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Pressure-tuning structural and electronic transitions in semimetal CoSb
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Recently, theoretical work predicted that the cobalt mono-antimonide (CoSb) with a NiAs-type structure could
be stabilized in the form of a monolayer PbO-type FeSe structure on a SrTiO3 substrate [Ding et al., Phys. Rev.
Lett. 124, 027002 (2020)], which may host high-temperature superconductivity comparable with monolayer
FeSe [Wang et al., Chin. Phys. Lett. 29, 037402 (2012)]. Motivated to explore the possible pressure-induced su-
perconductivity in bulk CoSb associated with structural instability, utilizing the diamond anvil cell technique, we
herein report a comprehensive study of the electrical transport, crystalline structure, and electronic band structure
of the bulk CoSb with electrical conductivity, synchrotron x-ray diffraction, and first-principles calculations. No
pressure-induced superconductivity is detected down to 2 K with pressure up to 42.0 GPa, but a structural phase
transition occurs between 11.7 and 16.2 GPa. Instead, an electronic transition, featured by a carrier-type switch
from an electron <10 GPa to a hole (n → p) dominant one at higher pressure, is observed. The n-p switch at
room temperature is ascribed to a pressure-induced structural phase transition from hexagonal (P63/mmc, No.
194) to orthorhombic (Pnma, No. 62), which is confirmed by a combination of first-principles calculations and
structural refinement. Interestingly, the temperature-driven p-n switch also occurs in the orthorhombic phase
at ∼90 K, emphasizing the tunable multiband structure (with charge neutrality point) of the semimetal CoSb
by pressure or temperature. Moreover, the electronic transition is assigned as a semimetal-semimetal transition.
The resistivity shows a robust T 3 dependence trend <30 K for both semimetal phases. At high temperature, all
the ρ(T ) curves become saturated, as described by the parallel-resistor model. The results support that the s-d
interband scattering dominates the conductivity of both the hexagonal and orthorhombic phases under pressure.
The superconductivity absence implications are discussed, assuming the electron-phonon interaction in CoSb
drives the superconductivity.

DOI: 10.1103/PhysRevB.104.054511

I. INTRODUCTION

The phases of binary 3d transition metal (TM) mono-
antimonide TM1±x Sb commonly appear with a defective
hexagonal NiAs-type structure, whose composition has a
deviation from the ideal 1:1 stoichiometry [1,2]. Among
TM1±x Sb mono-antimonides, the Ni-Sb and Co-Sb phases ex-
ceptionally extend to a considerable range of homogeneity on
both sides of the stoichiometric 1:1 composition [1,2]. Hence,
there are two defective sites, either a subtractive type due to
the vacant TM sites or an additive type to insert additional
TM atoms on the interstitial sites [3]. At ambient conditions,
Co1±x Sb is predicted and demonstrated to be a paramagnetic
metal [4–6].

Recently, the Co-Sb binary compounds have attracted in-
creasing interest due to their high-performance thermoelectric
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properties in CoSb3 [7,8], and the potential high-transition
temperature (Tc) superconductivity in monolayer CoSb [9]. To
date, only a few cobalt-based compounds have been demon-
strated to be superconducting, including the CoSi2 (Tc ≈
1.4 K) [10], intermetallic UCoGe (Tc ≈ 0.8 K) [11], CeCoIn5

(Tc ≈ 2.3 K) [12], layered NaxCoO2 · yH2O (Tc ≈ 5 K) [13],
and layered LaCo2B2 with Y or Fe doping (Tc ≈ 4 K) [14].
Thus, discovering more superconducting cobalt-based com-
pounds is a challenge. Theoretically, Hu et al. [15] propose
that high-Tc superconductivity exists in Co-based compounds
formed by cation-anion trigonal bipyramidal complexes with
a d7 filling configuration on the cation ions. In mono-
layer compounds, Ding et al. [9] predicted that the most
stable structure for CoSb is a PbO type, which is an ana-
log of the high-Tc FeSe superconductor. Further, theoretical
calculations on the band structure and electron-phonon cou-
pling of monolayer CoSb show that it can host high-Tc

superconductivity like monolayer FeSe [16]. If this can be ex-
perimentally realized, it would open a high-Tc family beyond
the cuprates and iron-based superconductors. Interestingly, a
weak superconducting signal at ∼14 K was lately discovered
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in the MBE-grown monolayer CoSb with an orthorhombic
structure [17].

Pressure is an effective and clean tool for tuning the
structural and physical properties in various matters [18,19].
The electron-phonon interaction (EPI) may be particularly
enhanced due to structural instability appearing at the bound-
ary of the pressure-induced structural phase transition (SPT).
On the other hand, the crystallographic lattice symmetry and
coordination number may concomitantly change after the
completion of the SPT, leading to the strong modification of
the band structure and chemical and physical properties. For
instance, pressure has been successfully adopted to induce
superconductivity in topological materials [20,21], a topolog-
ical phase [22,23], and improve thermoelectric performance
[24]. As mentioned above, the bulk NiAs-type CoSb phase
could transform to a stable FeSe-like structure in monolayer
form [9], which is predicted to host high-Tc superconductivity.
This motivated us to conduct a high-pressure investigation
of the electrical transport and structure in bulk CoSb to
explore if pressure-induced structural instability drives the
superconductivity.

