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4Instituto de F́ısica Teórica, São Paulo State University (UNESP), São Paulo 01049-010, Brazil
5University of California Santa Barbara, Santa Barbara, California 93106-9010, United States

6Max Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany
7Department of Chemistry and Biochemistry, The Ohio State University, Columbus, Ohio 43210, United States

8National Synchrotron Radiation Research Center (NSRRC), 30076 Hsinchu, Taiwan
9National Center for Supercomputing Applications, Urbana, Illinois 61801, United States

New materials discovery is the driving force for progress in solid state physics and chemistry. Here,
we solve the crystal structure and comprehensively study physical properties of ZnVSb in the poly-
crystalline form. Synchrotron X-ray diffraction reveals that the compound attains a layered ZrSiS-
type structure (P4/nmm, a = 4.09021(2) Å, c = 6.42027(4) Å). The unit cell is composed of a
2D vanadium network separated by Zn-Sb blocks that are slightly distorted from the ideal cubic
arrangement. A considerable amount of vacancies were observed on the vanadium and antimony
positions; the experimental composition is ZnV0.91Sb0.96. Low temperature X-ray diffraction shows
very subtle discontinuity in the lattice parameters around 175 K. Bonding V-V distance is below the
critical separation of 2.97 Å known from the literature, which allows for V-V orbital overlap and
subsequent metallic conductivity. From ab-initio calculations, we found that ZnVSb is a pseudogap
material with an expected dominant vanadium contribution to the density of states at the Fermi
level. The energy difference between the antiferromagnetic and non-ordered magnetic configurations
is rather small (0.34 eV/f.u.). X-ray photoelectron spectroscopy fully corroborates the results of
the band structure calculations. Magnetic susceptibility uncovered that, in ZnVSb, itinerant charge
carriers coexist with a small, localized magnetic moment of c.a. 0.25 µB. The itinerant electrons
arise from the ordered part of the vanadium lattice. Fractional localization, in turn, was attributed
to V atoms neighboring vacancies, which hinder full V-V orbital overlap. Furthermore, the suscep-
tibility and electrical resistivity showed a large hysteresis between 120 K and 160 K. The effect is
not sensitive to magnetic fields up to 9 T. Curie-Weiss fitting revealed that the amount of itinerant
charge carriers in ZnVSb drops with decreasing temperature below 160 K, which is accompanied
by a concurrent rise in the localized magnetic moment. This observation together with the overall
shape of the hysteresis in the resistivity allows for suggesting a plausible origin of the effect as a
charge-transfer metal-insulator transition. Ab-initio phonon calculations show the formation of a
collective phonon mode at 2.8 THz (134 K). The experimental heat capacity reflected this feature
by a boson peak with Einstein temperature of 116 K. Analysis of the heat capacity with both an
ab-initio perspective and Debye-Einstein model revealed a sizable anharmonic contribution to heat
capacity, in line with disordered nature of the material. Further investigation of the electron and
phonon properties for ZnVSb is likely to provide valuable insight into the relation between structural
disorder and the physical properties of transition-metal bearing compounds.

I. INTRODUCTION

The discovery of new pnictides with intriguing prop-
erties has been a key driver within solid state chemistry
[1–6]. Among thermoelectric pnictide materials, binaries
such as Zn4Sb3[1] and Mg3Sb2[2] as well as more com-
plex compounds, e.g. Yb14MnSb11[3] have exhibited ex-
cellent performance. Likewise, layered pnictide supercon-
ductors have emerged, such as those based on LiFeAs[4],
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BaFe2As2[5] and LaOFeAs[6]. This rich space for func-
tional properties to emerge is created by combinations
of the structural complexity afforded by Zintl-like pnic-
tide bonding, moderate electronegativity contrast, and
transition metals with un-paired spins. In this work, we
extend this investigation to the polar intermetallic pnic-
tide ZnVSb.

ZnVSb has previously emerged in the context of galva-
nizing steel metallurgical chemistry [7]. Polycrystalline
specimens were prepared by melt synthesis followed by
annealing and quenching. The chemical composition,
identified by energy-dispersive X-ray analysis, was found
to span in range. The composition range 30.4-32.4
at.%V, 30.5-34.0 at.%Zn and 34.7-37.1 at.%Sb. ZnVSb
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was found to share three-phase regions with various com-
binations of V3Sb, ZnSb, Zn4Sb3, Zn3Sb2, and elemental
Zn. Isothermal phase diagram studies at elevated tem-
perature (450◦C [7], 600◦C [8]) find that ZnVSb is the
only ternary compound present in the Zn-V-Sb space.
The phase disappears by 800◦C [8].

To date, the crystal structure of ZnVSb has not been
identified. Known ternary zinc antimonides include Zn-
MnSb [9], ZnFeSb[10, 11], ZnCoSb[12], and ZnNiSb[13],
Zn9In2Sb6[14], ZnSnSb2[15], and Zn5In2Sb4[16]. Within
the transition metal-containing ternary zinc antimonides,
all existing compounds possess equimolar stoichiometry
and form in either the ZrSiS or half-Heusler-like structure
types. The ZrSiS model is sometimes used interchange-
ably with PbFCl, UAs2 and Cu2Sb due to the same space
group and occupied Wyckoff sites. In the literature how-
ever, one can find several attempts to demarcate these
structure types due to a variety of chemical bonding [17–
19]. The ZrSiS model was chosen for ZnVSb as the closest
ternary prototype.

As shown in Figure 1a, there is a −[A2 − B − C −

C − B]− layer repeat pattern in the ZrSiS model. Key
structural features include (i) the z offset between the
B and C planes, which can give rise to a skew of the
rock salt-like slab and (ii) significant variability in anion
and cation site preference due to variations in size and
charge. Both the half-Heusler (Figure 1b) and ZrSiS-
type antimonides have eight-fold coordinated transition
metals but the arrangement of these polyhedra is distinct.

