Dynamic and structural stability of cubic
vanadium nitride

A. B. Mei, Olle Hellman, N. Wireklint, C. M. Schlepuetz, Davide Sangiovanni, Björn Alling,
A. Rockett, Lars Hultman, Ivan Petrov and Joseph E Greene

Linköping University Post Print

N.B.: When citing this work, cite the original article.

Original Publication:
A. B. Mei, Olle Hellman, N. Wireklint, C. M. Schlepuetz, Davide Sangiovanni, Björn Alling,
A. Rockett, Lars Hultman, Ivan Petrov and Joseph E Greene, Dynamic and structural stability
of cubic vanadium nitride, 2015, Physical Review B. Condensed Matter and Materials Physics,
(91), 5, 054101.
http://dx.doi.org/10.1103/PhysRevB.91.054101
Copyright: American Physical Society
http://www.aps.org/
Postprint available at: Linköping University Electronic Press
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-114566

PHYSICAL REVIEW B 91, 054101 (2015)

Dynamic and structural stability of cubic vanadium nitride
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3
Department of Applied Physics and Materials Science, California Institute of Technology, Pasadena, California 91125, USA
4
Department of Applied Physics, Chalmers University of Technology, SE-41296 Göteborg, Sweden
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Structural phase transitions in epitaxial stoichiometric VN/MgO(011) thin films are investigated using
temperature-dependent synchrotron x-ray diffraction (XRD), selected-area electron diffraction (SAED), resistivity measurements, high-resolution cross-sectional transmission electron microscopy, and ab initio molecular
dynamics (AIMD). At room temperature, VN has the B1 NaCl structure. However, below Tc = 250 K, XRD and
SAED results reveal forbidden (00l) reflections of mixed parity associated with a noncentrosymmetric tetragonal
structure. The intensities of the forbidden reflections increase with decreasing temperature following the scaling
behavior I ∝ (Tc − T )1/2 . Resistivity measurements between 300 and 4 K consist of two linear regimes resulting
from different electron/phonon coupling strengths in the cubic and tetragonal-VN phases. The VN transport
Eliashberg spectral function αtr2 F (ω), the product of the phonon density of states F (ω) and the transport
electron/phonon coupling strength αtr2 (ω), is determined and used in combination with AIMD renormalized
phonon dispersion relations to show that anharmonic vibrations stabilize the NaCl structure at T > Tc . Free-energy
contributions due to vibrational entropy, often neglected in theoretical modeling, are essential for understanding
the room-temperature stability of NaCl-structure VN, and of strongly anharmonic systems in general.
DOI: 10.1103/PhysRevB.91.054101

PACS number(s): 63.20.−e, 63.20.Ry, 64.70.K−

I. INTRODUCTION

Group-VB transition-metal (TM) nitrides with ten valence electrons per formula unit—VN, NbN, and TaN—are
known to have the B1 NaCl structure at room temperature
[1–4]. However, first-principles density-functional theory
(DFT) calculation results show that in the ideal B1 structure,
these compounds exhibit dynamic instabilities characterized
by imaginary acoustic-phonon energies around the X point
at 0 K [5,6]. Physically, imaginary energies indicate that
the restoring forces experienced by displaced atoms, in the
presence of lattice vibrational waves, are insufficient to return
atoms to their ideal positions; instead, atoms become trapped in
potential energy minima located at different crystallographic
coordinates, thus leading to a crystal structure transformation.
Three decades ago, Kubel et al. [7] reported a cubic-totetragonal phase transition upon cooling bulk polycrystalline
stoichiometric VN samples below 204 K. Lattice symmetry
breaking was observed by x-ray diffraction and confirmed by
heat capacity measurements. Recently, Ivashchenko et al. [8]
found, using density-functional perturbation theory, that the
low-temperature tetragonal-VN structure is dynamically stable
at 0 K, with all phonon modes exhibiting positive, real energies.
A rigorous explanation of the thermodynamic stability of
room-temperature stoichiometric NaCl-structure VN is lacking. Ivashchenko and Turchi [6] simulated vacancies on both
cation and anion VN sublattices by convolving the ideal VN
band structure with Gaussian functions. They linked increases
in the electronic temperature, i.e., broadening of convoluted
linewidths, to increased vacancy concentrations and found that
the cubic-VN structure becomes energetically favored over the
tetragonal structure at absolute zero when the joint vacancy
1098-0121/2015/91(5)/054101(11)

