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We report a detailed theoretical and experimental study on the vanadium monotelluride VTe, which crys-
tallizes in the NiAs hexagonal structure. First principles calculations reveal a complex hierarchy of magnetic
interactions and energy scales, with the ground state theoretically determined as an (1/2,0,1/2) antiferromag-
netic ordering with insulating character and a band gap of 0.5 eV. Experimental synthesis and characterization
efforts find a substantially off-stoichiometric orthorhombic structure (a defect NiAs structure) with composition
Vo.g5Te, and an apparent Néel point of some 45 K. First principles calculations find good agreement with the
observed Néel point. We also give an extended examination of the effects of off-stoichiometry on the calculated
energetics, finding significant volume-related effects. Our first principles calculations find the stoichiometric
phase VTe to have a negative Vanadium defect formation energy of over 1 eV, thus explaining the formation of
the off-stoichiometric phase. Finally, we provide a structural explanation for the formation of defect structures
in this and numerous other NiAs-structure materials. *

I. INTRODUCTION

Vanadium - element 23 in the Periodic Table - is well-known to generate many varieties of colorful compounds. This char-
acteristic is closely tied to its multiple oxidation states - +5,+4,+3, and +2, exceeding that of any 3d element save Manganese
- which in turn derive from the near-degeneracy of its 3 3d electron states, along with its 2 4s electrons. Vanadium, however,
exhibits magnetism much less frequently than the later 3d periodic table elements Cr, Mn, Fe and Co, despite containing the
same number of unpaired 3d electrons as hcp Cobalt. In a certain sense this is surprising, given that the atomic volume of bcc
Vanadium is some 25 percent larger than hcp Cobalt and one typically associates larger atomic volumes with narrower bands,
and therefore higher Fermi level density-of-states and increased magnetic character. As calculated by Janak some four decades
ago [1], however, elemental Vanadium has a slightly lower Fermi-level DOS N(EF) and exchange correlation parameter than
hep Co. V thus avoids a magnetic instability, although the large N(Ef) does lead to a comparatively large superconducting T, of
some 5.13 K [2] due to its strengthening of the electron-phonon interaction.

In this work we will discuss our recent theoretical and experimental work on vanadium monotelluride, VTe, which is rela-
tively little-known due to its assumption of the less-common Vanadium valence +2. Some four decades ago, Prasad [3] found
antiferromagnetism in VTe at the relatively high temperature of 420 K, and in addition evidence for insulating character given
the observation in that work of an extremely large Seebeck coefficient of some 800 4V /K, which greatly exceeds typical metallic
thermopowers of less than 50 uV /K. Our first principles calculations confirm the antiferromagnetic ground state and insulating
character (the calculated band gap is 0.5 eV), and in addition find the antiferromagnetic ordering wavevector to be (%, 0, %). This
ordering wavevector is sixfold degenerate in the magnetic Brillouin zone and is thus suggestive of nematic character, similarly
to the parent compounds of the iron-based superconductors.

Although the monotelluride stoichiometry is difficult to attain experimentally, we find that a somewhat off-stoichiometric
sample of composition V( gsTe does show indications of magnetic order, although at a much lower temperature, approximately
45 K, than the 420 K posited previously from an anomaly in magnetization data [3]. This suggests that the magnetic order is
highly composition dependent, and in addition that suitably off-stoichiometric samples may have magnetic order suppressed to
T=0. This would be a “self-doping” unlike that of the iron-based superconductors (FeTe excepted), and it is possible, though
clearly unproven, that superconductivity could occur in such samples.

The rest of this paper is organized as follows. In the next three sections we describe the first principles calculations methods
and results on the stoichiometric and defect structures, followed by a detailed description of the experimental results, and a
description of the calculated energetics of the defect structures. In the last section we present a conclusion.
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II. FIRST PRINCIPLES CALCULATIONS OF MAGNETISM - METHODS

Our first principles calculations on stoichiometric VTe are performed using the all-electron, linearized augmented planewave
(LAPW) density functional theory code WIEN2K [5], using the generalized gradient approximation (GGA) of Perdew, Burke
and Ernzerhof [6], in the experimental structure of Sondermann [7]. Sphere radii of 2.46 and 2.5 Bohr were used for V and Te,
respectively, and an RK,,,, of 9.0 was used, where RK,,,, is the product of the smallest sphere radius and the largest plane-wave
expansion wavevector. All calculations used a minimum of 1000 k-points in the relevant full Brillouin zone. Spin-orbit coupling
was not included, and no internal coordinate relaxation was performed as there are no non-symmetry dictated coordinates in the
NiAs structure.