II. EXPERIMENTAL METHODS

A. Sample synthesis

The polycrystalline CoSb sample was synthesized via the
solid-state reaction method. The cobalt powder and antimony
granules were put into an alumina crucible in a stoichiometric
ratio of 1:1 and then sealed in an evacuated quartz tube. The
mixtures were heated at 1023 K for 12 h and further annealed
at 1373 K for 5 d. After that, the CoSb ingot was obtained
by furnace cooling. Single crystals of CoSb were grown via
a chemical vapor transport method using iodine as a trans-
port agent (15 mg/cm3) and the polycrystalline CoSb powder.
More details can be found in a previous report [5]. The powder
and compositions of the single-crystal samples were deter-
mined by energy-dispersive x-ray spectroscopy (EDS) using
an Oxford X-MAXN 20 spectrometer. The morphology of the
powder sample was obtained on a FEI Versa 3D scanning
electron microscope.

B. Electrical transport measurements under pressure

Ambient and high-pressure electrical transport measure-
ments were performed using the standard four-probe method
under van der Pauw configuration in a commercial DynaCool
physical property measurement system (PPMS, QD) [25].
Specifically, the electrical transport measurement <2 K was
carried out on the adiabatic demagnetization regulator option
attached to the PPMS. A nonmagnetic BeCu diamond anvil
cell (DAC) was used to generate high-pressure conditions. A
pair of diamonds beveled from 400 μm to a culet of 250 μm
was used. A nonmagnetic BeCu alloy gasket was used with
an initial thickness of 250 μm. The pre-indented hole was
covered by cubic boron nitride (C-BN) as an insulating layer
(thickness ∼37 μm). Subsequently, a hole with a 100 μm
diameter was laser drilled as the sample chamber, where the
ground fine CoSb powder was loaded. A small ruby ball was
put on the powder sample for pressure calibration. Four pieces
of platinum foil were utilized as the contacts.

C. Synchrotron x-ray diffraction (XRD) structure
measurements under pressure

The high-pressure synchrotron angle-dispersive XRD of
the CoSb powder was measured at the 15U1 station (x-ray
wavelength λ = 0.6199 Å), Shanghai synchrotron radiation
facility (SSRF), China. A symmetric Mao-Bell DAC was used
to generate high-pressure conditions. Mineral oil was used as
the pressure-transmitting medium. The raw two-dimensional
(2D) XRD images were integrated into one-dimensional in-
tensity vs 2θ angles using the DIOPTAS program [26]. The
distance between the sample and detector and the detector
tilting angles were calibrated using standard CeO2 pow-
der diffraction. The XRD patterns were further analyzed
by Rietveld refinement using the GSAS program package
with the user interface EXPGUI [27,28]. The actual pres-
sure in this paper was determined from the standard ruby
fluorescence [29].

D. Theoretical calculations

First-principles calculations were performed with the Vi-
enna ab initio Simulation Package (VASP) based on the density
functional theory [30,31]. Combined with VASP [30,31], the
most stable structure of CoSb at high pressure was searched
via the evolutionary algorithm USPEX code [32,33]. The
calculated results were obtained by employing the exchange-
correlation function of Perdew-Burke-Ernzerhof [34], and the
projected augmented wave method [35,36]. The spin-orbit
coupling (SOC) was considered in the electronic structure
calculations. In detail, a basis set cutoff of 400 eV was adopted
for both structural relaxations and electronic structure calcula-
tions. The 3p63d74s2 and 5s25p3 configurations were treated
as valence electrons for Co and Sb atoms, respectively. For
the structural search, a coarse k-point grid was used firstly be-
fore using a spacing 2 π × 0.018 Å–1 for the most interesting
structures. The k-grids in Brillouin zone were 9 × 9 × 7 for
the P63/mmc phase at ambient pressure and 6 × 8 × 6 for the
Pnma phase at high pressure in the structural relaxations and
electronic structure calculations, respectively.

III. RESULTS AND DISCUSSIONS

A. Sample characterization and structural
evolution at high pressure

At ambient pressure, cobalt mono-antimonide CoSb crys-
tallizes in a NiAs-type structure (hexagonal, space group
P63/mmc, No. 194, Z = 2). Figure 1 depicts the stacking se-
quence of face-shared octahedral Co-Sb. The distinct features
of the crystal structure viewed along different crystallographic
axes are displayed at the right side of the main panel of
Fig. 1(a). Figure 1(b) shows the XRD pattern of the pris-
tine CoSb sample at ambient conditions. No additional peaks
are observed, indicating the phase purity of the experimental
powder sample. Further Rietveld refinement yields the lattice
parameters a = b = 3.9006(8) Å, c = 5.2158(1) Å, which are
consistent with previous reports [4,5,37]. This yields a lattice
ratio c/a = 1.337, which indicates the subtractive-type devi-
ation from the ideal NiAs-type stoichiometry 1:1 [2]. Using
the energy-dispersive spectroscopy (EDS), the compositions
of powder and single-crystal samples were determined to be
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FIG. 1. (a) Crystal structure of CoSb viewed along different directions. (b) Refined synchrotron x-ray diffraction (XRD) patterns of pristine
CoSb powder at ambient pressure. (c) Energy-dispersive spectroscopy (EDS) of the CoSb powder and its surface morphology. (d) Scanning
electron microscopy of the pristine CoSb sample.