concentration is greater than 6% on both sublattices. Weber
et al. [9] determined room-temperature phonon dispersion
relations for bulk understoichiometric single-crystal VN0.86
using inelastic neutron scattering and showed that, in the
presence of anion vacancies, acoustic-phonon energies around
the X point are real, thus reflecting a dynamically stable cubic
structure. Kubel et al. [7] reported that polycrystalline understoichiometric bulk VN1−x samples with x > 0.03 remain in
the cubic phase when cooled to cryogenic temperatures and do
not undergo the cubic-to-tetragonal phase transition observed
in their stoichiometric samples.
We have previously shown that high-structural-quality
single-crystal stoichiometric VN/MgO(011) films have the
NaCl structure [10]. Thus, vacancies are not necessary to
stabilize the cubic phase. Instead, we show here that cubic VN
is dynamically stabilized by anharmonic atomic vibrations.
We use temperature-dependent synchrotron x-ray diffraction (XRD), high-resolution cross-sectional transmission electron microscopy (HR-XTEM), selected-area electron diffraction (SAED), ab initio molecular dynamics (AIMD), and
resistivity ρ measurements to investigate structural phase transitions in stoichiometric VN/MgO(011) thin films. Between
300 and 250 K, XRD scans and SAED patterns consist only
of single-crystal reflections with Miller indices which are all
even or all odd, consistent with the NaCl-structure factor.
At lower temperatures, we observe forbidden reflections with
Miller indices of mixed parity associated with a tetragonal-VN
phase. The intensities I of the forbidden reflections increase
upon cooling below Tc = 250 K following the scaling relationship I ∝ (Tc − T )1/2 . Temperature-dependent resistivity
measurements show that ρ(T ) contains two linear regions,
at 250  T  300 K and 100  T  150 K, the latter due to
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stronger electron/phonon interactions in the tetragonal versus
cubic phase.
Computational endeavors aimed at predicting the stability
of crystal phases often neglect vibrational entropies and rely
solely on internal energies. In most crystal systems, this
assumption is justified since differences in crystal vibrational
entropies are relatively small compared to differences in
crystal potential energies [11,12]. As a result, the difference
in the Gibbs free energies G—the thermodynamic quantity
governing phase stability—between the competing phases is,
at zero pressure, to a very good approximation, simply the
difference in their internal energies. For VN, however, we
show in the present work that the inclusion of anharmonic
lattice vibrations and vibrational entropy is essential in order
to explain structural stability.
Using AIMD within the framework of the temperaturedependent effective potential method [13,14], we calculate
renormalized phonon dispersion relations (including manybody and self-interactions) for NaCl-structure VN as a function
of temperature between 400 and 200 K. The results show
cubic VN to be dynamically stable above Tc = 250 K due
to anharmonic effects, with all phonon branches exhibiting
real energies. As the temperature is decreased, acousticphonon softening occurs around the X point, consistent with
a transition to the tetragonal structure. From temperaturedependent resistivity measurements, we obtain, through an
Einstein inversion procedure [15], the VN Eliashberg spectral
function αtr2 F (ω), a measure of the phonon density of states
F (ω) weighted by the electron/phonon interaction strengths
αtr2 (ω). Spectral features corresponding to acoustic phonons
are observed at ω = 25 meV in the tetragonal-VN phase,
significantly higher than the value ω = 19 meV obtained
by room-temperature neutron-scattering measurements carried
out on bulk NaCl-structure VN. Together with results from
anharmonic perturbation theory, the lower phonon energies
of the cubic-VN phase yield higher vibrational entropies
which, at T > Tc , stabilize the cubic structure compared
to the tetragonal phase, the thermodynamic ground state
at absolute zero. The results testify to the importance
of including many-body renormalization effects and vibrational entropies when describing the stability of material
systems characterized by large anharmonicity at elevated
temperatures.

II. EXPERIMENTAL PROCEDURE

Single-crystal, 300-nm-thick, stoichiometric B1 NaClstructure VN layers are grown epitaxially on 10 × 10 ×
0.5 mm3 MgO(011) substrates in pure N2 atmospheres at Ts =
430 ◦ C in a load-locked ultrahigh-vacuum magnetically unbalanced stainless-steel dc reactive magnetron sputter-deposition
system described in Ref. [16]. The system base pressure
is 5 × 10−10 Torr (7 × 10−8 Pa). Ultrahigh purity (99.9999%)
N2 is introduced through high-precision solenoid valves;
the pressure is measured by a capacitance manometer and
maintained constant at PN2 = 20 mTorr (2.67 Pa) using an
automatic mass-flow controller. The power applied to the
76-mm-diameter V target (purity 99.95%) is 100 W (467 V
and 0.222 A), yielding a VN deposition rate of 0.1 nm/s.

Prior to growth, polished MgO(011) substrates are cleaned
and degreased by successive rinses in ultrasonic baths of
trichloroethane, acetone, methanol, and deionized water, and
blown dry in dry N2 . The substrates are then mounted on
resistively heated Ta platens using Mo clips and inserted into
the sample introduction chamber for transport to the growth
chamber where they are thermally degassed at 800 °C for
1 h [17].
Composition and structure of as-deposited samples are
determined using a combination of Rutherford backscattering
spectrometry (RBS), high-resolution x-ray diffraction (HRXRD), HR-XTEM, and SAED. The RBS probe beam consists
of 2 MeV He+ ions, incident at 22.5° relative to the sample
surface normal, with a total accumulated ion dose of 100 μC;
the detector is set at a 150° scattering angle. Backscattered
spectra are analyzed using the SIMNRA simulation program [18]
yielding N/V ratios of 1.00 ± 0.03.
HR-XTEM images and SAED patterns are acquired in a
JEOL 2100 transmission electron microscope equipped with a
LaB6 crystal field-emission source operated at 200 keV. Crosssectional specimens are prepared by gluing films to glass slides
and cutting vertical sections. The samples are mechanically
ground to thicknesses of 30 μm and then thinned to electron
transparency using a Gatan PIPS ion miller with two 3.5 keV
Ar+ beams incident simultaneously from above and below the
substrate at shallow angles of 8°. Samples are rotated during
ion etching. Final thinning is carried out using 100 eV Ar+
ions.
XRD θ -2θ scans are acquired in a Philips Xpert MRD
diffractometer using Cu Kα radiation (wavelength λ =
0.154 18 nm) in line focus. The primary optics on the diffractometer consist of a parabolic mirror and a two-reflection
Ge monochromator, providing an angular beam divergence of
<12 arc sec with a wavelength spread of λ/λ = 7 × 10−5 ;
a high-speed linear detector serves as the secondary optics.
XRD pole figures, high-resolution reciprocal-space maps
(HR-RSM), and scans along high-symmetry directions are
obtained at beamline 33-BM of the Advanced Photon Source,
Argonne National Laboratory. Experiments are performed
with the storage ring operating in top-up mode with an electron
energy of 7 GeV and an injection current of 100 mA. Using
a double-crystal Si(111) monochromator, the wavelength
of the x-ray probe beam is set to 0.08257 nm (15 keV).
VN/MgO(011) samples, 5 × 5 mm2 , are mounted on a Cu cold
finger, enclosed in a Be-dome-covered cryostat, and evacuated
to 1 × 10−6 Torr (1.3 × 10−4 Pa). Sample temperatures are
monitored using a Lake Shore Si diode thermometer and
adjusted between 300 and 20 K by Joule heating. The x-ray
probe beam is focused onto the detector plane, yielding
1 × 1012 photons/s incident on an 800 × 400 μm2 area of the
sample surface.
Temperature-dependent VN resistivities between 300 and
4 K are obtained using a Quantum Design physical property
measurement system. Ohmic contacts are fabricated by Ga+ ion etching, in a FEI Strata DB-235 focused ion-beam system,
four 2-μm-diameter holes in the van der Pauw geometry [19],
and then filling the holes with Pt without air exposure. All
contacts are tested for Ohmic behavior. Current and voltage
measurements are iterated through different contact pairs to
account for geometric effects.
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III. THEORETICAL PROCEDURE

VN/MgO(011)

Log Intensity [a.u.]