Since experimentally the samples form in a somewhat Vanadium-deficient stoichiometry, we have also conducted substantial
numbers of additional calculations. Since Vanadium-deficiency affects both the unit cell volume and content, we have endeav-
ored to isolate these two effects by performing stoichiometric calculations at the two different volumes reported in the literature
[7, 8], of 77.21 and 84.26 A® per unit cell. Note that these volumes differ by some 8 percent. The larger volume hexagonal
structure is in fact rather consistent (in terms of effective lattice constants, taking into account the effective symmetry reduction
of the defect structure) with our experimental orthorhombic V( gsTe. Given this, it is rather likely that the early studies on VTe
were studying samples that were also Vanadium-deficient, but did not have sufficient x-ray diffraction resolution to estimate an
effective occupancy or lower-symmetry structure than the stoichiometric NiAs structure. Our calculations of the stoichiometric
structure should be considered in this light. We report calculated exchange interactions for both stoichiometric structures from
the all-electron calculations and discuss this below.

Given the experimental off-stoichiometry, we have also performed large numbers of all-electron calculations in a V;Teg, or
Vo.375Te cell of orthorhombic symmetry, close to the actual V gsTe stoichiometry. Given the seven Vanadium atoms in this cell,
there is no collinear magnetic state of zero net magnetic moment, so we have considered all possible magnetic states with 4 Vana-
dium moments in one direction and 3 in the opposite direction. Due to the myriad of exchange interactions in these calculations
we make no attempt to determine them from these calculations, and leave that task to the static linear-response based[9] calcu-
lations described below. In general these all-electron calculations tend to confirm the tendency of the stoichiometric structure to
have nearest and next-nearest-neighbor V-V interactions that are antiferromagnetic.

For a more detailed examination of the exchange interactions, and in particular to calculate the Neel point of the stoichiometric
and off-stoichiometric compound, the pair exchange coupling parameters, J; ;, of the Heisenberg Hamiltonian (1) were obtained
using static linear-response approach [9] implemented within the atomic sphere approximation (ASA) to the Green’s function
(GF) linear muffin-tin orbital[10] (LMTO) method. [11]

le—. .
H = —E;}Ji,jeiej, (D

where ¢; is direction of magnetic moment in lattice site i. Electronic structure have been calculated within density functional
theory approach [12] and local spin density approximation with the von Barth and Hedin [13] parameterization of electronic
exchange-correlation functional. Temperature of magnetic ordering, 7, can be estimated within mean field approximation
(MFA) using calculated J;; as a maximal solution of following equation

det [% (JO)nm - Tcsn,m = 07 (2)

where (Jo)nm effective exchange coupling magnetic moment of V basis atom n with all V basis atoms m. Note that in frustrated
systems, such as this one, this mean field approach provides only a rough estimate of the magnetic ordering temperature, a point
we will return to in the next section.

III. FIRST PRINCIPLES CALCULATIONS OF MAGNETISM - RESULTS - STOICHIOMETRIC STRUCTURE

We begin with the non-magnetic electronic structure, calculated in the all-electron calculations. Depicted in Figure 1 (top
panel) is the calculated density-of-states (DOS) for this case. Three facts are immediately apparent from this plot: first, non-
magnetic VTe is metallic, given the substantial Fermi level (Er) density-of-states N(Er). Secondly, there is a substantial DOS
peak at or near Ef, indicating a propensity for magnetic ordering; and third, nearly all of the spectral weight near Er is of
Vanadium character, again suggestive of magnetic order. In fact on a per V basis, N(EF) is some 6.3 per eV, which causes the
Stoner product I-N(EFr) to take the value 2.5, far exceeding the unity value at which a magnetic instability occurs in Stoner
theory (here we take the exchange correlation parameter for V as 0.4 eV, following Janak [1]). This fact is suggestive, though
not conclusive, of strong magnetic order in VTe.