Co0.99(4)Sb and Co1.01(1)Sb. A typical EDS profile is displayed
in Fig. 1(c). The morphology of the pristine CoSb sample is
shown in Fig. 1(d), with a grain size of ∼1–5 μm. The c/a ra-
tio of CoSb is slightly smaller than that of NiAs (c/a = 1.39)
[4], which is also metallic. According to Pearson’s criterion
[6], a small c/a ratio can cause the mutual TM atoms to
approach sufficiently close to form a d band instead of the
discrete d states, resulting in the metallic behavior. Here,
Co1±x Sb is demonstrated to be a paramagnetic metal [4–6],
in good agreement with Pearson’s scenario.

We carried out synchrotron XRD measurements of the
CoSb powder to explore the structural instability induced by
pressure. Selected XRD patterns are presented in Fig. 2(a).
Distinct reflections emerge >11.7 GPa under compression,
signifying the occurrence of pressure-induced SPT. The struc-
ture is determined to be orthorhombic (Pnma, No. 62), as
discussed later in Sec. III C.

The pressure-dependent lattice parameters are plotted in
Fig. 2(b). The intermediate pressure region, where the hexag-
onal and orthorhombic phases coexist, ranges from 11.7 to
36.1 GPa over an interval of ∼24 GPa. The phase coexistence
can also be seen in the three-dimensional (3D) plot of selected
XRD patterns in Fig. S1(a) in the Supplemental Material [38],
and the Rietveld refinement profile at 26.4 GPa was plotted
in Fig. S1(b) in the Supplemental Material [38]. Also, the
refined results for ambient pressure and 40.2 GPa phases were
summarized in Table S1 in the Supplemental Material [38].
The SPT of hexagonal → orthorhombic is predicted to com-
plete at ∼32 GPa, in good agreement with our experimental
observation. Also, a volume collapse of 4.64% at 32.0 GPa
implies a first-order SPT. To compare the compression be-
havior, we fitted the formula unit cell volume vs pressure
V
Z (P) using the third-order Birch-Murnaghan equation of state

(BM-EoS) [39] P = 3K0 fE(1 + 2 fE)5/2 · [1 + 3
2 (K ′

0 − 4) fE],
where fE = [(V0/V )2/3 − 1]/2 is the Eulerian strain, K0 is the
bulk modulus, K ′

0 is the pressure derivative of K0, and V0 is
the volume at ambient pressure. The best fitting yields Kh

0 =
161.7(17.3) GPa, K

′,h
0 = 3.5(1.2) and V h

0 = 33.3(1) Å3 for
the hexagonal phase and Ko

0 = 195.2(82.8), K
′,o
0 = 2.0(1.8),

and V o
0 = 31.6(1.0) Å3 for the orthorhombic phase.

B. Electrical transport under pressure

1. Robust ρ(T ) ≈ T 3 relationship at low temperature

Figure 3(a) shows the temperature dependence of resis-
tivity ρ(T ) measured on a CoSb single crystal at ambient
pressure, which behaves metallically in the whole temperature
region. No superconductivity was detected down to 0.165 K,
as seen in the lower panel insets. At low temperature (T <

50 K), the ρ(T ) follows ρ(T ) = ρ0 + AT n′
well with n′ =

2.70(8), which approaches the low-temperature limit ρ(T ) ≈
T 3 for the interband s-d scattering of transition metals [40].
This indicates a weak contribution to conductivity from the
electron-electron scattering at low temperature. As shown in
Fig. 3(b), the positive Hall coefficient RH indicates the domi-
nant contributions to conduction are from hole carriers in the
range of 2–350 K. Furthermore, the deduced carrier density
is of 3.0 × 1022 cm–3 at 2 K [see Fig. 3(c)] and shows an
increasing trend with a weak temperature dependence. The re-
sults are consistent with previous work on single-crystal CoSb
reported by Xian et al. [5]. We also measured the Hall effect
on a polycrystalline piece (see Fig. S2 in the Supplemental
Material [38]), which also shows the positive slope of Hall
resistance vs magnetic field, supporting the hole-type carriers.
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FIG. 2. (a) Selected synchrotron x-ray diffraction (XRD) patterns for CoSb powder. The dashed lines guide the evolution of reflections
from hexagonal phases. The asterisks indicate the emergence of new reflections from orthorhombic phases. (b) Lattice parameters and (c)
formula unit cell volume as a function of pressure. Inset of (c) shows the phase fraction vs pressure.