Temperature-dependent VN phonon dispersion relations
are determined from AIMD simulations using the temperaturedependent effective potential technique (TDEP). The method
is described in detail in Refs. [13,14]. Briefly, anharmonic
atomic displacement uj and forces Fi are obtained from AIMD
simulations carried out at finite temperatures and used together
with Hooke’s law to obtain temperature-dependent effective
interatomic force constant matrices ij which obey cubic
symmetry and best reproduce
behavior; that
 the anharmonic

is, which minimize F = t,i |Fi − j ij uj | for all AIMD
time steps t. Indices i and j refer to crystallographic directions.
By interpolating the finite-temperature set, together with
results obtained at absolute zero, of symmetry-irreducible [13]
effective force constant matrices ij , force constant matrices
ij at arbitrary temperatures are determined. From the Fourier

ij matrices, dynamical matrices Dij are obtained
transformed 
and diagonalized to yield the temperature-dependent VN
phonon dispersion relations.
Atomic forces F are computed at each molecular dynamics
time step from self-consistent electronic charge densities n[r]
using the Hellmann-Feynman theorem [20,21]. The required
n[r] values are obtained within the density-functional theory
framework by self-consistently solving the Kohn-Sham equations [22] using the projector augmented wave method [23] as
implemented in VASP [24–26]. VN is modeled as a supercell
consisting of five repetitions of the B1 unit cell in each
Cartesian direction (5 × 5 × 5), corresponding to 250 atoms.
V pseudopotentials are based on s and d valence states;
N pseudopotentials are based on s and p states. Electronic
exchange and correlation effects are parametrized using the
AM05 functional [27] and the plane wave expansion is
carried out up to a cut-off energy of 500 eV. Brillouin-zone
integration is performed using the  point. Temperaturedependent effective force constant matrices ij are obtained
from AIMD simulations at T = 300, 600, 900, and 1200 K.
Thermal expansion effects are treated by minimizing, at each
temperature, the Helmholtz free energy as a function of
volume using a parabolic fit; for this purpose, simulations
are carried out using five supercell volumes based on lattice
parameters 0.98, 0.99, 1.00, 1.01, and 1.02% of the equilibrium
value at absolute zero. Simulations are run for approximately
16 000 2-fs time steps; temperature is controlled using a Nosé
thermostat [28].
VN residual resistivities ρo due to the joint presence of
cation and anion vacancies are estimated from first-principles
electronic Green’s function calculations using the KuboGreenwood formalism [29–34]. The calculations are based
on the primitive face-centered-cubic unit cell with a two-atom
basis set and the experimental VN lattice parameter value
ao = 0.4132 nm. Vacancy-induced disorder is modeled within
the coherent-potential approximation [35]. Expansion of the
electronic wave function in terms of atomic s, p, and d
spherical harmonics is performed using the atomic-sphere
approximation with equal, chemistry-independent, sphere
radii; we find a posteriori that this configuration yields the
smallest ρo value and, thus, the highest, most conservative,
estimate of the vacancy density [36]. Self-consistent VN
electronic Green’s functions are solved using the Korringa-
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FIG. 1. (Color online) θ-2θ XRD scan, acquired using Cu Kα
radiation, from a 300-nm-thick epitaxial VN/MgO(011) layer grown
at Ts = 430 ◦ C by reactive magnetron sputter deposition.

Kohn-Rostoker approximation [37,38] as implemented in
SPR-KKR [32–34]. Electron exchange and correlation effects
are treated within the generalized gradient approximation as
parametrized by Perdew, Burke, and Ernzerhof [39]. Resulting
VN electronic band dispersion relations are found to be in good
agreement with those computed independently with VASP.
IV. RESULTS AND DISCUSSION
A. VN/MgO(011) film stoichiometry and nanostructure

RBS results establish that the VN/MgO(011) layers are
stoichiometric, and compositionally uniform, with N/V =
1.00 ± 0.03. Combined with XTEM measurements of film
thickness, RBS-determined atomic areal densities yield a VN
mass density of 6.1 g/cm3 , equal to reported results for bulk
crystals [40].
A typical XRD θ -2θ scan, acquired using Cu Kα radiation,
from a VN/MgO(011) film is shown in Fig. 1; diffracted xray intensities are plotted logarithmically as a function of 2θ
between 10° and 110°. Over the entire 2θ range sampled, the
scan exhibits only one pair of reflections, with peaks at 62.29
and 63.59° 2θ assigned to MgO 022 and VN 022.
Figures 2(a) and 2(b) are typical synchrotron x-ray diffraction {111} pole figures obtained from VN/MgO(011) samples.
The pole figures are plotted as stereographic projections
over azimuthal angles ϕ = 0◦ −360◦ and polar angles χ =
0◦ −85◦ with diffracted intensities represented by logarithmic
isointensity contours. The {111} VN(011) pole figure in
Fig. 2(a) exhibits two peaks, separated by ϕ = 180◦ and
tilted χ = 35.26◦ from the surface normal, corresponding
to the 111 and 1̄11 reflections of a cubic structure. No
additional reflections are observed. The {111} pole figure from
MgO(011) contains a pair of reflections positioned at ϕ and
χ angles identical to those observed for VN(011), showing
that [111]VN ||[111]MgO .VN(011) and MgO(011) {002} pole
figures, presented in Fig. 2(b), also exhibit two peaks each,
located, in this case, at ϕ = 0◦ and 180° with χ = 45◦ ,
corresponding to 002 and 020 cubic reflections.
A typical VN/MgO(011) HR-XTEM image, acquired
along the 01̄1 zone axis, is shown in Fig. 3. Image contrast
between the film and substrate arises predominately from
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(a) {111} VN/MgO(011) pole figures
VN(011)
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(b) {002} VN/MgO(011) pole figures
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MgO(011)