In Fig. 1 (bottom), we show the calculated density-of-states (DOS) in the theoretically determined antiferromagnetic ground
state “AF2” (see Fig. 3 for more details on this state) at the smaller volume of 77.21 A3. For this calculation only we have
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FIG. 1. The calculated non-magnetic (top) and antiferromagnetic density-of-states (middle) of stoichiometric VTe. Bottom: the near-gap
Vanadium d-orbital resolved densities-of-states, majority spin V atom.

used a variant of the GGA known as the “modified Becke-Johnson™ potential [17], which was constructed to produce more
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FIG. 2. Top: The band structure within the antiferromagnetic state, with Vanadium 3d band character indicated. Majority spin is in the left
hand panel and minority on the right. Bottom: the “AF2” magnetic structure, with exchange interactions indicated.

accurate band-gaps than the straight GGA, which generally understates these gaps. Consistent with Prasad’s results, we find
insulating character with a significant band gap of some 0.5 eV. Both valence and conduction bands are primarily of V character,
with the valence band exhibiting the usual spin-up site (V1) and spin-down site (V2) separation into the spin-up and spin-
down DOS. While there is some Te weight near the band edges, it is primarily located between 2 and 5 eV below the valence



TABLE I. First-principles, all-electron-calculated properties of magnetic states at 77.26 and 84.26 (in parentheses) A3 cell unit volume, within
the straight GGA, and with a U value of 2 eV applied to the Vanadium d orbitals, as indicated. Here NM refers to the non-magnetic state, FM
to the ferromagnetic state, and AF1-AF4 are antiferromagnetic states, while FI1 is a ferrimagnetic state. AE refers to the calculated energy
relative to the ground state AF2, and m to the magnetic moment within the V LAPW sphere. For the states AF1-AF4, m is a staggered moment,
while the nn and nnn coefficients refer to the mapping of the magnetic state energetics to a Heisenberg magnetic model - see the text. The
energy values in parentheses refer to values calculated with the somewhat larger cell (volume 84.26 A% whose lattice parameters are close to
that of the experimental off-stoichiometric compound.)

Magnetic state AEGGa (meV/V) AEGGA1Uy (2¢v) m (ug/V) nn nn2 nn3 nn4
NM 308.3 (549.9) - - - - - -
FM 96.1 (118.9) (184.2) 1.99 2 6 12 2
AF1 104.9 (58.2) (20.3) +2.04 -2 6 -12 2
AF2 0(0) (0) +£2.10 -2 -2 4 2
AF3 63.3 (121.4) (165.8) +1.99 2 -2 -4 2
AF4 31.1(18.4) (6.4) £ 2.1/2.05 -2 0 0 2
FI1 76.9 (128.3) (173.2) +2.00/-1.91 2 0 0 2

TABLE II. Exchange Constants (meV) Extracted from the All-Electron Calculations. See Fig. 3 for definitions of these exchange interactions.
Positive values denote antiferromagnetic interactions.

Exchange Interaction (84.26 A3 vol.) (77.21 A3 vol.)

I 26.91 11.36
Iy 3.26 8.41
I3 -1.93 -2.25
Ja 3.87 1.70

band maximum. The d-orbital resolved DOS (Bottom panel) shows that all 5 V d-orbitals contribute significantly to the DOS,
suggesting a complexity of electronic states and interactions.

The calculated band structure within the AF2 groundstate is shown in Figure 2. As in the bottom DOS plot, unlike canonical
pictures of delineation of d orbitals in terms of e, and ty, manifolds, directly applicable to compounds such as rocksalt oxides,
here we see a notable overlap of all the Vanadium d orbitals within both the valence and conduction bands, which is believed to
be related to the NiAs hexagonal structure.

To gain a better understanding of the magnetic character here we have performed additional spin-polarized calculations on
VTe, including a ferromagnetic state, four antiferromagnetic states, and a ferrimagnetic state. All these states lie more than
200 meV per Vanadium below the non-magnetic configuration, suggestive of local-moment antiferromagnetism, where it is the
energetics of competing magnetic states that determines the ordering point. In the NiAs structure type the two most important
V-V exchange interactions are typically the nearest-neighbor c-axis coupling, with two multiplicity and here a distance of 3.066

A, and the sixfold next-nearest neighbor planar V-V interaction, in the smaller cell at a distance of 3.813 Aand at 3.98 A in the

larger. We will see that it is this latter next-nearest neighbor interaction that is pivotal in determining the magnetic ground state.
As indicated in Table 1, the simple c-axis antiferromagnetic state (AF1), as observed in numerous materials such as MnTe and
MnBi,Tey, falls some 105 meV per Vanadium above the ground state AF2 in the smaller cell and 58.2 meV in the larger. In this
AF2 ground state, as depicted in Figure 3, the c-axis nearest neighbors are antialigned, as are 4 of the planar nearest-neighbors,
which is the maximum possible “antiferromagnetic” arrangement in this hexagonally frustrated system.