ZnMnSb has been reported to form in the ZrSiS struc-
ture type; this compound exhibits ferromagnetic order-
ing with a TC of 302K [9]. ZnMnSb also exhibits
nearly temperature-independent resistivity of 5mΩcm
below TC , which was attributed to intense point defect-
scattering due to structural disorder. In the original re-
port the authors suggested ZnMnSb may have ∼5% and
∼10% vacancies for the Zn and Mn sites, respectively, or
a strong tendency towards cation alloying. ZnFeSb was
initially reported as a half-Heusler compound [10]; how-
ever, more recently it has been shown that it will adopt a
half-Heusler-like supercell with cation-deficient composi-
tion when annealed at 570 K or the ZrSiS structure type
when heated to 873 K with closer to a stoichiometric
atomic ratio [11]. Low temperature measurements of Zn-
FeSb in the ZrSiS structure reveal a nearly temperature-
independent resistivity of 14 mΩcm and a ferromagnetic
ordering temperature of 275K. Akin to ZnFeSb, ZnCoSb
forms in an superstructure of the half-Heusler phase. The
resistivity is distinctly lower, 0.2 mΩcm, and no long
range magnetic ordering is observed [12]. The compound
ZnNiSb has been reported to form in the cubic MgA-
gAs (Half-Heusler) structure type. Its resistivity follows
metallic behavior and attains a value of 0.039 mΩcm at
room temperature [20].

In the present study of ZnVSb, we develop a synthetic
procedure and determine the resulting crystal structure.
The low temperature electrical, phononic, and magnetic
properties are then explored in light of crystallographic

FIG. 1. Ternary compounds containing transition metals with
Zn and Sb tend to form in either the (a) ZrSiS or (b) half-
Heusler structure types. Here, Zn is in grey, Sb in orange,
and the transition metal (TM) in red. Below, the eight-fold
coordination polyhedra around the transition metals are high-
lighted.

disorder and first principles calculations.We find that Zn-
VSb encompasses itinerant and localized electrons, most
likely originating from the ordered and disordered com-
ponents of the vanadium sublattice. Furthermore, be-
tween 120 K and 160 K we detect a unique phenomenon
of a charge-transfer metal-insulator transition affecting a
fraction of V atoms without full orbital overlap due to
disorder.

II. METHODS

A. Experimental Methods

Samples of ZnVSb were synthesized from elemental
reagents: Zn (flake, Alfa 99.9%), V (granules, Alfa
99.7%), and Sb (shot, Alfa 99.999%). All sample prepa-
ration and handling of powders was performed in a ni-
trogen glove box (oxygen <3 ppm, water <1 ppm). Ele-
mental reagents were sealed into tungsten carbide vials
and ball milled for 90min in a Spex 8000D high-energy
ball mill.
For structure determination, undoped, as-milled pow-

ders were sealed into fused silica ampules and annealed
at 600◦C for 48 h under vacuum. Resulting powders
were ground in an agate mortar and passed through a
50 micron mesh. Then, all samples were diluted with
amorphous silica powder at a molar ratio of 1:2 pow-
der:silica to reduce X-ray absorption. Diluted powders
were sealed within polyimide (Kapton) capillaries and
measured at the Advanced Photon Source (APS) beam-
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line 11-BM. Low temperature measurements were con-
ducted on a PANalytical Empyrean diffractometer from
90K to 300K. The crystal structure was solved by means
of Pawley refinement and charge flipping in Topas Aca-
demic V6 software, while the main Rietveld refinement
was performed in the FullProf package[21] for ease of
comparison with large amount of literature data. Ri-
etveld analysis with Topas Academic V6 is provided in
the Supplemental material (SM) Fig. S1 and Tab S1 [22].
For electronic transport measurements, annealed pow-

ders were densified through hot-pressing in a high-density
graphite die under dynamic vacuum. Prior to use, the
graphite die, plungers, and graphite foil liners were baked
at 600◦C for a minimum of 30min under dynamic vac-
uum. Approximately 1.75 g of annealed powder was
loaded into the cooled die and transferred to the hot
press chamber. The chamber was evacuated to <5mTorr
and purged with argon to ∼0.75Atm thrice before finally
evacuating the chamber to <1mTorr. The powder was
pressed at 50MPa and 550◦C for 12 hours.
X-ray energy dispersive imaging was performed utiliz-

ing a FEI NovaNanoSEM 230 FE-scanning electron mi-
croscope employed with a Genesis XM4 spectrometer.
Magnetic susceptibility and magnetization experiments
were performed on a Quantum Desing MPMS-XL mag-
netometer with a solid specimen cut from the densified
pellet. Electrical resistivity and specific heat measure-
ments were performed on the Quantum Desing PPMS-9
platform. The pellets were cut into rectangular shapes
and contacted in a linear, 4-point probe geometry via sil-
ver paste and silver wires with 50 µm diameter. For the
specific heat the relaxation method with the two-τ model
was employed, the experiment at the lowest temperatures
was performed with the 3He option.
X-ray photoelectron spectroscopy (XPS) and X-ray

absorption spectroscopy (XAS) experiments were per-
formed at the NSRRC-MPI TPS 45A Submicron Soft X-
ray Spectroscopy beamline at the Taiwan Photon Source
in Taiwan. The photoemission chamber is equipped with
an MB Scientic A-1 electron energy analyzer and oper-
ates in ultra high vacuum with a pressure of 1×10−10

mbar. The photon energy was set to hν = 1010 eV and
the overall energy resolution was ≈ 100 meV as deter-
mined from the Fermi cutoff of a gold reference sample.