0.1 nm-1
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FIG. 2. (Color online) Synchrotron x-ray diffraction VN and
MgO (a) {111} and (b) {002} pole figures acquired from
300-nm-thick epitaxial VN/MgO(011) layers grown at Ts = 430 ◦ C
by reactive magnetron sputter deposition.

the large difference in mass between V (mV = 50.9 amu)
and Mg (mMg = 24.3 amu). Based upon the combination of
x-ray θ −2θ and pole figure measurements, together with the
observation of well-ordered 001, 011, and 111 lattice fringes
across the film-substrate interface, we establish that the VN
films are single crystals which are epitaxially oriented cube-oncube with respect to their MgO substrates: (011)VN ||(011)MgO
with [100]VN ||[100]MgO . Film and substrate lattice parameters
obtained from the fringe spacings are 0.413 and 0.421 nm,
respectively.
Figure 4 is an x-ray diffraction HR-RSM, acquired using
Cu Kα radiation, around the 022 film and substrate reflections
and plotted as logarithmic isointensity contours as a function of
in-plane k|| and out-of-plane k⊥ reciprocal-lattice vectors. Peak
positions in reciprocal space are related to those in ω-2θ space

VN/MgO(011)
t = 300 nm
Ts = 430 oC

VN
MgO

- 011
111

FIG. 4. (Color online) High-resolution reciprocal-space x-ray
diffraction map, acquired with Cu Kα radiation, about the symmetric
022 reflection from a 300-nm-thick epitaxial VN layer grown on
MgO(011) at Ts = 430 ◦ C by reactive magnetron sputter deposition.

via k = 2rE sin(θ ) cos(ω − θ ) and k⊥ = 2rE sin(θ ) sin(ω − θ )
in which rE is the radius of the Ewald sphere [41,42].
VN(011) in-plane ξ|| and out-of-plane ξ⊥ x-ray coherence
lengths, which serve as measures of crystalline quality,
are obtained from the width of symmetric 022 reflections
parallel k|| and perpendicular k⊥ to the diffraction vector k through the relationships: ξ|| = 2π/|k|| | and ξ⊥ =
2π/|k⊥ |. From the results shown in Fig. 4, ξ|| = 59 and ξ⊥ =
140 nm. For comparison, high-structural-quality single-crystal
ZrN/MgO(001) films, 830 nm thick (nearly 3× thicker than the
present VN film), grown under similar conditions exhibit ξ|| =
18 and ξ⊥ = 161 nm [43]. Out-of-plane ξ⊥ values depend, in
addition to structural quality, on film thickness. The relatively
large ξ values obtained here, comparable to well-ordered
300-nm-thick VN(001), ξ|| = 57 and ξ⊥ = 159 nm [10], and
260-nm-thick TiN(001), ξ|| = 86 and ξ⊥ = 142 nm [42], reflect the high crystalline quality and low mosaicity of our
films.
In-plane a|| , out-of-plane a⊥ , and relaxed ao VN lattice
parameters are determined, together with in-plane ε|| and
out-of-plane ε⊥ film strains, from HR-RSMs about asymmetric
311 reflections. Typical HR-RSM results are shown in Fig. 5
as logarithmic isointensity contours plotted vs k and k⊥
reciprocal-lattice vectors. For a 311 reflection from a 011oriented NaCl-structure sample, the in-plane a|| and out-ofplane a⊥ lattice parameters are related to the reciprocal-lattice
√
vectors through the relations a = 3/k and a⊥ = 2/k⊥ [10].
From measured k|| and k⊥ values, we obtain a|| = 0.4124
and a⊥ = 0.4136 nm. Combining these results with the VN
Poisson ratio ν = 0.19 [10], the relaxed VN lattice parameter
is determined via the equation [44]

4 nm
100

ao =

FIG. 3. High-resolution cross-sectional TEM image acquired
along the [01̄1] zone axis from a 300-nm-thick epitaxial VN layer
grown on MgO(011) at Ts = 430 ◦ C by reactive magnetron sputter
deposition.

a⊥ (1 − ν) + a|| (2ν)
,
(1 + ν)

(1)

as ao = 0.4132 ± 0.0004 nm. The result is in agreement with
the HR-XTEM results and with published values for bulk VN,
0.4134 nm [45,46]. The mild in-plane compressive strain,
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[222]
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[222]

VN/MgO(011)

Log. intensity [a.u.]

t = 300 nm
Ts = 430 oC

k⊥

VN 311

300 K
250
200
150
100
50
20

MgO 311

Γ
0.1 nm-1

k||
FIG. 5. (Color online) High-resolution reciprocal-space x-ray
diffraction map, acquired with Cu Kα radiation, about an asymmetric
311 reflection from a 300-nm-thick epitaxial VN layer grown on
MgO(011) at Ts = 430 ◦ C by reactive magnetron sputter deposition.

ε|| = (a|| /ao − 1) = −0.0019, is primarily accounted for by
differential thermal contraction during cooling following
film deposition. Using the thermal contraction coefficients
for MgO, αs = 13 × 10−6 K−1 [47], and VN, αf = 9.7 ×
10−6 K−1 [48], we obtain a thermal strain of ε|| = −0.0017.
Film out-of-plane strain ε⊥ = (a⊥ /ao − 1) = 0.0010.
B. Temperature-dependent electron and
synchrotron x-ray diffraction

The thermal stability of stoichiometric VN in the NaCl
structure is probed by temperature-dependent SAED, synchrotron x-ray diffraction, and resistivity measurements ρ(T ).
SAED patterns are acquired at 300, 263, 258, 248, 228, 173,
148, 133, and 97 K. Figure 6(a) is a typical room-temperature
SAED pattern obtained along the 01̄1 zone axis with the
selected-area aperture sampling the upper 200-nm portion of
the film. Only single-crystal reflections are visible, consistent

(a) 300 K

022

022

000

(b) 97 K

200

011

211

000

200

FIG. 6. Typical temperature-dependent selected-area electron
diffraction patterns, acquired along the [01̄1] zone axis, from epitaxial
stoichiometric VN/MgO(011) at (a) room temperature and (b) 97 K
with the selected-area aperture sampling the upper 200 nm of the film.
The VN(011) film was grown at Ts = 430 ◦ C by reactive magnetron
sputter deposition.