To explore the electrical transport properties of bulk CoSb
at high pressure, we measured its temperature dependence of
resistivity ρ(T ) up to 42.0 GPa, as shown in Fig. 4(a). On
the one hand, all the ρ(T ) curves display metallic behavior,

consistent with previous reports and our results at ambient
pressure [4–6]. On the other hand, they tend to saturate at
high temperature and become more and more prominent at
higher pressures. No superconducting transition is observed

FIG. 3. (a) Temperature-dependent resistivity of single-crystal CoSb with a ∼0.72 × 0.47 × 0.10 mm3 size at ambient pressure. The upper-
left inset depicts single-crystal morphology with a shining surface and four conducting leads arrangement. The lower panels show the magnified
region of ρ(T ) in the low-temperature regions of 0.165–2 K and 0.165–80 K. Solid red and blue lines are the fitting curves by parallel-resistor
model and ρ(T ) = ρ0 + AT n′

. (b) Temperature dependence of Hall coefficient. Inset shows the Hall resistance vs magnetic field at selected
temperatures. (c) Temperature dependence of Hall carrier density.

054511-4



PRESSURE-TUNING STRUCTURAL AND ELECTRONIC … PHYSICAL REVIEW B 104, 054511 (2021)

FIG. 4. (a) Temperature dependence of resistivity for CoSb powder at different pressures. The solid lines are the parallel-resistor model
fitting curves. (b) Temperature dependence of resistivity <30 K at different pressures. Solid lines are the fitting curves by ρ(T ) = ρ0 + AT n′

.
Inset shows the evolution of the n′ value with pressure. (c) Contour plot of the resistivity vs temperature with a function of pressure. The color
distribution represents the resistivity value. The room temperature (300 K) ρ(P) from 1.3 to 40 GPa is also displayed as solid squares.

down to 2 K for pressurized CoSb <42.0 GPa. The resistivity
saturation and its pressure dependence have also been reported
in other semimetals like TaAs2 [41]. At ambient pressure,
it is widely observed in intermetallic TM, too, such as the
A-15 compounds, including V3Si [42] and Nb3Sn [43,44] and
many other materials [45,46]. The CoSb resistivity saturation
will be discussed quantitatively later. When assuming the con-
duction electrons are only scattered by longitudinal acoustic
phonons and the contribution of electron-electron scattering
is ignored, the ρ(T ) data can be described by a modified
Bloch-Grüneisen model [40,42,47–49]:

ρBG(T ) = ρ0 + ρsd

(
T

�R

)3 ∫ �R/T

0

x3dx

(1 − e−x )(ex − 1)

+ ρss

(
T

�R

)5 ∫ �R/T

0

x5dx

(1 − e−x )(ex − 1)
, (1)

where �R is the resistivity-determined Debye temperature, ρ0

is residual resistivity due to impurity scattering, the second
term is ascribed to the interband s-d scattering of transition
metals [40], and the intraband s-s scattering for the third
term. As shown in Fig. 4(a), we fitted the ρ(T ) curves by the
parallel-resistor model [45,50,51] to understand the resistivity
saturation behavior:

1

ρ
= 1

ρsat
+ 1

ρBG
. (2)

Before fitting into Eq. (1), the dominant term at low tem-
perature will be examined. As shown in Fig. 4(b), the fittings
of the low-temperature ρ(T ) curves by ρ(T ) = ρ0 + AT n′

(where A is a constant and the n′ variable exponent with n′ = 2
represents the electron-electron scattering) show that all ρ(T )
curves dominantly obey the ρ(T ) ≈ T 3 for all pressures. For
this reason, only the ρsd term is incorporated in the fitting
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TABLE I. Fitting parameters for pressurized CoSb by parallel-
resistor model.

P (GPa) ρ0 (μ� cm) ρsd (μ� cm) ρsat (μ� cm) �R (K)

Fitted by Eq. (2)
1.3(1) 148.8(4) 343.3(5.3) 661.6(8.0) 248.5(2.0)
2.6(1) 99.9(1) 281.8(2.2) 428.4(2.0) 231.1(1.0)
4.1(2) 81.8(1) 242.0(1.2) 359.0(1.0) 219.3(6)
6.5(8) 71.5(0) 222.5(1.0) 313.0(7) 215.6(6)
9.5(1.1) 66.7(1) 213.8(1.1) 288.6(8) 215.0(7)
13.4(1.8) 65.9(1) 214.4(1.3) 278.0(9) 219.6(8)
17.9(2.8) 68.8(1) 227.6(2.0) 278.8(1.3) 233.7(1.2)
22.7(2.1) 74.6(1) 254.4(2.2) 276.9(1.2) 237.1(1.2)
28.7(4.3) 85.9(1) 310.8(2.7) 299.8(1.3) 265.2(1.2)
35.2(2.4) 91.2(1) 342.5(2.2) 291.6(9) 270.3(9)
42.0(2.9) 97.5(1) 373.0(2.9) 303.8(1.2) 291.9(1.1)

using Eq. (2). Also, the statistics are better than those ob-
tained using the ρss term. The fitting results are summarized
in Table I. This indicates that the interband s-d scattering
dominates the normal state conduction in CoSb.