B. Computational Methods

Electronic band structure calculations were performed
within density functional theory (DFT) [23, 24] imple-
mented in the Vienna Ab initio Simulation Package
(VASP) [25]. The generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) [26] and the
projector augmented wave formalism [27] were used. The
Kohn-Sham orbitals were expanded using a plane-wave
basis with a cutoff energy of 400 eV. Lattice parameters
and atomic positions were fully relaxed until forces were
lower than 1 meV/Å on each atom. The Brillouin zone

TABLE I. Structural and technical information on analysis
of synchrotron powder diffraction data for ZnVSb.

composition ZnV0.91Sb0.96

structure type ZrSiS
space group P4/nmm, no. 129
Pearson symbol, Z tP6-δ, 2
a (Å) 4.09021(2)
c (Å) 6.42027(4)
V (Å3) 107.410(1)
density (g/cm3) 7.06(2)
no. of Bragg maxima observed 327
no. of refined parameters 16
radiation wavelength (Å) 0.412602
temperature of measurement 300 K
Rwp 11.4
G.O.F. 2.07

was sampled using a Γ-centered 8×8×4 Monkhorst-Pack
k-point grid [28]. Total and partial density of states were
computed using a finer Γ-centered grid of 30 × 30 × 28
k-points and plotted using the Sumo Python toolkit [29].
For the calculations including magnetism, the DFT + U
approach was used, as proposed by Dudarev et al. [30].
The additional Hubbard-like term was used to treat the
on-site Coulomb interactions on the localized d-orbitals
of vanadium and zinc atoms. In this case, a finer k-mesh
grid of 16× 16× 12 was employed.
To obtain the phonon dispersions of ZnVSb, VASP

was used in conjunction with the Phonopy package [31],
based on the supercell approach with the finite displace-
ment method [32]. A very strict structural optimization
of the lattice parameters and atomic positions was per-
formed, with convergence criteria of 10−2 meV/Å. As in
the electronic band structure calculation, we added the
Hubbard-like term to the d-orbitals of vanadium atoms.
Phonopy was used to determine the force constants, the
phonon dispersions, and the phonon projected density of
states using 2× 2× 2 supercells and a 4 × 4 × 3 k-point
mesh.

III. RESULTS AND DISCUSSION

A. Structure Refinement

The results from powder diffraction measurements
were analyzed using Pawley refinement and revealed that
ZnVSb crystallizes in the P4/nmm space group. Subse-
quent charge flipping identified the compound forms in
a layered ZrSiS-type structure. Fig. 2a presents the Ri-
etveld refinement of the synchrotron powder diffraction
data. Structural data and technical details are shown
in Tab. I, while atomic coordinates, occupancies and
displacement parameters, as well as selected interatomic
distances, are gathered in Tab. II . The atomic occu-
pancy on each site was relaxed initially as a separate free
parameter and eventually the results were normalized to
Zn content.
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FIG. 2. (a) X-ray diffraction pattern from 11-BM beamline on
ZnVSb powder (red) and Rietveld fit (black) using the ZrSiS
structure type; the difference pattern is shown in blue. (b)
Laboratory powder X-ray diffraction collected across 90-300
K. Inset shows the temperature-dependence of the (112) re-
flection from Kα1 and Kα2 radiation. (c) Rietveld refinement
of the patterns presented in (b) yield linear changes in lattice
parameters.

TABLE II. Atomic positions, displacement coefficients, and
occupancies as well as selected interatomic distances in ZnVSb
from Rietveld refinement of synchrotron powder diffraction
data.

atom Wyckoff s. x y z Biso occ.
Zn 2c 1/4 1/4 0.2826(6) 1.02(7) 1
V 2a 1/4 3/4 0 0.52(8) 0.906(2)
Sb 2c 1/4 1/4 0.7099(4) 0.53(3) 0.959(1)

d (Å) d (Å) d (Å)
Zn-Sb vert. 2.723 Zn-V 2.747 V-V 1st 2.892
Zn-Sb horiz. 2.892 Sb-V 2.767 V-V 2nd 4.090

The structure of ZnVSb, provided in Figure 1a, can be
viewed as rock-salt slabs of ZnSb separated by a square
2D net of V. Each Zn and Sb atom is coordinated by four
V atoms from this monolayer. However, the corrugation
of the rock-salt slab yields slightly different (<1%) V-Sb
and V-Zn bond distances (Tab. II). This nearly cubic Zn-
Sb bonding arrangement is quite unusual compared to
the typical bonding arrangements for Zn-Sb[1, 33], Zn-
V[34, 35] or V-Sb[36–40] binary compounds. However,
the bond angles and interatomic distances of the rock
salt-like ZnSb slabs are consistent with chemically similar
ZrSiS-type compounds, e.g. ZnMnSb [9], ZnFeSb[11],
AlMnGe[41], GaMnGe[42]. For magnetism and electrical
properties, the most important interatomic distance for
ZnVSb is V-V bond length, which is equal to 2.892 Å.
This distance is smaller than the critical V-V separation
known from literature, RC = 2.97 Å. The value of RC

marks the border between itinerant (V-V distance < RC)
or localized (V-V distance > RC) behavior predicted for
vanadium d -electrons due to orbital overlap [43, 44].

Fig. 2b shows laboratory XRD data collected in the 90-
300K regime. ZnVSb maintains its structure type from
300 K down to 90 K. No clear indication of atomic re-
arrangement such as a superstructure peak nor a change
of relative maxima intensities were observed. Lattice pa-
rameters (a and c) obtained by Rietveld refinement per-
formed for scans at each temperature are presented in
Fig. 2c. Between 150 K and 175 K one can notice small
discontinuity in a and c on the very edge of the accuracy
of the method. Benefiting from an almost linear variation
of elementary cell volume with temperature, we calcu-
lated the thermal expansion coefficient for ZnVSb, α =
14.2×10−6 K−1, which is broadly consistent with values
found for metals and metallic alloys [45].