As Table I suggests, AF3 and AF4 are additional antiferromagnetic states - in AF3 the nearest-neighbor c-axis coupling
is ferromagnetic and 4 of the next-nearest-neighbor planar atoms are antiferromagnetically coupled, while in AF4 the c-axis
coupling is antiferromagnetic and 2 of the planar next-nearest neighbors are antiferromagnetically coupled. In the ferrimagnetic
FI1 state, 6 of the 8 Vanadium atoms in the 2x2x 1 unit cell are aligned and 2 antialigned.

Already from Table 1 one sees a substantial volume dependence of the energetics, with all energy values relative to the
groundstate changing substantially from the 8% larger volume, We see that the energy of the non-magnetic state nearly doubles
from 308 to nearly 550 meV/V, while the relative position of the FM and AF1 states changes. Most strikingly, we find that the
AF4 state energy reduces to just 18.4 meV/V from 31.0 meV. It is well-known that, energetically speaking, closely competing
states tend to drive ordering points towards T=0. In particular, the mean field approximation of T, as a third of this energy
difference [14—16] would yield an ordering point of approximately 70 K. Taking into account fact that MFA usually overestimates
transition temperature by ~ 30 %, the resulting value, 49 K, is very close to the observed 45 K value. We also include for
reference calculations, at the larger volume, within a GGA+U approach with a U value of 2 eV assumed for the V orbitals, which
changes the relative order of some of the excited states but leaves the groundstate, AF2, unchanged.

There are other inferences one may make from the exchange constants presented in Table II. At the larger volume one notes
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FIG. 3. The first-principles calcjulated magnetic structures of stoichiometric VTe, with the nearest-neighbor exchange interaction J; and next-
nearest-neighbor interactions J, - J4 indicated in the AF2 plot. Vanadium atoms are in red and Tellurium in gray. For simplicity, the Te atoms
are not shown for the AF4 and FI1 states.

the relative predominance of the nearest-neighbor exchange J; at 26.91 meV, with all other exchange constants nearly an order
of magnitude smaller. Yet at the smaller volume the values and distance dependence are rather different - the nearest-neighbor
J; is less than half as large, while J, more than doubles. Note also the effective c-axis frustration from J; and J4 having the same
sign. J4, from Figure 2, is the interaction connecting two V a full c-axis lattice spacing apart, while J; connects V neighbors
half as far apart. Since both are strongly antiferromagnetic here, it is not possible to satisfy the system’s desire for both pairs
of Vanadium to be antiferromagnetically aligned. While geometric frustration is of course well-known in hexagonal systems, it
usually arises from the hexagonal planar arrangement. Here there is an additional c-axis frustration.

Strictly speaking, a large exchange interaction at large distance found from a mapping to a finite-distance Heisenberg model
is often an artifact of substantial exchange interactions at still larger distances, neglected in these all-electron calculations. To
assess this we turn to the LMTO calculations (performed at the larger volume of 84.26 A%).

The LMTO calculations for stoichiometric VTe find the same (1/2,0,1/2) groundstate as in the all-electron calculations, and
in addition permit a more detailed examination of the exchange interactions. For these calculations a 16-atom unit cell, or a
2x2x 1 supercell of the basic two formula unit cell was constructed, and the exchange interactions analyzed as described above.
Note that in the Heisenberg mapping (Equation 1) employed the absolute value of spin magnetic moment is absorbed into the
definition of the J;; so that, as in the all-electron exchange interactions these are effectively energy differences caused by small
deviation of magnetic moments directions on atoms i and j rather than literal exchange interactions. We present results for the
former interactions here in Table III.