The Co atoms predominantly contribute to the interband
s-d scattering due to the unfilled 3d orbital [40,44]. It should
be pointed out that many pure transition metals and rare-earth
metals show ρ ≈ T 2 at low temperature [52], rather than the
compliance of ρ ≈ T 5 expected from the Bloch-Grüneisen
theory in pure monovalent metals [47,53]. In comparison,
the robust ρ(T ) ≈ T 3 at low temperature is also observed
in TaAs2 semimetal up to 36.6 GPa [41], which shows no
superconducting transition down to 2 K. Note that the best
fit of ρ(T ) using the ρsd term was also reported in the A-15
superconductor V3Si with strong electron-phonon coupling
[42], but the Tc decreases when the exponent n′ changes
from two to higher values. This emphasizes the important
role of the ρ(T ) ≈ T 2 part in optimizing the Tc therein. The

appearance of resistivity saturation is treated as a signature of
the strong EPI and weak electron-electron interaction (EEI)
[54,55]. Strong EPI alone does not guarantee a superconduct-
ing transition at low temperature, so it seems that the moderate
EEI can optimize the Tc, as demonstrated in iron-based super-
conductors [56].

We plotted the contour of the resistivity vs temperature
as a function of pressure to examine the pressure effect on
the normal state properties, as shown in Fig. 4(c). For clarity,
we also extracted the pressure-dependent resistivity at 300 K.
Interestingly, the resistivity firstly decreases with increasing
pressure before reaching a minimum at ∼13.4 GPa at ambient
temperature, which also exists at other constant temperatures.
Above 13.4 GPa, the resistivity starts to anomalously increase
up to 42.0 GPa. This is unusual since pressure commonly
causes bandwidth broadening for a normal metal to increase
the carrier density, which further results in a decrease of
resistivity.

2. Carrier-type p-n switch

The pressure dependence of the Hall effect was analyzed
at 2, 20, and 300 K to understand this abnormally elec-
trical transport property. The Hall resistances vs magnetic
field Rxy(H ) at 300 K are displayed in Fig. 5(a). Below 9.5
GPa, the Rxy(H ) shows linear field dependence with negative
slopes, indicative of dominant electron-type (n-type) carri-
ers, in contrast to the dominant hole-type carriers at ambient
pressure. In the two-band model, the Hall coefficient RH can

be written as RH = 1
e

nhμ
2
h−neμ

2
e

(nhμh+neμe )2 in a low field limit [57].
Thus, RH will change sign as the tuning of magnitude of
nh(ne) and μh(μe) by either chemical doping, temperature,
or external pressure. Although the transport data is diffi-
cult to collect at low pressure using a powder sample in
a DAC, we conjecture that the pressure could modify the
band structure topology of CoSb to change the relative den-

FIG. 5. (a) Field dependence of Hall resistance at various pressures at 300 K. Pressure dependence of (b) Hall coefficient and (c) Hall
carrier density at 2, 20, and 300 K. Inset of (c) shows the Hall mobility as a function of pressure.
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FIG. 6. (a) Field dependence of Hall resistance at different tem-
peratures. (b) The Hall coefficient as a function of temperature at
42.0 GPa.

sity and scattering rate of hole and electron, which induces
a carrier type switch at low pressure (P < 1.3 GPa). After
releasing the pressure to 1.40 and 0.55 GPa, the hole-type
carriers become dominant again at 300 K (see Fig. S4 in the
Supplemental Material [38]), implying its subtle electronic
response to the application of mild pressure. In addition, the
consistent evidence of supporting its electronic sensitivity
to mild pressure comes from the fast compression rate of
unit cell volume <2 GPa [see Fig. 2(c)]. The observation
of pressure-induced carrier-type change in Hall coefficient
measurement <2 GPa implies the initial fast volume com-
pression has an electronic origin. Nevertheless, the slope of
Rxy(H ) becomes positive (hole carriers, p type) >9.5 GPa,
signaling a n-p switch and pressure-induced charge neutrality
point (CNP) at 300 K. Note that the symmetrized Rxy(H ) was
obtained by the difference of the Hall resistance at positive
and negative fields to eliminate the longitudinal contribution,
i.e., Rxy(H ) = [Rxy(+H ) − Rxy(−H )]/2. The Hall mobility
μH was further determined by μH = (d/ρ)Rxy/H [25], where
d is the sample thickness. We plotted the Hall coefficient
RH, carrier density nH, and μH as a function of pressure in
Figs. 5(b) and 5(c). Clearly, a temperature-driven p-n switch
also exists >9.5 GPa, as shown in Fig. 5(b).