Concerning the stoichiometry of the ZnVSb phase, X-
ray refinement assuming vacancies suggests that the com-
position of the main phase is depleted in V and to smaller
extent also in Sb; such refinement yields ZnV0.91Sb0.96
(see Tab. II). Alternatively, Rietveld refinement can
be performed assuming the possibility of antisite defects,
which, after checking all combinations, leads to a small
amount of Zn-Sb intermixing. The occupancies in this
model would be Zn 97.31(7)% + Sb 2.69(5)% on nominal
zinc site, 92.1(1)% vanadium occupancy on its unchanged
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Wyckoff position and Sb 95.41(7) % + Zn 3.5(1) % on the
nominal antimony site. In either case, the stoichiometry
is depleted slightly in V and Sb. These results are consis-
tent with EDX measurements, which found that ZnVSb
is depleted in vanadium by c.a. 10 at.%. The ZnVSb
phase diagram at 450◦C indicates adjoining phases are
Zn, Zn3Sb2, Zn4Sb3, ZnSb, and V3Sb [46]; however we
do not observe any signal from those compounds in the
synchrotron powder XRD.

B. Electronic Structure

To investigate the electronic and magnetic properties,
we performed first-principles DFT calculations of the
electronic band structure and density of states. Hubbard-
like onsite Coulomb potential U was applied to the V
and Zn 3d orbitals due to their localized nature. As the
optimal value of U cannot be determined a priori, we
performed calculations with U = 0, +3, and +5 eV for
vanadium and U = +5, +6, and +7 eV for zinc, typical
values used in the literature [47–50], and compared the
results.
For all U values, it was determined that ZnVSb ex-

hibits a metallic character with no gap around the Fermi
energy. Fig. 3 shows the electronic band structure of
ZnVSb, plotted here for the intermediate values U = +3
eV and +6 eV for vanadium and zinc, respectively, for
the non spin-polarized case. In the vicinity of the Fermi
level (EF , shifted here to 0 eV), there are many bands
with relatively low dispersion. The flat character of these
bands is more evident just above the EF (along X-M-Γ,
R-A, X-R and M-A) as well as for some filled bands, in
particular along Γ-Z.
The projected DOS in Figure 3b shows that the states

in the range ∼ -2 to 4 eV around the EF are formed
mostly from the vanadium 3d-orbitals. This can be seen
in more detail in the fat bands plot shown in the SM (Fig.
S2). The metallic nature can be attributed to the partial
filling of the overlapping V 3d orbitals. The 3d-levels of
Zn, on the other hand, are fully occupied and located at
much lower energies (∼ 10 eV below the EF ). A minor
contribution to the states around the EF is also observed
from the Zn and Sb orbitals. Within 1 eV from the EF ,
the main contribution from these atoms is to the band
with parabolic dispersion around Γ, originating from Sb
and Zn s-orbitals. Sb p-orbitals form the more dispersive
filled bands from ∼ 1 eV below the EF . Interestingly,
just above the EF the density of states decreases rapidly
to almost zero in a semimetallic manner, which also can
be described as a pseudo gap; see Figure 3c. This fea-
ture will be referred to during the analysis of electrical
resistivity.
Calculations including spin-polarization were also per-

formed to investigate the formation of magnetic moments
and impact on the electronic properties. The atomic or-
bital contributions to the electronic band structure are
essentially the same as in the non-spin-polarized case.

FIG. 3. Electronic structure of ZnVSb calculated using the
Hubbard corrections U = +3 eV and +6 eV for vanadium and
zinc d orbitals, respectively. (a) Electronic band structure of
ZnVSb shows a metallic ground state with the appearance of
several flat, dispersion-less states around the Fermi level. (b)
The projected density of states shows that the states around
the Fermi level are mostly derived from the V 3d orbitals.
Exchange splitting of the 3d orbitals above and below the
Fermi level results in the dip in the total DOS at EF = 0 eV,
as shown in detail at the zoomed region in (c)

For more details of spin-polarized calculations the reader
is referred to Supplemental material, Fig. S3.

C. Magnetism and Electronic Transport Properties

Fig. 4a shows the magnetic susceptibility (χ) of Zn-
VSb. The general curvature of χ is reminiscent of param-
agnetic behavior, yet between 120 K and 160 K, the sus-
ceptibility exhibits a significant thermal hysteresis (see
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TABLE III. Parameters resultant from least-squares fitting
of Eq. 1 to susceptibility data (see Fig. 4a).

LT fit (2-100 K) HT fit (170-300 K)

µeff (µB) 0.262(3) 0.239(2)

Θp (K) -6.5(2) -3.4(2)

χ0 (10−4 emu mol−1 Oe1) 1.21(4) 1.89(2)

inset to Fig. 4a), which might be associated with a
first order phase transition. The effect occurs intact at
the same temperatures during measurements in magnetic
field up to 7 T (not shown). To get better insight into
underlying physics of ZnVSb, the susceptibility was anal-
ysed via:

χ(T ) =
C

T −Θp
+ χ0 (1)

where Θp corresponds to the paramagnetic Curie tem-
perature, χ0 stands for temperature independent suscep-
tibility, while C = µ2

eff/8 and µeff denotes the effec-
tive magnetic moment. The parameter χ0 corresponds to
Pauli-like paramagnetism and the term C

T−Θp
describes

Curie-Weiss localised magnetism. Regions above and be-
low hysteresis were treated separately: the red solid curve
corresponds to fit performed in 2-120 K range, while blue
solid curve denotes analysis for 170-300 K range. The
dashed lines serve only as a guide to the eye – they ex-
tend calculated functions beyond fitting range. Parame-
ters obtained from the analysis are gathered in Tab. III.
The coexistence of itinerant and localized magnetism,

assumed by Eq. 1 for ZnVSb, was previously observed
for other vanadium-based compound [51–53]. Both ef-
fects are associated with V ions, yet in different crystal-
lographic environment. In ZnVSb itinerant magnetism
is likely a feature of the majority of the vanadium atoms
with regular arrangement, while localized magnetism
may be associated with a small part of the V ions ex-
periencing a modified surrounding due to disorder. The
above understanding is built upon the values of param-
eters obtained from Eq. 1. The effective magnetic mo-
ments equal to c.a. 0.25 µB are rather small for vana-
dium. In the states V2+, V3+, and V4+ the ion exhibits
µeff equal to 3.87, 2.83, and 1.73 µB, respectively. Sig-
nificant reduction of µeff in ZnVSb with respect to theo-
retical values suggests that localized moments are present
for only a fraction of the V atoms. These can be atoms
for which full V-V orbital overlap is not present due to
vacancies on V site.
Reduced µeff on vanadium atoms has previously been

observed e.g. for V5S8 comprising itinerant and local-
ized magnetic behavior. In V5S8, 1/5 vanadium atoms
were expected to possess localized moments [51]. The
particular ratio was due to the proportion of multiplicity
of two different Wyckoff sites on which V atoms resided.
Regarding the Pauli paramagnetic behavior of the ma-
trix, the sizable value of χ0 supports the possibility that
a rather large fraction of the sample (matrix) is related
to this phenomenon.