Table III shows the first three exchange interactions in the LMTO method to be antiferromagnetic, as in Table II, while
in contrast the last three are ferromagnetic. Note that in these calculations we further distinguish two symmetry-separated
components of the J3 described above. We note two salient characteristics of Table III - as previously, there is c-axis frustration,
but in this case involving the 3/2c lattice spacing Js, whose ferromagnetic nature competes with the antiferromagnetic 1/2c
spacing J;. Second, and perhaps most crucially, the exchange interactions show no strong drop-off with distance, with the 9.2
A J5 essentially as large in magnitude as any other. Such rather unusual behavior has been observed previously in the potential



TABLE III. The largest LMTO-calculated exchange couplings in VTe in meV, as a function of vector R; — R j in units of the axaxc unit cell),
corresponding degeneracy, g. The convention of the labeling of the exchange interactions J follows those indicated in Figure 2, rather than
those given in Equation 1. J3, and J3, are symmetry-distinguished components of J3 in Table II. Positive values indicate antiferromagnetic
coupling. Note that the exchange constant magnitudes do not decrease substantially with distance.

J g |ﬁ,—ﬁ,‘(A) ﬁi—ﬁj Ji,j
I 2 3.064 0,0,1/2) 1.29
Jo 6 3.98 0,1,0) 1.49
I3, 8 5.023 (0,1, 1/2) 391
I3 4 5.023 (1,1, 1/2) -3.48
Iy 2 6.128 0,0,1) -1.44
Js 2 9.193 (0,0, 3/2) -3.69

TABLE IV. The LMTO-calculated effective exchange couplings, (Jo)», in Vg g75Te in meV for five nonequivalent V atoms, n =0...4.

(Jo)o (Jo)1 (Jo)2 (Jo)s (Jo)a
-4.49 22.58 38.62 30.33 24.48

permanent magnet MnBi, where a 5th nearest-neighbor interaction was found of particular importance. The effective exchange
coupling, Jo, defined as a sum of one specific atom interactions with the rest of magnetic system, is 18.6 meV. Jy value equals to
second derivative in total energy with respect to spin rotation and its positive value guarantees the stability of AF2 ordering. It is
worth mentioning that the summation over exchange coupling presented in Table III gives ~70 % of total Jy, 26 meV. The last
value could be calculated by utilizing the ”sums rule”’[9]. Utilizing expression 2 for magnetic transition temperature we obtain
Ty=72 K.

This MFA calculated Ty is very close to value extracted from all-electron calculation, 70 K, and, again, taking into account
that MFA usually overestimate transition tmperature by ~ 30 percent is rather close to the experimental value, 45 K.

IV. FIRST PRINCIPLES CALCULATIONS OF MAGNETISM - RESULTS - DEFECT STRUCTURE

As mentioned previously, we have conducted substantial additional study of the actual off-stoichiometric V( gsTe structure,
which we model via a 15-atom V;Teg structure of stoichiometry V( g7sTe. We begin with the all-electron calculations. Depicted
in Fig. 4 is the modeled structure, which contains a single Vanadium vacancy at the center. Neglecting minor differences in the
V-V interatomic distances for the other atoms, we have studied all collinear magnetic structures with 4 of the 7 Vanadium of one
orientation and the other 3 of the opposite orientation, the closest magnetic states to a truly antiferromagnetic, or zero-moment
order. Note that there are (6x5x4)/3!, or 20 such structures. The coordinate positions in these structures are identical and were
previously optimized within a single, generally antiferromagnetic, structure.

In general, within this manifold of structures, there are energy differences somewhat smaller than in the stoichiometric struc-
tures presented previously. The maximum energy difference from the groundstate is only 60 meV per Vanadium. The magnetic
ground state (a state generally equivalent to the AF2 state of the stoichiometric calculations) falls some 20 meV per Vanadium
beneath a manifold of three nearly degenerate excited states. This is generally consistent with the 18 to 30 meV energetic dif-
ference, in the stoichiometric calculations, of the AF4 state relative to the ground state AF2, and so it appears that the evident
disorder does not significantly affect the Neel point, other than the related volume effects.