X

K

Γ

L

FIG. 7. (Color online) Temperature-dependent synchrotron xray diffraction intensities, acquired along high-symmetry reciprocalspace directions, from a 300-nm-thick epitaxial VN/MgO(011) layer
grown at Ts = 450 ◦ C. , X, K, and L points correspond to [222],
[322], [2.75 2.75 2], [222], and [2.5 2.5 2.5] positions in reciprocal
[hkl] space.

with synchrotron x-ray diffraction pole figures [Figs. 2(a)
and 2(b)], HR-XTEM observation of continuous lattice fringes
across the film-substrate interface (Fig. 3), and the relatively
large x-ray coherence lengths obtained from HR-RSM results
(Fig. 4). All SAED patterns obtained at T < 250 K, exhibit
additional forbidden reflections associated with Miller indices
of mixed parity, including 001, 003, and 211, due to a
structural transition to a noncentrosymmetric tetragonal phase.
Figure 6(b), acquired at 97 K, is a typical example.
The intensities of VN(011) forbidden reflections are obtained as a function of temperature from synchrotron XRD
scans along high-symmetry reciprocal-space directions and
HR-RSMs acquired over the temperature range from 300
to 20 K. In NaCl-structure crystals, reciprocal-lattice positions described by integer Miller indices of the same parity
correspond to the [000] -point Brillouin-zone center, while
positions described by integer Miller indices of mixed parity
correspond to the [100] X-point Brillouin-zone boundary.
L-point [½½½] Brillouin-zone boundaries are represented by
half-integer indices. Diffracted intensities are acquired along
high-symmetry directions in the Brillouin zone, centered about
the 222 Bragg reflection, and plotted logarithmically as a
function of temperature in Fig. 7. The curves are displaced
vertically for clarity. At room temperature, Bragg conditions
are satisfied only at the Brillouin-zone center. Below 250 K,
however, additional reflections, in agreement with the lowtemperature SAED results in Fig. 6, appear at the X point. The
intensities of the forbidden peaks increase with decreasing
temperature.
VN/MgO(011) synchrotron HR-RSMs about forbidden
003 VN reflections are acquired at temperatures between
300 and 20 K. Typical maps plotted as diffracted intensity
isocontours as a function of [100] and [010] reciprocallattice vectors k are presented in Figs. 8(a)–8(d) for T =
275, 250, 200, and 100 K. Diffracted intensities are normalized at each temperature to highlight the absence of a peak
at T = 275 K and the presence of a small 003 Bragg reflection
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(b)

(c)

(d)

k100

k100

(a)

k010

k010

FIG. 8. (Color online) Typical temperature-dependent highresolution reciprocal-space synchrotron x-ray diffraction maps,
plotted as a function of reciprocal-lattice vectors k100 and k010 ,
about the asymmetric 003 reflection from a 300-nm-thick epitaxial
stoichiometric VN/MgO(011) layer grown at Ts = 430 ◦ C. The
maps are acquired at temperatures of (a) 275, (b) 250, (c) 200, and
(d) 100 K. Scale bars correspond to 0.05 nm−1 .

I2 [a.u.]

at T = 250 K. Maps at temperatures below 200 K [Figs. 8(c)
and 8(d)] show well-defined 003 reflections, characterized
by asymmetric isointensity contours which extend farther
along [100] than [011] directions. Additional 003 RSMs (not
shown) acquired from 300-nm-thick VN overlayers grown on
MgO(001) and MgO(111) also exhibit forbidden reflections
with mixed-parity indices which appear at temperatures
below Tc = 250 K, indicating that the phase transition is not
controlled by the film/substrate epitaxial orientation. This is
in contrast to the neighboring Group-VIB compound CrN,
for which 140-nm-thick films grown on MgO(001) have
been shown to suppress the cubic-to-orthorhombic transition
observed in bulk CrN at 280 K [49].
The temperature-dependent evolution of 003 VN reflection
intensities I (T ) is obtained by integrating three-dimensional
HR-RSM peaks acquired at temperatures between 300 and
20 K; the resulting I (T ) values are plotted in Fig. 9. Over the

FIG. 9. Synchrotron XRD VN(011) forbidden 003 reflection
intensities squared, plotted as a function of temperature. Data
points correspond to integrated 003 VN peak intensities obtained
from HR-RSM measurements carried out on 300-nm-thick epitaxial
stoichiometric VN/MgO(011) layers, including those shown in
Fig. 8.

temperature range 250  T  300 K, the B1 cubic structure
factor is zero. Below the transition temperature Tc = 250 K,
I (T ) values increase with decreasing T , following a scaling
relationship I (T ) ∝ (Tc − T )1/2 .
Based on the phenomenological Landau formalism for
displacive structural phase transitions, a temperature scaling
exponent of ½, as observed here, suggests that the phase
transition is second order [50]. However, first-order phase
transitions can also exhibit a critical exponent of ½ [51,52]. In
that case, I (T ) discontinuously becomes zero at a temperature
Tc ∗ prior to reaching Tc . The magnitude of the difference
|Tc ∗ − Tc | is a measure of the degree to which the phase
transition is second order [53]. For VN, I (T ) appears to
decrease continuously toward zero (see Fig. 9), indicating that
the phase transition exhibits strong second-order character
with Tc∗  Tc . However, a second-order phase transition is
forbidden by the incompatible symmetries of the VN parent
cubic phase (space group F m3̄m) and product tetragonal
(P 4̄2m) phase [7]. As a result, a discontinuous jump in I (T ),
while below experimental detection limits, must occur at Tc ∗
near Tc . Thus, the cubic-to-tetragonal-VN phase transition
exhibits an apparent second-order character, but ultimately
requires, due to the symmetries of the parent and product
phases, a discontinuous change in I (T ) and is therefore first
order.
C. Ab initio molecular dynamics