FIG. 4. a) Temperature variation of magnetic susceptibil-
ity for ZnVSb in the field of 0.1 T. Red and blue symbols
correspond to increasing and decreasing temperature, respec-
tively. Solid curves denote fits of Eq. 1, while dashed lines
extend the obtained function beyond fitting range as guide to
the eye. The inset displays susceptibility measurement in the
regime of thermal hysteresis. b) Field dependencies of mag-
netization measured at temperatures 2 K, 5 K, 10 K, 80 K
and 140 K. Empty and filled symbols denote increasing and
decreasing field, respectively. c) Temperature dependence of
electrical resistivity for ZnVSb measured in the field of 0 T
(filled symbols) and 9 T (open symbols). Red and blue color
denote measurements performed with increasing and decreas-
ing temperature, respectively.
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Regardless of the value of the Hubbard correction cho-
sen for Zn and V during spin-polarized calculations, the
energy difference between the ordered and non-ordered
magnetic states is fairly small (0.34 eV/f.u., see details in
SM). This finding suggests that ZnVSb can easily change
its magnetic behavior, which qualitatively supports the
possibility of localized moment formation at a fraction of
V atoms experiencing disorder. The antiferromagnetic
spin alignment was most energetically favorable in ab-
initio calculations, which is in agreement with negative
Θp from Eq. 1 indicating antiferromagnetic fluctuations.

Compared to the susceptibility near room tempera-
ture, the value of χ0 becomes smaller below 170 K, sug-
gesting that the density of delocalized states decreases
with decreasing temperature. In turn, the magnetic mo-
ment and paramagnetic Curie temperature rise simulta-
neously, which indicate that the number of localized V
atoms increase below 170 K. Together these results al-
low for tentative interpretation of the hysteresis as a sign
of a partial charge-transfer (CT) metal-insulator transi-
tion (MIT). For the further consideration of the effect the
reader is referred to section F. Discussion.

The magnetization isotherms (Fig. 4b; collected at 2,
5, 10, 80, 140K) show a Brillouin-like shape, reminiscent
of paramagnetic materials, however, the lack of satura-
tion in σ(T ) even at the highest fields hindered fitting the
data with a classical Brillouin function. Deviations from
pure Brillouin behavior in magnetization were previously
observed e.g. for diluted magnetic alloys or semiconduc-
tors due to the exchange interaction between magnetic
ions [54, 55], or the interplay of Kondo effect and RKKY
interactions [56, 57] These systems are somewhat simi-
lar to ZnVSb, which shows only small fraction of V with
magnetic moment in their Pauli paramagnetic matrix.
Attempting to systematically change the percentage of
magnetic vanadium atoms in the material e.g. by al-
tering the nominal composition (ZnV1−xSb) or modify-
ing the synthesis route appears as a fascinating topic for
further studies aimed at the precise description of mag-
netic interactions in ZnVSb. The lack of dependence on
magnetic history of the sample, corroborates the para-
magnetic state of the studied compound. We note that
magnetization measurements were performed well below
and well above the onset of thermal hysteresis.

The electrical resistivity (ρ) of ZnVSb is displayed in
Fig. 4c. The relatively small value of 0.96 mΩcm at room
temperature is in line with the predictions from crystal
structure analysis, which suggested metallic behavior due
to V-V orbitals overlap. This finding is also consistent
with band structure calculations showing a small, yet fi-
nite density of states at Fermi level. As expected, V
provides the dominant component of the pDOS at EF .
However, the temperature behavior of ρ is not as ex-
pected for typical metallic systems, i.e. the resistivity of
ZnVSb does not rise with increasing temperature due to
phonon scattering. We rather observe a slight decrease
of ρ with rising temperature, also referred as a negative
temperature coefficient of resistivity (TCR = 1

ρ
dρ
dT ). This

FIG. 5. XPS data of ZnVSb taken at 100 K (blue lines) and
200 K (orange lines): a) wide energy range scan with the
inset displaying the Sb MNN Auger lines; b) the Sb 3d and
V 2p core levels; c) the extended valence band with the inset
showing an enlarged view on the valence band.

feature is commonly observed in semimetals [58, 59], met-
als with significant disorder in the crystal lattice [60, 61]
and/or large grain boundary resistance [62, 63]. For ex-
ample, negative thermal coefficients of resistivities have
been reported in NbN thin films[63] and Ti-Ni alloys[64].
Moreover, the absolute values of ρ change rather weakly
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with temperature, from 1.44 mΩ cm at 2 K to 0.96 mΩ
cm at 300 K. The small variation of ρ with T suggests
that point defect scattering with rather weak tempera-
ture dependence might be an important scattering source
for ZnVSb. Also the kink in the density of states near EF

(see Fig. 3c) might be partially responsible for this non-
trivial curvature of ρ. Furthermore, to rule out the possi-
bilities of technical factors related to polycrystalline na-
ture of the sample influencing its resistivity, single crystal
growth of ZnVSb is necessary. In the 120-160K regime,
we observe a slight thermal hysteresis in resistivity, which
corresponds to observation of very similar effect in χ(T )
(see Fig. 4a). Assuming that the effect in ρ also origi-
nates from CT MIT, we might understand the increase
of resistivity as a result of fractional localization of car-
riers in ZnVSb with decreasing temperature below 170
K. The phenomenon in ρ(T ) is not sensitive to a mag-
netic field, which is shown by open triangles in Fig. 4c
denoting experiment performed with µ0H = 9 T.