We measured the temperature-dependent Rxy(H ) at
42.0 GPa to determine the temperature-driven CNP, as shown
in Fig. 6(a). More Hall data at 17.9 and 28.7 GPa can be found
in Fig. S3 in the Supplemental Material [38]. Figure 6(b) plots
the corresponding RH(T ) curves, unveiling that the CNP sets
in at ∼90 K. The nH increases <9.5 GPa at 300 K, which
causes the fast decrease of the resistivity. However, the nH

starts to decline >9.5 GPa, which may explain the unusual
increase of resistivity according to the simple Drude law ρ =
m∗/ne2τ , where m∗ is carrier effective mass, n carrier density,
e electron charge, and τ the carrier scattering rate. Above
17.9 GPa, a negligible temperature and pressure-dependent
nH is observed. The small values of the μH and nH (in an
order of 1022 cm–3) for the CoSb at ambient and high pressure
indicates it is more like a semimetal.

3. Debye temperature �R and mean free path l

Establishing the phase diagram of the RH(T, P), we now
return to discuss the saturation behavior of pressurized CoSb
more quantitatively. When the carrier mean free path l ap-
proaches the interatomic distance a but will not become much
smaller, reaching the so-called Ioffe-Regel condition l � a,
the resistivity in an ordinary metal tends to attain a saturation
value, which for a cubic metal is given by [45,51,58]

ρsat = 1.29 × 1018

n2/3a
(μ� cm), (3)

where n is the carrier density in units per cubic centimeter, and
a is the lattice parameter in angstroms. Assuming a spherical
Fermi surface with the Fermi wave number kF = (3π2n)1/3,
the mean free path can be rewritten as

l = 1014 h̄(3π2)1/3

n2/3ρ0e2
(Å). (4)

Combined with Eqs. (3) and (4), one obtains that

l = [h̄(3π2)1/3
aρsat]

(1.29 × 104ρ0e2)
= l0a. (5)

In Eq. (5), l0 is dimensionless and only proportional to the
ratio ρsat/ρ0, where ρ0 is in units of microhm centimeters.
Equation (5) enables us to evaluate the magnitude of the l
even though the carrier density is somehow unknown for a
resistivity-saturated material. We calculated the l and l0 values
vs pressure using the previously obtained Hall carrier density
and fitting data, as shown in Table I.

First, we focus on the resistivity determined Debye temper-
ature �R as a function of pressure, as shown in Fig. 7(a). It is
well known that the characteristic Debye temperature charac-
terizes the cutoff frequency for the collective lattice vibrations
of a solid below it. At Debye temperature, the phonon fre-
quency wavelength is shown to be comparable with the lattice
parameter [59]. Consequently, the pressure-induced anomaly
of �R could be an effective indicator of the occurrence of a
structural anomaly, e.g., SPT. If there is no pressure-induced
SPT, the evolution of �R(P) will be monotonous since the
lattice is to be compressed by external pressure. Unexpectedly,
CoSb has a minimum at ∼9.5 GPa [as shown in Fig. 7(a)],
which indicates the appearance of a SPT.

With increasing pressure, the resistivity saturation becomes
more and more prominent for CoSb. To understand its origin,
we plotted the pressure dependence of l0 and l in the inset of
Fig. 7(a) and the main panel of Fig. 7(b), in which the ρsat/ρ0

ratio and lattice parameters are also included for comparison.
It turns out that the calculated l based on the simple Drude
law is comparable with the experimental lattice parameters.
However, the estimated l is 99.4 Å for single-crystal CoSb,
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FIG. 7. (a) Pressure dependence of resistive Debye temperature
for CoSb. (b) Carrier mean free path as a function of pressure,
including lattice parameters for comparison.

which is much larger than the interatomic distances. This may
lead to almost linear behavior instead of resistivity saturation
in ρ(T ) at high temperature. Also, the l0 obtained by the
ρsat/ρ0 ratio from the parallel-resistor model fittings supports
that the l values have several lattice spaces for pressurized
CoSb. At high pressure, the decrease of l0 with loading pres-
sure could self-consistently interpret the pressure-enhanced
resistivity saturation at high temperature because the satura-
tion is unexpected in the limit of l � a.

C. Band structure calculations

Combined with VASP [30,31], the most stable structure
of CoSb at high pressure was searched by the evolutionary
algorithm [32,33]. The results show that the orthorhombic
structure (Pnma, No. 62) is energetically favorable >32 GPa.
This structure hosts a distorted Co-Sb octahedral, as depicted
in Fig. 8(a). The stability and reliability of the orthorhombic
phase are consistently supported by the theoretical prediction
on the enthalpy, phonon dispersion, and good Rietveld refine-
ments, as shown in Figs. 8(b)–8(d). Figure 8(b) shows that
the pressure dependence of the enthalpy 	H demonstrates
the SPT boundary occurs at 32 GPa, reasonably close to
the experimental pressure 36.1 GPa, where the SPT from
the hexagonal-to-orthorhombic phase almost completes. The
phonon dispersion was further calculated at 33 GPa (just
above the SPT boundary). Near the Brillouin zone center (G
point), no appearance of imaginary frequency for both the
acoustic and optical branches supports that the Pnma phase
is thermodynamically stable.