Forbidden reflections of mixed parity, including 003 and
211, correspond to scattering vectors k with crystal momenta translationally symmetric to the [001] X point in the
first Brillouin zone. At room temperature, inelastic neutronscattering measurements carried out on bulk VN samples
reveal phonon anomalies characterized by soft longitudinal
phonon modes near the X point [9]. Quasiharmonic DFT
calculations [5] show that the anomalies become pronounced
at 0 K, with phonons exhibiting imaginary energies. Phonons
are quantized lattice waves with amplitudes which depend on
time t through the factor exp( − iωt) [54], in which ω is the
phonon frequency. For positive phonon energies ω, the lattice
wave propagates with a group velocity vg = ∇k ω. At zero
phonon energy, the wave ceases to evolve with time and the
atoms are frozen at their displaced coordinates, resulting in a
transformed structure. Imaginary phonon energies correspond
to a wave amplitude which grows increasingly large in an
unphysical manner as time progresses. This is the signature
of a dynamically unstable system. In order to investigate the
dynamic stability of VN, as influenced by phonon softening,
temperature-dependent renormalized (including many-body
and self-interactions) VN phonon dispersion relations are
computed using TDEP.
Figure 10 shows calculated VN phonon dispersion relations
ωj (k) along high-symmetry directions for eight temperatures
between 400 and 200 K. At 400 K, VN phonon energies are
real over the entire Brillouin zone as a direct result of anharmonic vibrations. Pronounced anomalies, characterized by
soft longitudinal and transverse acoustic (LA and TA) phonon
modes (ωLA = 8.7 and ωTA = 12.4 meV), occur near the X
point. At lower temperatures, the LA modes soften further due
to attenuation of anharmonic atomic vibrations resulting from
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FIG. 10. (Color online) Renormalized VN phonon dispersion
relations, at temperatures between 400 and 200 K, obtained using
ab initio molecular dynamics with temperature-dependent effective
potentials.

changes in the interatomic force constants and the potential
energy landscape. The energy of [001]-zone-boundary LA
phonons reaches zero at the critical temperature Tc = 250 K.
Below Tc , ωLA becomes imaginary (ωLA 2 < 0 meV). As a
result, our TDEP simulations show that NaCl-structure VN
becomes dynamically unstable below Tc = 250 K, consistent
with the structural transformation observed by temperaturedependent synchrotron XRD and SAED analyses.

D. VN temperature-dependent resistivity

The acoustic-phonon density of states for the VN tetragonal
phase is evaluated via the transport Eliashberg spectral function αtr2 F (ω), an energy-resolved measure of the product of
the electron/phonon coupling strength αtr 2 (ω) and the phonon
density of states F (ω). For group-IVB nitrides, the transport
electron/phonon coupling function αtr 2 (ω) is essentially
constant as a function of energy [15]. Similarly, for the
group-VB nitride NbN, the phonon density of states, obtained
by inelastic neutron-scattering measurements using bulk single
crystals, exhibits peaks due to acoustic and optical phonons
at ωA = 25 and ωO = 65 meV [55], in good agreement
with values obtained by Raman spectroscopy, ωA = 25 and
ωO = 67 meV [56]. Since features in Raman spectroscopy
are strongly influenced by electron/phonon interactions
[57–63], we conclude that in both group-IVB and VB nitrides,
αtr2 F (ω) effectively samples the phonon density of states,
allowing the energies of features in F (ω) to be obtained from
temperature-dependent resistivity measurements.
The VN/MgO(011) room-temperature resistivity, ρ300 K =
33.0 μ cm, is lower than reported results for polycrystalline bulk VN, 85 μ cm [40], and VN thin films,
34−57 μ cm [64–67]. Measured temperature-dependent
VN/MgO(011) resistivities ρ(T ) between 300 and 4 K are
presented in Fig. 11. Upon cooling, ρ(T ) decreases, due
to decreased phonon scattering, with ρ(T ) ∝ T between
300 and ∼250 K. The temperature coefficient of resistivity
(TCR) over this temperature range, defined as (ρ300 K −
ρ250 K )/T , is 6.4 × 10−8  cm K−1 , remarkably similar to
those of the group-IVB TM nitrides, which range from

FIG. 11. (Color online) Temperature-dependent (4<T <300 K)
resistivity ρ(T ) of epitaxial stoichiometric VN/MgO(011). Orange
lines highlight the regions 250  T  300 K and 100  T  150 K
for which ρ ∝ T .

