N-
grease glass transition encountered in this temperature range.
At least three measurements were taken at each temperature;
due to evidence that the sample did not equilibrate rapidly,
the first measurement at each temperature was discarded as a
precaution before averaging the rest.

e. Photoemission and optical study. Photoemission mea-
surements were performed on an in-house ARPES system
with a Fermi Instruments 21.2 eV helium discharge lamp,
using a VG-Scienta DA30 electron analyzer. The energy
resolution is 6 meV and angular resolution is 0.3◦. The sample
was cleaved under ultrahigh vacuum.

The optical reflectance measurements were performed on
a Bruker 80v spectrometer in the frequency range from 55
to 35 000 cm−1. An in situ gold and aluminum overcoating
technique was used to obtain the reflectivity R(ω). The real
part of the conductivity σ1(ω) is obtained by Kramers-Kronig
transformation of R(ω). A constant relation was used for low-
frequency extrapolation; on the high-frequency side an ω−1

relation was used up to 300 000 cm−1, above which ω−4 was
applied.

III. RESULTS

A. Crystal and magnetic structure

The x-ray diffraction result (Fig. 1) shows a series of sharp
peaks corresponding to the crystallographic b axis, with lat-
tice parameter b = 12.75(9) Å, consistent with the published
refinements [11,12].

In our neutron result, sharp Laue diffracted spots indicate
excellent crystal quality [see Fig. 2(a)]. Systematic absences
were found consistent with the Cmcm space group, in agree-
ment with the previous x-ray powder diffraction crystal struc-
ture determination [11]. The data collected at 100 K clearly
show additional diffraction peaks indicating long-range mag-
netic order [see Fig. 2(b)].

Analysis of the room temperature (293 K) neutron Laue
diffraction data was performed using the structure reported
in Ref. [11] as the starting model (space group Cmcm, No.
63), to verify the structure and atomic positions. The results
of the crystal structure refinement are presented in Tables I,
II, and III and the crystal structure is shown in Fig. 3(a). The
atomic positions essentially agree with previous work [11].

The additional peaks in the low-temperature Laue diffrac-
tion data indicating long-range magnetic ordering could be
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FIG. 2. Neutron Laue patterns of BaCoSO at (a) 280 and
(b) 100 K. Boxes highlight several regions where the patterns differ
due to the presence of magnetic Bragg reflections at low temperature.

indexed by a unit cell with doubled a lattice parameter,
i.e., propagation k vector (1/2, 0, 0), in agreement with
Ref. [12]. Exhaustive testing of the models compatible with
k = (1/2, 0, 0) and the symmetry of the 4c Co site of the
Cmcm space group unambiguously pointed to the magnetic
structure shown in Fig. 3(d) (magnetic space group Pabcm,

Belov-Neronova-Smirnova No. 57.386). This antiferromag-
netic structure with Co moments along the c axis is essen-
tially the same as that described by Salter et al. [12], who,
however, used a lower symmetry to describe it. The magnetic
space group Pcma2 reported in Ref. [12] (Belov-Neronova-
Smirnova No. 28.94) is a subgroup of Pabcm and splits
the original single Co site into two sites with independent
magnetic moments. However, once the moments of the two Co
sites of Pcma2 are constrained to be equal, as was also done
in Ref. [12] (Table S12), the structure corresponds to Pabcm
with a single Co site. To verify the correct assignment of the
magnetic space group, we also carried out the analysis using
Pcma2 with two independent Co sites and confirmed that this
does not result in any further improvement of the refinement
quality. Thus, we conclude that the correct magnetic symme-
try of BaCoSO is Pabcm with a single Co magnetic site and
the magnetic transition occurs via a single irreducible repre-
sentation mSM1, precluding spin components along a or b.
The refined value of the Co magnetic moment, 3.017(15) μB

[compare 2.75(2) μB reported in Ref. [12]], is practically
equal to the theoretical spin-only value of 3μB expected for
high-spin 3d7 Co2+.