D. Photoelectron spectroscopy

A wide energy range spectrum is presented in Fig. 5a
and confirms that the investigated ZnVSb specimen con-
tains only the expected elements. All features, including
the Sb MMN Auger lines as shown in the inset of Fig.
5a, can be identified. Fig. 5b displays the Sb 3d and
V 2p core levels. The positions of the most prominent
peaks for vanadium are the 2p3/2 at 512.1 eV and the
2p1/2 at 520.3 eV binding energies. These locations are
in agreement with the metallic state of V [65]. Insulating
V compounds have their V 2p core levels at higher bind-
ing energies [66–68]. We have also carried out x-ray ab-
sorption experiments across the V L2,3 edges of ZnVSb,
see Fig. S4, and have observed rather featureless white
lines, very different from the spectra of insulating V com-
pounds which show pronounced multiplet structures [69–
72]. This again points to a metallic state of V. All these
observations are consistent with the understanding of the
ZnVSb crystal structure (V-V overlapping orbitals), ab-
initio calculations and electrical resistivity. Also the pre-
dictions of Pauli paramagnetic behavior for the majority
of ZnVSb sample are in agreement with bulk metallic
state of V.

The valence band spectrum is presented in Fig. 5c.
The three humps visible between 0 eV and 7 eV nicely
correspond to the DOS maxima obtained by ab-initio
calculations in this energy regime (c.f. Fig. 3). Also
the Zn 3d peak located at 10 eV binding energy in the
experiment is reproduced by the DFT calculations.

We have performed the above mentioned XPS and
XAS experiments at 100 K and 200 K, as indicated by
the blue and orange lines, respectively. No significant
changes can be observed. There is only a slight increase
in peak width, which can be attributed to temperature
broadening.

FIG. 6. (a) Phonon dispersion relation for ZnVSb, red and
black lines correspond to acoustic and optical branches, re-
spectively. Panel (b) displays related partial phonon density
of states.

E. Heat capacity

The phonon dispersion relation along representative
high symmetry lines is displayed in Fig. 6a. These results
were obtained applying the same values of the Hubbard
corrections as in the electronic structure calculations, i. e.
U = +3 eV and +6 eV for vanadium and zinc d-orbitals,
respectively. Six atoms in the unit cell of ZnVSb lead
to three acoustic and fifteen optical branches, which are
shown by red and black lines, respectively. Lack of modes
with the negative frequency confirms stability of the crys-
tal structure; no evidence of rattling or other anomalies
are present. The associated phonon partial density of
states is shown in Fig. 6b. As expected, the main con-
tributions of the respective elements are located at fre-
quencies inversely related to the atomic masses, i.e. the
heaviest antimony (A = 51) contributed dominantly to
low-lying modes at around 3 THz, the Zn (A = 30) peak
is centered at 4.4 THz and the main modes from vana-
dium (A = 22) are distributed between at 7 and 8.2 THz.
Around 2.8 THz, the density of states forms a narrow
peak, which will be referred to in heat capacity analysis.

The experimental heat capacity (Cp) of ZnVSb is dis-
played on linear and logarithmic scales in Fig. 7 and
Fig. S5, respectively. The overall temperature depen-
dence of Cp(T ) attains a classical sigmoid-like shape.
Near room temperature, the Cp values are close to the
Dulong-Petit harmonic approximation of 3kB per atom
(74.8 Jmol−1K−1; using moles of formula unit), shown
by the dashed line in Fig. 7. No phase transition is ob-
served in the experimental data; the small hump near
170 K is a technical feature resultant from the changed
step between data points (see inset to Fig. 7a).

The theoretical phononic contribution to Cp was ob-
tained by numerically integrating the ab-initio phonon
density of states over frequency in order to get the total
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energy (U ):

U =

∫ νmax

0

DOS(ν)f(ν, T )

(

hν +
1

2

)

dν, (2)

where DOS(ν) corresponds to the total phonon density
of states, f(ν, T ) denotes the Fermi-Dirac distribution
function, and ν stands for the frequency. To calculate
the heat capacity we then take the temperature deriva-
tive of the total energy: Cph = δU

δT . The result shown as
blue line in Fig. 7a is close to the experimental data up
to 150 K, with only gentle overestimation of Cp values
in range 70-110 K, which might be ascribed to numerical
uncertainties in phonon density of states and/or inaccu-
racy of the Cp experiment. Above 150 K, the ab-initio
phonon heat capacity is considerably lower than the ob-
served one, which will be addressed in further analysis,
including electronic contribution and ahnarmonicity.
The electronic contribution to Cp was approximated

using three approaches: (a) Sommerfeld model with fit-
ted parameters to low temperature Cp, (b) Sommerfeld
model from ab-initio DOS, and (c) a more complete anal-
ysis utilizing the full density of states. In the first ap-
proach, the heat capacity data was fitted in range 3-8 K
the formula:

CP

T
= γ + βT 2 + ηT 4; (3)

where the Debye relevant for low temperatures is Θ∗
D =

3

√

12π4

β nR = 314 K, and η stands for the higher order

term in the power series approximation of the Debye in-
tegral (for details see e.g. [73]). This approach yielded γ
value of 7.4 mJ mol−1K−2, see Fig. 7b. The parameter
η is a small correction to β, its value is 1.6(2) × 10−8