4.0 × 10−8 (HfN) [68] to 5.0 × 10−8 (TiN) [15] to 5.6 ×
10−8  cm K−1 (ZrN) [43].
While the resistivity of group-IVB nitrides follows a linear
scaling relation ρ(T ) ∝ T over a broad temperature range
spanning 100  T  300 K [15], the slope of ρ vs T for
group-VB VN changes as T is decreased below 250 K. At
temperatures between ∼150 and 100 K, the VN resistivity
decreases linearly at a rate approximately three times larger,
resulting in TCR = 17 × 10−8  cm K−1 , than that over the
temperature range 300–250 K. Thus, the VN resistivity
between 300 and 100 K consists of two linear regions,
250  T  300 K and 100  T  150 K, as highlighted in
Fig. 11.
It has been proposed that the temperature-dependent
resistivity of VN exhibits saturation [67,69], a sublinear
decrease in resistivity with decreasing temperature, as is
typical of A15-structure compounds [70–72] for which strong
electron/phonon scattering reduces electron mean free paths
to lengths comparable to interatomic spacings [73]. However,
for VN, the temperature below which the slope dρ/dT
decreases more rapidly coincides with the cubic-to-tetragonal
phase-transition temperature (Tc = 250 K) determined by
temperature-dependent SAED (Fig. 6) and synchrotron XRD
(Figs. 7 and 8). As a result, we do not observe a sublinear VN
ρ(T ) behavior; rather, ρ(T ) consists of two linear segments,
from 300 to 250 K and from 150 to 100 K, with distinctly
different electron/phonon-scattering amplitudes.
Based upon our measured VN room-temperature resistivity
ρ300 K , we estimate the conduction electron mean free path
λ300 K via the relationship λ300 K = vF (εo ωp 2 ρ300 K )−1 , in
which εo is the permittivity of free space, vF is the Fermi
electron velocity, and ωp is the unscreened plasma frequency.
We obtain ωp = 6.4 eV/ from a Drude-Lorentz fit to the VN
dielectric function obtained using variable-angle spectroscopic
ellipsometry and confirmed by first-principles DFT bandstructure calculations [15,74], which yield ωp = 6.5 eV/.
Using the Fermi velocity vF = 2.09 × 106 m/s [75,76] for
NbN, which is isoelectronic with VN, yields λ300 K = 7 nm,
approximately 17× the measured lattice parameter, ao =
0.4130 nm. A linear extrapolation of ρ(T ) results near 300 K
shows that λ = ao at T ∼ 10 000 K, greatly exceeding the VN
melting point, Tm = 2350 K [77]. Thus, we conclude that the
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n, m∗ , and e are the electron density, effective mass, and
charge. By discretizing the integral in Eq. (2) into a series
of Einstein modes at fixed energies, the scattering amplitude
for each mode is adjusted through a least-squares procedure
until the calculated ρph (T ) result matches the measured curve.
Based upon a collection of 1000 Einstein mode energies and
corresponding amplitudes, obtained from approximately 100
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proposed sublinear decrease in ρ(T ) arising from a reduction
in the electron mean free path to less than ao does not occur.
The resistivity ρo of VN at temperatures T  20 K remains
constant at 2.12 μ cm and is primarily determined by defect
and impurity scattering. The presence of vacancies on both
cation and anion VN sublattices exceeding a vacancy fraction
of fvac ∼ 0.06 has been suggested to have a stabilizing effect
on the NaCl structure [6]. An upper bound on the vacancy
concentration in our VN films is obtained by comparing
measured ρo values to those computed from first-principles
electronic Green’s function calculations using the KuboGreenwood formalism [29–34]. Self-consistent VN Green’s
functions are solved using the Korringa-Kohn-Rostoker approximation [37,38] as implemented in the simulations package SPR-KKR [32–34]. Electron scattering rates and perturbations to the periodic crystal potential arising from equal
concentrations of cation and anion vacancies are modeled
within the coherent-potential approximation [35]. Calculated
low-temperature defect-controlled resistivities ρo increase
linearly with vacancy fraction fV following the empirical relationship ρo (x) = 5.1 × 102 fvac μ cm. Based on our
measured ρo value, we establish an upper limit, fvac < 0.005,
to the vacancy fraction in our VN layers which is an order
of magnitude smaller than the value fvac ∼ 0.06 predicted in
Ref. [8] to influence the structural stability of VN. Thus, VN
has the NaCl structure at room temperature despite having a
much lower vacancy concentration.
For metallic conductors, the residual resistivity ratio
RRR = ρ300 K /ρo serves as a metric for crystalline quality.
Here, we obtain RRR = 16 for VN/MgO(011). Reported
values for high-crystalline-quality group-IVB ZrN/MgO(001)
layers are 15 [15], while previous studies of VN thin films
yield RRR values of 8.4 [65] and 10 [67]. The relatively
large RRR value obtained here reflects the stoichiometry
and high structural quality of the present VN films. As a
result, scattering events are independent and the temperaturedependent resistivity of the tetragonal-VN phase (T < 250 K)
may be described by Matthiessen’s rule: ρ(T ) = ρo + ρph (T ),
in which ρph (T ) is the phonon-scattering contribution to
resistivity.
The VN resistivity between 100 and 10 K (Fig. 11) follows
a power-law relationship ρph (T ) ∝ T 4 , which is characteristic
of electron/phonon scattering in metals for which the Fermi
surface intersects Bragg planes. This is in contrast to the
normal ρph (T ) ∝ T 5 behavior [78], when Umklapp processes
dominate scattering [79,80] and electrons are frequently
scattered outside of the first Brillouin zone [81]. The transport
Eliashberg spectral function αtr2 F (ω) [78] describes the
effect of electron/phonon-scattering events on ρph (T ) via the
transform [82]:

ω/kB T
π m∗ ∞
α 2 F (ω)dω. (2)
ρph (T ) = 2
ne 0 sinh2 (ω/2kB T ) tr

]
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FIG. 12. (Color online) (a) Measured temperature-dependent resistivity ρ(T ) of epitaxial stoichiometric VN/MgO(011). ρ(T ) is
multiplied by a factor of 1/T (circles) to highlight contributions due
to defect scattering ρo (dashed orange line) and phonon scattering
ρph (T ) (dashed blue line). The solid red curve is the calculated total
normalized VN resistivity ρ(T )/T , for which ρ(T ) = ρo + ρph (T ).
(b) Residuals R, the difference between measured and calculated
resistivities, as a function of temperature T .

fitting routines, a quasicontinuous Eliashberg spectral function
describing electron/phonon coupling in the low-temperature
tetragonal-VN phase is developed. A detailed account of the
inversion procedure is presented in Ref. [15].
Figure 12 is a plot showing calculated VN temperaturedependent resistivities ρ(T ) = ρo + ρph (T ) between 125 and
10 K, multiplied by a factor 1/T (red solid line) to highlight
resistivity contributions from defects (orange dashed curve)
and phonon scattering (blue dashed curve). There is no
discernible discrepancy between calculated ρ(T )/T values
and normalized experimental resistivity results (circles).
Residuals R, defined as the difference between calculated and
experimental curves, are plotted in Fig. 12(b) and show that
the agreement is excellent, R  10−4 , to within experimental
uncertainty. These results establish that while electron/phonon
scattering contributes essentially nothing to the VN resistivity
below 20 K, it becomes the strongest electron scattering source
above 57 K.
The transport VN Eliashberg spectral function αtr2 F (ω) for
the low-temperature tetragonal-VN phase is plotted in Fig. 13
for phonon energies ω between 0 and 60 meV. A strong
contribution from electron/acoustic-phonon interactions gives
rise to a peak at ω = 25 meV. For comparison, measurements
of phonon density of states F (ω) obtained from roomtemperature inelastic neutron-scattering experiments carried
out on bulk NaCl-structure VN reveal a softer acoustic-phonon
peak at ω = 19 meV [9]. The F (ω) shoulder at 30 meV
arises from phonon van Hove singularities, i.e., regions in
reciprocal space, including near the L-point Brillouin-zone
boundary, for which the phonon group velocity vg = ∇k ω is
zero.
The Gibbs free energy of a dynamically stable, configurationally ordered, nonmagnetic, crystalline phase evolves with
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phases,
2
tr

G ≡ Go − T Svib ,

(5)

cub
Go ≡ Gtet
o − Go < 0,

(6)

tet
cub
Svib ≡ Svib
− Svib
< 0.