To compare the differences in electronic structure for the
hexagonal and orthorhombic phases, we calculated the band
structure for the two phases in CoSb. Due to the composite of
two heavy ions in CoSb, the SOC might play an important role
in controlling its structure and physical property. For this rea-
son, the SOC is included in our band structure calculations. At
ambient pressure, bulk CoSb is predicted to be a topological
crystalline insulator with Z12 invariant when counting the ef-
fect of SOC [60]. As seen in Figs. 9(a) and 9(b), it is apparent
that there are 3d orbitals from Co atom-dominated multibands
crossing the Fermi energy (EF), supporting the multiband
feature observed in the electrical transport measurements, i.e.,
the type switch of the carriers. After the pressure-induced
SPT, the calculations also show that the Fermi surface changes
significantly, as seen in Figs. 9(c) and 9(d) for hexagonal CoSb
at ambient pressure, and Figs. 9(e) and 9(f) for orthorhombic
CoSb at 33 GPa. The Fermi surfaces have eight components
with complex shapes for both phases. For instance, there are
two hourglasslike Fermi surfaces in hexagonal CoSb around
the Brillouin zone center. Nevertheless, in the orthorhombic
phase, two bowllike Fermi surfaces form up and down to the
zone center. This provides solid evidence of the occurrence of
an electronic topological transition (ETT) induced by a SPT in
CoSb. Moreover, the band structure supports that both phases
are more like a semimetal. As seen in Fig. 4(c), the resistivity
starts to show an abnormal increase at ∼13.4 GPa. Concur-
rently, the Hall coefficient appears a sign change >9.5 GPa,
supporting the resistivity anomaly is associated with an ETT
triggered by a SPT. The pressure-induced sign change in Hall
coefficient was also observed in other semimetals like NiTe2

[61], which is attributed to the occurrence of Lifshitz transi-
tion without a SPT. Our result indicates that the Hall anomaly
experimentally characterized by the n-p switch at ∼9.5 GPa
originates from the hexagonal → orthorhombic SPT-induced
ETT because the orthorhombic phase is ready to set in at the
same pressure.

As discussed before, the s-d interband scattering is sug-
gested to account for the conduction in both phases. To
gain more insight from the theoretical calculations, we plot-
ted the partial density of states in the right panels of
Figs. 9(a) and 9(b). First, the total density of states (DOS)
for CoSb at ambient pressure and 33 GPa is 1.15 and
0.90 states/spin eV formula unit cell. This is qualitatively
consistent with the Hall carrier density vs pressure at low
temperature, which shows that the nH value of hexago-
nal CoSb is slightly higher than that of the orthorhombic
phase. Secondly, we note that the contribution of the s
orbital of the Co(Sb) atoms increased while the contri-
bution by the d orbital of the Co atoms decreased at
33 GPa. Benefitting from the synergetic balance between the s
orbital of the Co(Sb) atoms and the d orbital of the Co atoms,
this could qualitatively explain the robust ρsd term contributed
from the s-d interband scattering at high pressures.

D. Discussions and implications on absence of superconductivity

Besides the EPI, the EEI is concomitantly one of
the key parameters to tune intriguing quantum states like
superconductivity for conventional and unconventional su-
perconducting families [56,62]. From the electrical transport
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FIG. 8. (a) Theoretically predicted crystal structure of CoSb. (b) Enthalpy difference as a function of pressure between the hexagonal and
orthorhombic phases. (c) Phonon dispersion for the high-pressure Pnma phase at 33 GPa. No imaginary frequency appears for both acoustic
and optical branches near the Brillouin zone center (G point) and other high-symmetry points. (d) Rietveld refinement of CoSb at 40.2 GPa.

FIG. 9. Electronic band structure with spin-orbit coupling (SOC) for (a) ambient hexagonal P63/mmc phase, and (b) high-pressure
orthorhombic Pnma phase at 33 GPa. Purple line: s orbital of Co, blue line: p orbital of Co, yellow line: s orbital of Sb, orange line: d
orbital of Sb. (c) and (d) Fermi surface of the ambient hexagonal phase. (e) and (f) Fermi surface of the high-pressure orthorhombic phase.
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measurements on layered TiSe2 [63,64], the pressure-tuned
variation of ρ ≈ T n′

at low temperature was observed. Si-
multaneously, the occurrence of low-Tc superconductivity
coincidently accompanies a noticeable decrease of the expo-
nent from a high value (n′ ≈ 3) to a lower one. Although
a small dip in n′(P) appears for CoSb crossing the SPT, as
shown in the inset of Fig. 2(b), it is a pity that no superconduc-
tivity is detected down to 2 K. In some A-15 superconductors
such as V3Si [42], the increase of the disorders by neutron ir-
radiation causes a significant decrease of Tc; meanwhile, the n′
value grows from ∼2 for pristine to 4.6 for heavily irradiated
samples. For the well-studied topological insulator Bi2Se3, the
n′ = 3.38 was obtained at low temperature, and no supercon-
ductivity was detected down to 0.14 K (see Figs. S5 and S6
in the Supplemental Material [38]), but a smaller value of
n′ = 2.58 for the superconducting Cu0.09Bi2Se3 (Tc = 4.18 K)
is reported [65]. Compared with pressurized CoSb, a similar
situation occurs in TaAs2 [41]. It also shows a robust ρ ≈ T 3

at low temperature, yet no superconductivity was detected at
2 K up to 36.6 GPa. These experimental facts highlight the
crucial role of the low-temperature ρ ≈ T 2 part associated
with the EEI in inducing or enhancing superconductivity.