Jmol−1K−6. Interestingly, below 3 K Cp/T forms con-
siderable upturn. The effect is strengthened after appli-
cation of magnetic field equal to 0.5 T and 1 T (blue and
red circles in Fig 7b). Our tentative interpretation of the
phenomenon’s origin is the Zeeman effect visible already
without external magnetic field, due to non-zero internal
field distribution in our sample. The source for this in-
ternal field is probably the fraction of vanadium atoms
with non-complete d -electron overlap due vacancies on
V site. Splitting of energy levels should result in Schot-
tky anomaly in heat capacity. Sensitivity of the effect on
external magnetic field is reminiscent of observations for
systems with two or more energy levels [74, 75]. Con-
firmation of this preliminary hypothesis requires further
studies in higher magnetic fields and preferentially on sin-
gle crystalline specimens, which is planned as a follow-up
study. Alternative interpretations of this upturn in Cp/T
might be spin fluctuations. This phenomenon, however,
is expected to be destroyed by the magnetic field, which
is not observed for ZnVSb. Lastly, we thought of a con-
tribution from nuclear heat capacity, yet the temperature
of upturn (2 K) appears to be too high for such an effect.
The second approach to electronic heat capacity based

on the density of states N(EF ) = 0.47 states/eV/2.f.u.

FIG. 7. Temperature dependence of the specific heat for Zn-
VSb. Panel (a) shows experimental data compared to lat-
tice contribution calculated from ab-initio phonon density of
states (blue line), see text for the details. Inset displays the
temperature regime investigated with smaller step between
data points. In panel (b) we show the low temperature data
in Cp/T vs. T 2 representation. Solid line is Debye fit, see
article’s text. Inset shows the data in the logarithmic axis
x for better visualisation of the very lowest temperatures.
Panel (c) presents an analysis of the capacity with the Debye-
Einstein model corrected for anharmonicity. The Debye, Ein-
stein, and electronic contributions are displayed with black
dotted, solid, and dashed lines, respectively. Inset shows data
in Cp/T

3 vs. T representation.
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at EF , utilizes the parabolic band approximation:
γab−initio = 1/3π2k2BN(EF ). From this approach, a
Sommerfeld coefficient of 0.58 mJ mol−1K−2 is obtained.
Enhancement of the observed γ with respect to theoreti-
cal expectations is often ascribed to the electron-electron
interactions that are not taken into account during ab-

initio work [76–78] or in special cases to disorder-related
phenomena [79–82].
Lastly, the electronic heat capacity can be calculated

from the density of states under the presumption of a
temperature-independent electronic structure. The first
step is to determine the temperature-dependence of the
chemical potential µ, as it will shift with temperature
due to non-constant density of states near EF . This is
achieved by calculating the total electrons up to EF at
0 K, and then iteratively determining µ to conserve the
total electron count (n) at each temperature step,

n =

∫

g(E)f(E)dE, (4)

where g(E) and f(E) are ab-initio density of states and
Fermi-Dirac distribution function. With EF (T ) deter-
mined, the second step is then to determine the total
energy:

U =

∫

Ef(E)g(E)dE (5)

for each temperature step. Finally, a numerical deriva-
tive in temperature is then taken between these points
to determine the electronic heat capacity. This approach
yields electronic contribution to heat capacity at 300 K
of 0.54 J mol−1K−2. The reader is referred to Fig. S6 for
the temperature dependence of the so-obtained electronic
heat capacity.
Summing the electronic and phononic heat capacities

leaves a significant residual at room temperature, re-
gardless of which method outlined above is employed.
To make up this discrepancy, in linear approximation of
Cp a γ value of ∼22 mJ mol−1K−2 would be required;
instead, the simpler explanation is that anharmonic ef-
fects alter the phononic heat capacity with temperature.
The effect might plausibly originate from paramagnetic
magnons due to localized V atoms, or disorder in the
crystal structure [83], i.e. a certain number of dangling
bonds due to vacancies on V and Sb sites. Also, large
amount of vacancies in ZnVSb might change the har-
monic phonon spectrum of the compound.
In Fig. 7c we show further heat capacity analysis with

Debye-Einstein model corrected for anharmonicity [84]

Cp(T ) = γT + (1 − w)
CD(T )

1− αDT
+ w

CE(T )

1 − αET
, (6)

CD = 9nR

(

T

ΘD

)3 ∫ ΘD/T

0

x4exp(x)

[exp(x) − 1]2
dx, (7)

CE = 3nR

(

ΘE

T

)2 [

exp

(

ΘE

T

)

− 1

]−2

exp

(

ΘE

T

)

,

(8)
where γ stands for the Sommerfeld coefficient, ΘD and
ΘE denote Debye and Einstein temperatures, respec-
tively, w corresponds to weight coefficient, while αD and
αE are anharmonicity factors for Debye and Einstein
modes, respectively. Sommerfeld coefficient was fixed
during the analysis to the previously derived value of
7.4 mJmol−1K−2. Least-square fitting of Eq. 6 decently
reproduced heat capacity in the whole temperature in-
vestigated. The obtained parameters are ΘD = 367(2)
K, ΘE = 116(1) K, w = 0.26(1), αD = 2.37(4)×10−4

K−1, αE = 1.00(9)×10−4 K−1.
Despite the roughness of the core assumption in the

Debye model [DOS(ν) ∝ ν2], the formula is able to pro-
vide qualitatively correct information on the material, in-
cluding especially the cut-off frequency ωD in the phonon
spectrum. In the case of ZnVSb, experimental ΘD can be
recalculated into ωD = 7.7 THz. The cut-off frequency
derived from ab-initio phonon dispersion is 8.9 THz (c.f.
Fig. 6). Bearing in mind a simple assumption of the De-
bye model and the fact that calculations were performed
for the ideal, disorder-free ZnVSb structure, the corre-
spondence between these two results can be considered
as satisfactory.
The Einstein model, in turn, assuming common fre-

quency for all vibration modes is more relevant in de-
scription of special collective modes in the phonon spec-
trum, e.g. due to low-frequency rattling [85, 86], boson
peaks [87, 88], or van Hove singularities [89, 90]. In the
case of ZnVSb, the Einstein contribution to Cp can be
easily correlated with the narrow peak localized in pro-
jected DOS at 2.8 THz (see Fig. 6). Recalculated to
the temperature scale, the maximum locates at 134 K.
This value is reasonably close to the result of Eq. 6-8
(ΘE = 116 K), bearing in mind idealistic treatment of
ZnVSb crystal structure during phonon calculations and
simplifications of the Einstein model.
We can additionally verify our usage of Einstein model

by inspecting the data in representation of Cp/T
3 vs. T

(inset to Fig. 7c). In concert with expectation, we can
see the maximum located at temperature Tmax = 21 K
related to Einstein temperature as 5Tmax ≈ ΘE . This
relation can be easily justified by taking the Eq. 8 in low
temperature limit