Corroborating this are our LMTO calculations of the ordering point similar to VTe case we calculated exchange couplings,
Jij, using linear response approach. It was already mentioned that introduction of V vacancy significantly reduces symmetry
of the system. As a result, one class of V magnetic atoms (for the formulation of Heisenberg Hamiltonian in AFM system two
atoms with opposite magnetic moments have the same set of exchange couplings and could be considered as equivalent) is split
to five groups of nonequivalent atoms. This makes analysis of magnetic interactions in this system quite complicated. However,
a lot of information about it could be extracted from values of effective exchange couplings, (Jp),, where n indexing type of V
atom, presented in Table IV. Presence of negative (Jo)o points out to instability of current orientation of V¢ magnetic moment
and possible existence of lower energy magnetic ordering. A possible approach to finding magnetic ordering minimizing zero
temperature energy of Heisenberg Hamiltonian is to apply Fourier analyses of exchange couplings (for example, see discussion
in ref. [32]). This transformation could be applied to all moments of the system. It corresponds to the modulation of magnetic
moment of whole magnetic unit cell by plane wave with propagation vector Q from irreducible part of the Brillouin zone. Or just
one type magnetic moments. Later results in modulation of one type of atoms magnetic moments only preserving orientation of
the rest of the system. The results of these two operations is presented in Fig. 5 In Fig. 5a energy minima corresponds to I" point,



FIG. 4. A depiction of the V;Teg unit cell used for the defect structure calculations, with axes indicated (note that that the x-axis here
corresponds to the c-axis in the stoichiometric cell). Top: a perspective view showing the entire cell. The blue sphere at the center of the
cell indicates the Vanadium vacancy. Bottom: a view looking down the x-axis, showing in the upper right the orthorhombic axes. The bc
orthorhombic plane corresponds to the ab hexagonal plane in the stoichiometric structure.
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FIG. 5. Zero temperature energy of Heisenberg Hamiltonian with calculated J;; as a function of plane wave magnetic moment modulation with

propagation vector Q applied to whole moments, a), and moments of V( atoms only, b). The Q dependence is shown along high symmetry
direction in the irreducible part of the Brillouin zone.

thus, there isn’t possible modulation of current magnetic cell reducing total energy described by the Hamiltonian 1. However, the
modulation with any Q along I'-Z, Z—T, T—Y, S—R and R—U direction applied to magnetic moment of V atom reduces the
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FIG. 6. (a) Projected view of V( gsTe structure showing the stacking of V-Te-V along the a-axis together with V gsTe grown single crystals.
(b) Stacking of 2D vanadium layers alternating along the a-axis. Each layer has two crystallographically different V sites.

energy, Fig. 5b. This is expected result, since, corresponding (Jo)o is negative, i.e. divination from the original direction should
reduce system energy. To verify this prediction we executed LMTO calculation of the system with doubled along z-direction cell
and changing orientation of Vo atom moments layer by layer along z. The magnetic moment orientation of the rest of V atoms
is preserved. These magnetic configuration correspond to modulation presented in Fig. 5b in Z point. It was obtained that total
energy of modulated structure is slightly higher, by ~18 meV per V() atoms. Possible reason of this discrepancy is that exchange
coupling, J;;, are calculated for small deviation from particular magnetic ordering and don’t reflect energetics of the system with
completely flipped half of Vo magnetic moment. Thus according to obtained result the corresponding magnetic moments even
at zero temperature deviates from original collinear orientation, but do not necessarily "flip”.

V. EXPERIMENTAL SYNTHESIS AND CHARACTERIZATION MEASUREMENTS

As already mentioned, we have conducted experimental synthesis and characterization work in an attempt to observe and
describe the robust magnetism predicted theoretically. Our samples form somewhat off stoichiometry (a fact explained in the
following section), and we have studied in detail a sample whose composition we find from EDX and site-occupancy refinement
in diffraction to be V( gsTe. In Figure 6 we show the physical structure of this sample, which forms in an orthorhombic structure
(the usual lower-symmetry structure to a hexagonal structure [18]) that is essentially a defect NiAs structure, with several
partially occupied sites.

As Figure 6 indicates, this is a rather three-dimensional structure, just as in the stoichiometric NiAs structure and as in the
hexagonal iron chalcogenides [19], which also form in the NiAs structure. This structural similarity makes it plausible that
despite the significant off-stoichiometry, this sample should show some vestiges of the magnetism that appears so prominently
in the theoretical calculations.