(7)

2
tr

are related via
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FIG. 13. (Color online) Acoustic contributions to the tetragonalVN transport Eliashberg spectral function αtr2 F (ω), obtained using
an Einstein inversion procedure [15] from temperature-dependent
(10 < T < 125 K) resistivity measurements of epitaxial stoichiometric VN/MgO(011) (blue circles). For comparison, room-temperature
cubic-VN acoustic-phonon density of states F (ω) (gray squares),
obtained from inelastic neutron-scattering measurements carried out
with bulk samples [9].

temperature T as
G = Go − T Svib − T Sel ,

(3)

in which Svib and Sel are vibrational and electronic entropies
and Go is a temperature-independent factor which includes
enthalpies and zero-point energies. The electronic entropy
for VN is small (∼1% of the vibrational entropy) and thus
neglected. The vibrational entropy Svib , for a dynamical stable
phase, is given to leading order within anharmonic perturbation
theory [83] by the Mermin functional as
Svib (T )
=−




 ∞ 
∂
ω
kB T
F (ω)dω
ln 2 sinh
∂T
2kB T
0

V

(4)
with the derivative evaluated at constant volume V . Consider
Eq. (4) with an Einstein phonon density of states F (ω) =
δ(ω∗ − ω), as would occur for a harmonic oscillator with
a resonant energy ω∗ . In the limit of small ω∗ , the
vibrational entropy simplifies to Svib (T ) = kB [1−ln(ω∗ ) +
ln(kB T) + · · · ], indicating that Svib (T ) is higher for crystals
with softer phonons, i.e., smaller ω∗ values [84]. Physically,
the higher entropy arises because smaller vibrational energies
ω∗ engender larger phonon populations, which, in turn, yield
more configurational microstates.
Comparing the inverted low-temperature tetragonal-VN
transport Eliashberg spectral function αtr2 F (ω), which gives
rise to a peak at ω = 25 meV (Fig. 13), and measured cubicVN room-temperature neutron-scattering phonon densities of
states F (ω), with a peak at ω = 19 meV, we find that
tet
the entropy of the tetragonal phase Svib
is lower than that
cub
over their respective temperature
of the cubic phase Svib
stability ranges. Additionally, the fact that VN adopts the
tetragonal structure at low temperatures requires the enthalpy
and zero-point vibrational energy [see Eq. (5)] of the tetragonal
cub
phase Gtet
o to be lower than that of the cubic phase Go . Thus,
the relative Gibbs free energies of the tetragonal and cubic-VN

The tetragonal phase is thermodynamically stable with
respect to the cubic phase when G < 0 or, equivalently,
when the temperature T < Tc ; while the cubic phase is stable
when G > 0 and T > Tc . At absolute zero, the temperatureindependent free energy of the tetragonal phase is lower,
rendering the cubic phase thermodynamically unstable. As
T is raised over the range 0 < T < 250 K, cubic VN remains
dynamically unstable with imaginary phonon modes. At the
critical phase-transition temperature Tc = 250 K, the difference in vibrational entropy T Svib balances the difference in
the temperature-independent free energy Go . Additionally,
anharmonic vibrations dynamically stabilize the cubic-VN
phase so that all phonon energies become positive (see Fig. 10).
At even higher temperatures, including at and above room
temperature, the ground state of the VN system resides in the
cubic phase, due to softer phonon modes and higher vibrational
entropies of this state.
V. CONCLUSIONS

Single-crystal
stoichiometric
B1
NaCl-structure
VN/MgO(011) layers grow with a cube-on-cube orientational
relationship to the substrate: (011)VN ||(011)MgO and
[100]VN ||[100]MgO . At a critical transition temperature
Tc = 250 K, temperature-dependent SAED and synchrotron
XRD measurements reveal the presence of forbidden X-point
reflections associated with a cubic-to-tetragonal phase
transition. Upon further cooling, forbidden peak intensities I
increase following the scaling behavior I ∝ (Tc − T )1/2 .
Temperature-dependent VN/MgO(011) resistivities decrease from ρ300 K = 33.0 μ cm (T = 300 K) to ρo =
2.12 μ cm (T  20 K). Both the room-temperature ρ300 K
and residual ρo resistivity results are the lowest reported values
for bulk and thin film VN, reflecting the high structural quality
of our films. VN resistivities ρ(T ) over the temperature range
from 300 to 100 K contain two linear regions for which TCR
values are 17 × 10−8  cm K−1 (250  T  300 K) and 6.4 ×
10−8  cm K−1 (100  T  150 K). Smaller TCR values at
higher temperatures were previously believed to be the result of
electron/phonon scattering reducing VN conduction electron
mean free paths λ to lengths comparable to interatomic distances [72,85]. However, we find that λ = ao , the relaxed VN
lattice parameter, only for temperatures greatly exceeding the
VN melting point. Instead, we interpret the change in TCR as
arising from the cubic-to-tetragonal phase transition at 250 K.
AIMD simulations based on the TDEP method reveal that
lattice vibrations in NaCl-structure VN are strongly anharmonic. An analysis of temperature-dependent renormalized
VN phonon dispersion relations shows that VN is dynamically
unstable in the NaCl structure below Tc = 250 K resulting
in unphysical X-point longitudinal acoustic-phonon energies
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(ωLA 2 < 0). However, above this temperature, the NaCl
structure is stabilized by anharmonic effects. Transport Eliashberg spectral function results, obtained from temperaturedependent resistivity measurements, combined with anharmonic perturbation theory, establish that NaCl-structure VN
is thermodynamically stabilized at T > Tc relative to the
tetragonal-VN phase due to lower phonon energies and,
consequentially, higher vibrational entropies.
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