[

exp
(

ΘE

T

)

≫ 1
]

CE/T
3 = 3nR

Θ2
E

T 5

[

exp

(

ΘE

T

)]−1

, (9)

and differentiating by the temperature

d
(

CE/T
3
)

dT
= 3nR

Θ2
Eexp(−ΘE/T )(ΘE − 5T )

T 7
= 0

(10)
with solution Tmax = ΘE/5. The phonon properties
of ZnVSb, especially the collective Einstein mode can
be further inspected by THz spectroscopy. Based on our
findings from heat capacity analysis we would expect a
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peak in absorption near 2.4 THz. The value was obtained
from recalculation to terahertz the experimental Einstein
temperature ΘD = 116 K. Somewhat similar studies, in-
cluding also Raman spectroscopy were performed e.g. for
ZrW2O8 and ZrMo2O8 [91].
Anharmonicity coefficients for Einstein and Debye

modes are consistent with the values reported in the liter-
ature for intermetallic compounds, the exemplary values
are from 1.6 × 10−5K−1 to 6.4 × 10−4K−1 for ThNi2Si2
[92] or in 2-7 × 10−5K−1 range for PrNi4Si [93]. The
anharmonic behavior in phonon properties is frequently
related to structural disorder [83, 94]. In the case of Zn-
VSb it most likely originates from dangling bonds due to
vacancies on vanadium site and to a smaller extent from
internal strain due to possible Zn-Sb antisite defects.

F. Discussion

In light of the χ, ρ, Cp, XPS, and LT XRD results
presented above, we return to the hysteresis observed
around 140K (see Fig. 4a, c). The interpretation of this
effect as a partial charge-transfer metal-insulator transi-
tion appears consistent from the perspective of magnetic
susceptibility and electrical resistivity. However, no cor-
responding signal is detected in heat capacity, or XPS. A
plausible resolution to the controversy might be that only
a small fraction of charge carriers in ZnVSb are affected
by this interesting phenomenon. Such a picture would
be in general agreement with understanding of the per-
formed measurements: ρ and χ being very sensitive to
the gentle electronic effects, while Cp, and XPS consti-
tute far less sensitive bulk probes. The effect might be
also somewhat related with the subtle discontinuity in
changes of lattice parameters nearby 175 K, see Fig. 2b.
Further studies preferentially on single crystalline speci-
mens are necessary to gain better understanding of this
behavior.
Previously, CT MIT were extensively studied for vari-

ous transition metal containing systems [95] with special
attention to nickel-based perovskites RNiO3 where R de-
notes the rare-earth metal [96–99]. The driving force for
the CT MIT in these compounds is commonly the change
of orbital hybridization resultant from a first-order struc-
tural phase transition. The modification of physical prop-
erties for the literature examples due to CT MIT is more
pronounced than in the case of ZnVSb. The resistivity
change up to several orders of magnitude and the tran-
sition is usually accompanied by an anomaly in heat ca-
pacity. Reduced signatures of CT MIT in ZnVSb with
respect to the literature is in concert with assumption
that only a small fraction of total electrons is affected by
the phenomenon.
A fairly good correspondence to observed hither effects

in ρ(T ) and χ(T ) was found for the nano-sized samples
of vanadium oxide V2O3 [100, 101]. Due to the spe-
cial nature of these specimens it is not possible to search
the driving force of CT MIT in ZnVSb as a direct ana-

logue for nano-V2O3. However, the fact that recent stud-
ies of V2O3 show that its MIT originate from a mix-
ture between charge-transfer and Mott-Hubbard types
[102, 103], might serve as a guide in the future search
for the origin of the phenomenon in ZnVSb. As the ef-
fect in ZnVSb is probably related to the disorder, studies
in which the amount of lattice imperfections is changed
intentionally, e.g. by nominal nonstoichiometry or dif-
ferent temperatures of annealing might provide valuable
insight on this curious phenomenon.

IV. CONCLUSION

ZnVSb was synthesized and found to crystallize in the
ZrSiS-type structure with a significant concentration of
vacancies on the V and Sb sites. Low temperature diffrac-
tion showed the structure to remain rather stable down
to 90 K, apart from a subtle discontinuity in the lattice
parameters between 150 K and 175 K. Electronic struc-
ture calculations in line with transport measurements re-
vealed that ZnVSb is a poor metal. The negative thermal
coefficient of resistivity combined with its weak temper-
ature dependence indicate that charge transport is pre-
dominantly influenced by disordered point defect scat-
tering. Bulk ZnVSb shows Pauli paramagnetic behavior,
however a small localized moment was detected via sus-
ceptibility measurement and was ascribed to V atoms
without full orbital overlap due to disorder. XPS mea-
surements fully corroborate ab-initio electron band struc-
ture. Phonon dispersion calculations and analysis of ex-
perimental heat capacity suggest the presence of anhar-
monic processes in ZnVSb and a collective phonon mode
with Einstein temperature ΘE = 116 K. The suscepti-
bility and resistivity exhibited a large thermal hystere-
sis in the 120-160 K range. The origin of this anomaly
is most likely a partial charge-transfer metal-insulator
transition; however, the driving force of this charge tran-
sition remains an intriguing question. Further studies of
ZnVSb are likely to contribute to better understanding of
the relationship between structural defects and transport
properties in transition metal-based compounds.
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