To test this, we have conducted measurements of the magnetic susceptibility x(7') , both in field-cooled and zero-field-cooled
configurations, under an applied field of 1 T. We show the results of these measurements in Figure 7a. There we observe a
susceptibility which increases slowly as the temperature is reduced from 700 K to 100 K. Beginning at 100 K, %(7") begins
to increase more rapidly, and exhibits a fairly well-defined maximum at 45 K, before decreasing thereafter. Such a maximum
indicates an antiferromagnetic ordering, although without detailed information on this ordering.

Adding support to this observation is the measured specific heat, presented in Figure 7b. There one sees a feature at 45 K
(the feature is more clearly visible in the inset, where we plot the temperature derivative of the specific heat). That this feature
appears at essentially the same temperature as the y(7') feature is in our view strong evidence for long-range magnetic order,
which our theoretical work argues as deriving from an antiferromagnetic ordering.

In Figure 8 we also present the pressure dependence of the Neel point, which is substantial, dropping significantly for small
pressures of just 14 kbar, or 1.4 GPA. This is consistent with the previous theoretical results showing a substantial volume
dependence of the exchange interactions, which would correspondingly affect the Neel point.

We have attempted, without success, to observe (via the Spallation Neutron Source - see the Appendix) the actual magnetic
structure in this sample, by searching at a comparatively wide range of wavevectors, including that found from theory in the
stoichiometric structure (translated to orthorhombic coordinates). As the preceding paragraph suggests, this lack of success is
likely due to the complexity of the exchange interactions in the defect structure, and thereby the great difficulty in theoretically
predicting the magnetic order in this sample.
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We have also measured the resistivity p(7') of this sample, which we present in the inset of Figure 7b. It is largely T-
independent, rising slowly from a value of 0.15 mQ-cm at 750 K to approximately 0.23 mQ-cm as T approaches zero. This T-
independence of p(T') is consistent with the large numbers of partially occupied sites in the defect structure, which yield a largely
T-independent electronic scattering time T. That p(7) decreases slightly with increasing temperature (or “semiconducting”
behavior) may be evidence of the likely semiconductivity of the stoichiometric phase, although with such large numbers of
Vanadium vacancies it is difficult to make this argument rigorous.
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VI. DEFECT ENERGY CALCULATIONS

Since the robust magnetic order observed in our all-electron first principles calculations is substantially reduced by the Vana-
dium off-stoichiometry, it is of interest to consider the origin of this off-stoichiometry. To do this we have studied the neutral
vacancy formation energy for both V and Te, using 16-atom unit cells. All calculations were performed with the Vienna Ab
initio Simulation Package (VASP) [20-23] employing projector augmented wave (PAW) potentials with a planewave cutoff of
500 eV and valence electronic configurations of V:3s2 3p6 3d3 4s2 and Te:5s2 5p4. To account for exchange and correlation
effects the Perdew-Burke-Erzenhof functional modified for solids (PBEsol) [24] was used. To account for strong correlations
we employed a simplified rotationally invariant Hubbard U parameter of 2 eV. Where possible, we investigated up to 4 different

AFM orderings and report the defect formation energies only of the lowest energy configuration. We computed the neutral defect
formation energies (AE\qcancy) as follows:

AEvacancy = EVg,,,TEg;,m +nEy +mEr.8Ey T, 3)

where Ey,_ 7, ,, is the total energy of the defect unit cell with n V atoms and m Te vacancies (where n,m ranges from O to 2). Ey
and E7, are the total energies per atom of bulk V and Te in their ground states, while Ey 7, is the total energy of bulk, defect-free
VTe per formula unit. In all cases, we relaxed the internal atomic coordinates and lattice constants with a force convergence
criteria of 0.01 eV/A. For the bulk VTe we find a ground state configuration of AFM A type, which differs from the magnetic
ground-state AF2 found in the all-electron calculations. This may be related to the relaxation of the internal atomic coordinates
and the lattice constants.

In any case, as indicated in Figure 9, while Te vacancies have almost universally a large positive formation energy, for the
cells with 1 and even 2 V vacancies (and no Te vacancies) substantial negative energies exceeding 1 eV in magnitude are found,

indicating the energetic favorability of V vacancies. This is completely consistent with the observed 15 % Vanadium deficiency
in our V() gsTe sample.