In unconventional high-Tc superconductors, the strong
electron correlations are thought to be relevant for the non-
Fermi liquid behavior [66–68], in which the ρ ≈ T n′

with
1 � n′ � 2 obeys and the maximum Tc value is reached at
n′ ∼= 1. When crossing the overdoped region, the Tc gradu-
ally decreases and eventually disappears, accompanying an
increase of the exponent n′ up to two, accessing the Fermi
liquid region. Importantly, it is shown that the strength of
the electron correlation is connected to optimize the Tc value
in iron-based superconductors [56]. In this context, the EEI
is also an indispensable factor in high-Tc superconductors,
although the pairing mechanism is presumed to be different
from the conventional phonon-mediated superconductors.

Since the EPI enhanced by the interface is likely to be the
main factor for enhancing the Tc in monolayer FeSe [69] or
monolayer CoSb [9] on the SrTiO3 substrate, we tentatively
discuss the absence of superconductivity in pressurized bulk
CoSb within the electron-phonon coupling scenario. Accord-
ing to Bardeen-Cooper-Schrieffer (BCS) theory [62,70], the
Tc is given by Tc = 1.14�Dexp[−1/N (EF)V0] in a weak cou-
pling limit with N (EF)V0 = λ − μ∗, where V0 is an effective
EEI potential containing an attractive part from EPI and a
repulsive electron-electron contribution. If V0 → 0 or the λ

value is close to μ∗, then superconductivity will not be ex-
pected. This limit is presumably at play in pressurized CoSb.
In detail, it can be inferred from the ρ(T ) for pressurized
CoSb that there is a negligible contribution of the electron-
electron scattering to the conduction at low temperature. Only
the robust and strong electron-phonon scattering is involved
down to 2 K. It seems that the absence of substantial contri-
bution from the ρ ≈ T n′

(1 � n′ � 2) part correlates with the
undetectable superconductivity down to 2 K for CoSb under
pressure. As the n′ value increases, the Tc tends to decrease
for low-Tc superconductors, unconventional high-Tc cuprates,
and iron-based superconductors, as plotted in Fig. S5 in the
Supplemental Material [38] (see also Refs. [41,42,63–68,71–
93] therein). This supports that the electronic correlation is a
fundamental factor for optimizing superconductivity.

According to a recent theoretical study of the resistivity
saturation in A-15 superconducting compounds [55], the re-
sistivity saturation temperature can be pushed to higher values
as the onsite Coulomb repulsion U increases. This means that
stronger electron correlations would destroy resistivity satu-
ration. In the case of CoSb, the resistivity saturation becomes
more prominent with loading pressure and could survive at
high pressures up to 42.0 GPa. Together with the dominant
ρ ≈ T 3 at low temperature, our results indicate that the pres-
sure fails to enhance the strength of the electron correlation
in CoSb. Thus, the superconducting transition is unfavorable
under pressure.

IV. SUMMARY

To explore the possible pressure-induced superconduc-
tivity in NiAs-type CoSb associated with lattice instability,
we investigated the evolution of the electrical and struc-
tural properties of the bulk sample under pressure. First, a
pressure-induced structure phase transition from hexagonal
to orthorhombic emerged between 11.7 and 16.2 GPa, but
there is no concomitant superconducting transition down to
2 K with the applied pressure up to 42.0 GPa. Second, an
abnormal increase of resistivity with increasing pressure was
observed at ∼13.4 GPa. Also, a more and more prominent re-
sistivity saturation feature appeared at high temperature with
increasing pressure. The Hall effect analysis supports that an
electronic transition featured by a semimetal-semimetal tran-
sition and a n-p switch occurred at ∼10 GPa due to the SPT.
Interestingly, the orthorhombic phase hosts the temperature-
driven p-n switch at ∼90 K as well. This demonstrates that
the CNP can be realized by either pressure or temperature for
semimetal CoSb. The temperature-dependent resistivity was
analyzed in a parallel-resistor model framework to understand
the superconductivity absence in bulk CoSb. The resistivity
vs temperature shows robust ρ(T ) ≈ T 3 behavior <30 K for
the two phases, implying a negligible electron-electron scat-
tering. This may be one key ingredient causing an unfavorable
superconducting transition in bulk CoSb. The parallel-resistor
model, including the s-d interband scattering, can describe the
ρ(T ) curves well, indicating that the s-d interband scattering
dominates the conductivity of both hexagonal and orthorhom-
bic CoSb under pressure. We hope our results trigger further
attention to investigate the underlying physics linking the
absence or weakening of superconductivity and the robust
ρ ≈ T 3 relation at low temperature in the involved materials.
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