The refined magnetic structure is presented in Table IV
and Figs. 3(d) and 3(e), with refinement details in Table I.
Plots of F 2

calc vs F 2
obs for the room temperature and 100 K

refinements are presented in Figs. 3(b) and 3(c), respectively,
and demonstrate the quality of the refinements.

B. Magnetic anisotropy and order

The magnetic susceptibility results are shown in Fig. 4
for fields of 100 and 30 000 Oe. Since the low-field sus-
ceptibility decreases on cooling throughout the temperature
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FIG. 3. (a) Refined crystal structure of BaCoSO at room temperature (space group Cmcm, No. 63). Green, red, and yellow indicate barium,
oxygen, and sulfur, respectively, while the blue tetrahedra indicate the coordination environment of Co. Atoms are shown as 99% probability
ellipsoids. (b) Comparison of structure factors F 2

calc vs F 2
obs for the room temperature refinement, indicating the quality of the fit. (c) F 2

calc vs F 2
obs

for the 100 K refinement, including magnetic peaks. Low-intensity peaks (<3 standard deviations above background) were not refined and are
not included here. (d) Refined magnetic structure of BaCoSO at 100 K (Shubnikov group Pabcm, Belov-Neronova-Smirnova No. 57.386). (e)
View of the CoSO2− plane at y = 0, showing the in-plane antiferromagnetic spin orientations.
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FIG. 4. Magnetic susceptibility (χ , M/H ) vs temperature. The
left three panels were measured in a 100 Oe applied field and the
right in a 30 000 Oe field. The upper, middle, and lower panels
correspond to fields applied along a, b, and c, respectively. ZFC
and FC magnetic susceptibility results are given by open squares and
solid dots, respectively. The green dashed lines along T = 222, 290,
and 350 K serve as guides to the eye.

range measured, we can conclude that the material is anti-
ferromagnetic with significant magnetic correlations up to at
least 400 K. Higher-field data show a clearer Néel temperature
TN � 222 K, consistent with previous work on powder [11].

However, single crystals also enable a field-direction-
dependent study—susceptibility is shown in Fig. 4 for fields
along the three different crystalline axes. The susceptibility
values for fields along the a and c directions are larger than for
b in both fields. Above 50 K, a strongly anisotropic tempera-
ture dependence of the magnetic susceptibility is seen in the
higher-field data, particularly in the scale of the changes. The
susceptibility varies several times more for fields along c than
along a or b. The susceptibility measured in powder samples
under similar high fields [11] should thus be dominated by
the c axis. ZFC and FC data show a clear difference in low
field while they are nearly identical in high field. Besides the
significant transition at 222 K, some extra weak features are
also visible around 290 and 350 K, especially for the high
field along a. Below 50 K, low-temperature upturns are seen
in high field for all field orientations with minimal anisotropy,
which is suggestive of a minor ferromagnetic impurity phase,
perhaps flux stuck to the edges of the crystal. This effect was
also visible in a 3 T field in the earlier powder work [11].

The specific heat is shown in Fig. 5. A series of weak peaks
are observed around 220, 290, and 350 K, corresponding to
the features seen in the susceptibility. Specific heat probes
bulk thermodynamic transitions, so these features would
normally be attributed to magnetic transitions of BaCoSO.
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FIG. 5. Specific heat of BaCoSO at high temperatures. Multiple
weak peaks visible in this temperature range are pointed out by
arrows.

However, 290 K corresponds to the antiferromagnetic tran-
sition of CoO at 289 K [17–19], and this peak is very weak,
with an entropy release of only 0.07 J/mol K, so we attribute
this feature to residual flux on the crystal edges. 350 K is in a
temperature range that does not have magnetic Bragg peaks,
so this cannot be a transition into bulk long-range order, and it
is also most likely extrinsic. Even if we assume that both tran-
sitions are intrinsic to BaCoSO the magnetic entropy released
in this entire temperature range, as has been previously noted
[11], is extremely small. We estimate the entropy release at
these two transitions as 0.80 and 0.19 J/mol K, respectively,
totaling roughly 8.5% of the entropy release of 11.53 J/mol K
expected for s = 3/2.