AE (e vacancy)

FIG. 9. The first-principles-calculated neutral defect formation energy, for the number of V and/or Te defects indicated on the axes (in a
16-atom unit cell). Note the generally large positive energies associated with Tellurium vacancies, indicating the likely stoichiometry of this
sublattice, and the large negative energies - more than 1 eV - associated with both 1 and 2 Vanadium vacancies per cell. These substantial

negative energies suggest a strong propensity for Vanadium vacancies to form, consistent with the Vanadium deficiencies observed in our
Vo.g5Te sample.

It is of interest to consider the atomic origin of this behavior. Vanadium and Tellurium have substantially different electroneg-
ativity, with the electronegativity of V estimated [25] as relatively low at 1.63, while that of Te is considered elsewhere to be
much larger at 2.2. This clearly contributes significantly to the insulating character depicted in Fig. 1 as found in Prasad’s
experiment, even well above the presumed 420 K ordering point. Thus Te is considered an electron acceptor and V an electron
donor.

One may also consider that in an insulating configuration, higher valence states are more common and more energetically
favorable. Indeed, in the V-Te phase diagram there are at least 2 compounds with smaller V proportion than VTe - V3Te4 [] and
VTe,. The latter compound can reasonably be presumed to have a +4 valence for V. V vacancies, as we find experimentally and
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theoretically here, will tend to increase the effective charge state here. Finally, there is likely a structural reason for the ready
formation of V vacancies here. In the NiAs structure (depicted in Figure 2) the 3d element (in this case V) has a rather close V
neighbor along the c-axis at 3.066 A. It is not hard to imagine that this is energetically unfavorable, given an equivalent charge
state of these two atoms, which would thus tend to repel one another. Substantial number of V vacancies reduce this energy cost.
Note that there are numerous other NiAs structure transition metal chalcogenides, such as CrS [26], CrTe [27] , FeS, FeSe [28]
and FeTe [29], which also exhibit 3d atom vacancy structures. In keeping with this line of reasoning, one can see that one would
not expect Te vacancies in this structure, since the Te atom has six V nearest-neighbors (of opposite valence) in a symmetric
octahedral configuration, which thus stabilize its stoichiometric state.

VII. CONCLUSION

To summarize, we have conducted a comprehensive theoretical and experimental study of NiAs structure VTe, for which anti-
ferromagnetism was found several decades ago. We confirm, from both theory and experiment, the antiferromagnetism, though
at a much lower temperature than found previously. In addition we find that, as with numerous NiAs structure chalcogenides,
the material forms substantially off-stoichiometry, a fact which we explain as arising from the combination of an unfavorable V
valence of +2, a substantial electronegativity difference between V and Te, and the NiAs structure itself.
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Appendix - Single Crystal Neutron Diffraction Work

Single-crystal neutron diffraction experiments at temperatures between 6 K and 600 K were carried out at the CORELLI
spectrometer [30] at the Spallation Neutron Source (SNS). CORELLI is a quasi-Laue time-of-flight instrument and the incident
neutron energy band between 10 meV and 200 meV was used during the experiment. CORELLI is equipped with a large 2D
detector, with a —20° to +150° in-plane coverage and +-28° out-of-plane coverage, making it very efficient to search for features
over a large reciprocal space. The size of the crystal used in the experiments is about 1 x 1 x 1 mm?>. The data were collected
during two separated runs below and above 300 K, respectively, using different setups. The data were collected at 6 K and 60 K
for the first run, and were collected at 300 K, 500 K, and 600 K during the second run. The temperatures were selected to be
below and above the two potential magnetic transition temperatures. The first one is 45 K as found in the magnetic susceptibility
data, and the second one is 420 K as previously reported [3]. Experiments were conducted by rotating the sample through a
180° range with a 2° step at each temperature. The Mantid package was used for data reduction including Lorentz and spectrum
corrections [31]. The integrated Bragg intensities were obtained from integration in the 3D reciprocal space and were corrected
for background.

By comparing the data collected at 6 K and 60 K, as well as the data collected at 300 K, 500 K, and 600 K, no new Bragg-peak-
like features have been found. We have also compared the Bragg peak intensity and have not found any significant enhancement
in peak intensities when the sample temperature decreased from 60 K to 6 K, and from 600 K to 300 K. To directly compare
the peak intensity below and above 300 K turns out to be less reliable because different sample mounts and sample environment
settings were employed. Since there is a clear anomaly in the magnetic susceptibility data, such a null result may suggest that
the ordered magnetic moment is much less than the predicted value.
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