C. Photoemission and optical spectrum

Figure 6(a) presents the valence band of BaCoSO via the
angle-integrated photoemission spectrum within 13 eV of the
Fermi level (EF ) at room temperature (298 K). No Fermi
drop is observed near the Fermi level. Some angle dependence
appears in the angle-integrated spectra taken at different polar
emission angles, but no clear energy bands with dispersive
features were seen in the corresponding angle-resolved spec-
tra (see the Supplemental Material for details [20]). A peak
near EF is observed at −1.77 eV with a leading edge at
−1.09 eV, suggesting a lower limit for the gap of BaCoSO to
be ∼1.1 eV. In fact, the photoemission experiments suffered
from charging problems due to the strongly insulating nature
of this material, particularly at low temperatures. The results
quoted here are based on measurements performed at room
temperature, using only 1/30 of our usual incident light inten-
sity, under which conditions the influence of charging is under
control (below the level of 0.01 eV; see the Supplemental
Material for details [20]).

Figures 6(b) and 6(c) show optical reflectivity and the real
part of the optical conductivity as a function of frequency ω,
respectively. In the low-frequency limit, the optical reflectivity
is around 0.6 rather than 1.0 while the optical conductivity
approaches zero, showing typical insulating behavior. The
foremost significant peak in the optical conductivity around
10 700 cm−1 (excluding the minor phonon peaks between 100
and 1000 cm−1) corresponds to a band gap of about 1.3 eV.
This gap value is consistent with our photoemission result and
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FIG. 6. Photoemission and optical study of BaCoSO. (a) Angle-integrated photoemission spectrum at room temperature (T = 298 K);
(b) optical reflectivity Ropt and (c) optical conductivity σ1 as a function of frequency ω at room temperature.

also comparable to the 2 eV band gap reported in the DFT
calculation [11].

IV. DISCUSSION

BaCoSO has a layered crystal structure with an orthorhom-
bic lattice, so anisotropic magnetic properties would be ex-
pected. Comparing its magnetic response along different crys-
tal axes, we see significantly greater susceptibility values for
fields within the ac plane. The magnetic structure determined
based on DFT calculations [11], neutron powder diffraction
[12], and our own work [Fig. 3(d)] indicates in-plane spin
orientations, so this anisotropy implies that the magnetic
moments are more easily rotated within the ac plane than
toward the b axis.

The susceptibility above 220 K is not paramagnetic; rather
it decreases on cooling through most of the temperature range
probed, and only a small fraction of the magnetic entropy
is released within this temperature range. This indicates that
magnetic correlations set in at much higher temperatures.
Earlier magnetization data on powder samples [11] exhibited a
broad hump that could indicate a transition as high as 700 K.
This is unlikely to be a bulk Néel transition (TN ), however.
Since BaCoSO is a layered material, magnetic correlations
would be expected to develop within the plane at temperatures
far above the bulk magnetic transition, only condensing into
three-dimensional order at a much lower temperature. White-
beam neutron Laue diffraction is not sensitive to the diffuse
scattering that would be expected from this precursor short-
range order, so we are unable to confirm this through direct
observation.

Superconducting order competes with spin and charge
order in the high-Tc superconductors [21–25], but may rely
crucially on spin fluctuations from the nearby AFM state.
We sought to test predictions of similar physics in BaCoSO,
whereby suppressed AFM order would lead to a robust
d-wavelike superconducting state [9], through performing
ARPES after dosing potassium onto the cleaved surface to
introduce carriers, but these results were not reliable due
to severe charging effects at low temperature, where bulk
BaCoSO is strongly insulating.

Comparing the band gap of 1.3 eV observed in the optical
conductivity and the gap of 1.1 eV in the photoemission
spectrum, we can deduce that the band immediately above the

Fermi level is approximately located at EF + 0.2 eV. A band
shift of ∼2 eV by surface potassium dosing also suggests that
electrons can probably be doped into this material, although
charging effects make this value imprecise and prevent strong
conclusions. The comparison of ARPES and optical gaps in-
dicates that, for chemical doping to turn BaCoSO into a metal,
electron doping should be more readily realized than hole
doping, although we note that we attempted to chemically
dope the crystals with La on the Ba site, Fe/Ni on the Co site,
and F on the O site, but without success. Besides introducing
carriers, applying high pressure to enhance interlayer interac-
tions may be another good option for making this proposed
superconductor superconduct.

V. CONCLUSION

In summary, our growth of single-crystalline BaCoSO
allowed us to investigate details of its magnetic and electronic
properties. The crystal and magnetic structures are closely
similar to previous reports on powder, but the magnetic space
group is different from that previously reported, and we see
the full Co2+ moment. We find evidence for magnetic tran-
sitions around 220 and possibly 350 K, but the vast majority
of the spin entropy is not released at these transitions. The
photoemission and optical study identified the band gap of
this material as around 1.3 eV, and will help focus future
work on obtaining a metallic ground state. Hints from surface
potassium surface dosing suggest that electron doping may be
able to turn the material into a metal. In addition, applying
high pressure to bulk samples or growing strained films may
offer opportunities to realize a conducting state and verify the
prediction of superconductivity in BaCoSO.
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TABLE I. Refinement details for BaCoSO at room temperature and 100 K. Note that white-beam neutron Laue diffraction is not sensitive
to absolute lattice parameters. The magnetic refinement was actually performed in a doubled unit cell, with constraints to ensure the original
Cmcm symmetry was still obeyed, which inflates the number of total reflections reported here.

Formula BaCoSO BaCoSO (magnetic)
Temperature 293 K 100 K
Space group Cmcm (No. 63) Pabcm (No. 57.386)
a 3.979 Å 3.986 Å
b 12.744 Å 12.73 Å
c 6.107 Å 6.096 Å
Z 4 4
F (000) 428 130
θ range 4.62–50.88◦ 4.5–45.3◦

Index ranges 0 � h �7, 0 � k �27, 0 � l � 11 0 � h � 6.5, 0 � k �25, 0 � l �12
Total reflections 565 1967
Reflections I > 3σ (I ) 352 404
Goodness of fit, all data 1.40 1.89
Goodness of fit, I > 3σ (I ) 1.58 2.83
R factors, I > 3σ (I ) R1=0.0363, wR2=0.0290 R1=0.0745, wR2=0.0597
R factors, all data R1=0.1184, wR2=0.0327
Extinction coefficient 490(50) 310(80)

APPENDIX: NEUTRON DIFFRACTION

Details of structure refinements of BaCoSO at room tem-
perature and at 100 K are presented in Table I. The refined
atomic positions at room temperature are listed in Table II,
and the corresponding anisotropic displacement parameters in
Table III. The refined atomic positions and magnetic moments
at 100 K are listed in Table IV.

TABLE II. Refined atomic positions for BaCoSO at room
temperature.

Site Mult. x y z Ueq

Ba 4c 0 0.38622(4) 0.25 0.00886(13)
Co 4c 0 0.09449(7) 0.25 0.0095(3)
S 4c 0 0.69086(7) 0.25 0.0099(2)
O 4a 0 0 0 0.01410(14)

TABLE III. Refined anisotropic displacement parameters in Å
2

for BaCoSO at room temperature.

Site U11 U22 U33 U12 U13 U23

Ba 0.0080(2) 0.0103(2) 0.0083(3) 0 0 0
Co 0.0088(4) 0.0094(3) 0.0103(5) 0 0 0
S 0.0078(4) 0.0100(3) 0.0119(5) 0 0 0
O 0.0164(3) 0.0138(2) 0.0121(3) 0 0 −0.00497(15)

TABLE IV. Refined atomic positions and magnetic moments for
BaCoSO at 100 K. The moments mi along each axis i are given in
μB.

Site Mult. x y z Uiso mx my mz

Ba 4c 0 0.38663(6) 0.25 0.00285(13) 0 0 0
Co 4c 0 0.09522(11) 0.25 0.0032(3) 0 0 3.017(15)
S 4c 0 0.69136(12) 0.25 0.0043(2) 0 0 0
O 4a 0 0 0 0.00655(15) 0 0 0
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