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Lattice dynamics of vanadium: Inelastic x-ray scattering measurements
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We measured the phonon dispersions in vanadium along the principal symmetry directions using inelastic
x-ray scattering. Our data complement previous results derived from thermal diffuse scattering and clearly
reveal several phonon-dispersion anomalies, as well as pronounced variations of the phonon widths. Electronic
structure calculations, more specifically, an analysis in terms of Fermi-surface spanning vectors allow the

qualitative association of these anomalies with the topology of the Fermi surface, thus highlighting the impor-

tance of electron-phonon coupling.
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I. INTRODUCTION

Despite decades of experimental and theoretical investi-
gations, the physical properties of elemental transition metals
are still subject of intensive research. Among the most
prominent examples in the area of lattice dynamics is the
search for the fingerprints of electronic topological
transitions! in metals with hexagonal-close-packed (hcp)
structure (Zn, Cd, and Os). These topological transitions are
associated with changes of the Fermi-surface topology and
lead to anomalies in thermodynamic and elastic properties.
Another example is the high superconducting temperature of
the group VB elements Nb(7,=9.25 K) and V(7.=5.3 K),
which display a marked increase in 7. with pressure, anoma-
lies which can be related to electron-phonon coupling and
Fermi-surface properties.>* Although both V and Nb were
believed to maintain their body-centered-cubic (bcc) struc-
tures up to several hundreds of GPa, a recent x-ray diffrac-
tion study of V reported a rhombohedral lattice distortion
between 63 and 69 GPa without a discontinuity in the equa-
tion of state,’ in the same pressure range where a small
anomaly in the T, evolution was observed.* Lattice dynamics
calculations suggest that this lattice distortion is derived
from a shear instability due to a transverse phonon-mode
softening arising from intraband nesting of the Fermi surface
around a quarter along the I'-H direction.®® However, these
computational results are still in need of experimental vali-
dation. While the phonon-dispersion curves of group V ele-
ments niobium”!" and tantalum'>!3 have been determined
by inelastic neutron scattering (INS), data for vanadium are
scarce. This is due to the fact that vanadium is essentially an
incoherent scatterer, rendering conventional neutron triple
axis spectrometry extremely difficult,'* and only the gener-
alized phonon density of states (PDOS) could be measured in
a straightforward way.>'>1® However, using the thermal dif-
fuse scattering (TDS) of x rays, Colella and Batterman'” per-
formed a remarkable study of the vanadium lattice dynamics.
They reconstructed all the phonon branches and were able to
resolve the existing controversies regarding an irregular be-
havior in the low-energy part of the acoustic phonon disper-
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sion as well as a high-energy feature. However, due to the
flux limitations of conventional x-ray tubes, the data quality
did not allow for the detailed resolution of any phonon-
dispersion anomalies. Nowadays, thanks to the availability of
bright x-ray sources at synchrotron-radiation facilities and
powerful area detectors, TDS patterns can now be recorded
with excellent statistics in a few minutes but surprisingly, a
recent synchrotron based TDS study devoted to vanadium'®
did not bring forth any new information on the lattice dy-
namics.

In the present work, we present a detailed determination
of the phonon dispersions of vanadium by inelastic x-ray
scattering (IXS). In contrast to the work of Ding et al.,'® we
identified previously undetected phonon anomalies that bear
a close resemblance to anomalies previously observed in Nb
and Ta that are associated with phonon line width broadening
and specific features of the Fermi surface.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The IXS experiment was performed on beamline ID28 at
the European Synchrotron Radiation Facility. The instrument
was operated at 17 794 eV, providing an overall energy res-
olution of 3.0 meV full width at half maximum (FWHM).
Direction and size of the momentum transfer were selected
by an appropriate choice of the scattering angle and the
sample orientation in the horizontal scattering plane. The
momentum resolution was typically set to 0.28 and
0.84 nm™! in the horizontal and vertical plane. The dimen-
sions of the focused x-ray beam were 250X 60 um?
(horizontal X vertical, FWHM). Further details of the experi-
mental setup can be found elsewhere.!” The V single crystal
was purchased from MaTecK GmbH and had well-oriented,
polished (100), (110), and (111) surfaces. Typical rocking
curve widths were in the order of 0.02°. The experiment was
performed in reflection geometry, and a list of measured
branches together with the measurement configuration is
given in Table 1.

Figure 1 shows representative IXS spectra along the [0 0
1] direction. The spectra are characterized by a moderate
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TABLE 1. Experimental configurations for measured dispersion branches
Branch Momentum transfer Propagation Polarization
LA[100] [0 0 2+&] (0<é=1) [001] 001)
TA [1 0 0] [2 2 &0<é=T) [001] (110
LA[111] [2-¢2-€2-&] (0<é=1) [111] (111)
TA[1 1 1] [2-¢& 2-¢& 2+¢&] (0<é=1) [111] 11 -2)
LA[110] [1+& 1+4£ 0] (0<€=05) [110] 110
TA [1 1 01 oy [2+& 2-£ 0] (0<€=0.5) [110] 1 -1 0)
TA [1 1 0] o 1y [1+& 1+& 2] (0<€<0.5) [110] 001

elastic contribution centered at zero energy and two symmet-
ric features: the Stokes and anti-Stokes peaks of the corre-
sponding phonons. The energy position E(g) and width of
the phonons were extracted using a model function com-
posed of a sum of Lorentzian functions, for which the inelas-
tic contributions were constrained by the Bose factor. This
model function was then convoluted with the experimentally
determined resolution function and fitted to the IXS spectra,
utilizing a standard x*> minimization routine. The half width
at half maximum (HWHM) extracted from this function can
be considered to be reliable only for values larger than 0.3
meV, corresponding to 1/5 of the width of the resolution
function.

Ab initio calculations of the Fermi surface (FS) of V and
Nb were performed using the WIEN2K code.?’ The electronic
ground state was converged in a 27° grid reduced to the
irreducible wedge of momentum space using the generalized
gradient approximation (GGA) and standard parameters. The
FS was represented by integrating the eigenvalues over
*18 meV around the Fermi level E to yield a function that
is unity at the Fermi wave vector and decays rapidly as the
electronic bands disperse away from Ey. To discuss the nest-
ing properties of the FS, the density of spanning vectors was
calculated as the periodic autocorrelation of this FS
function.?! This density of spanning vectors thus naturally
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FIG. 1. Selected IXS spectra for the LA [1 0 0] branch at the
indicated Q values (given in reciprocal-lattice vector components).
The experimental data are shown together with the best fit results
(thin solid lines for the individual components and solid lines for
the total fit). The spectra are shifted in the vertical direction for
clarity, conserving the same intensity scale. The counting time per
point was between 15 and 45 s.

diverges at zero momentum (I" point) and shows features
where the spanning condition is fulfilled between different
sheets or within a sheet of the Fermi surface. Due to the
complex nature of the d-band topology, the features for V
and Nb are not very pronounced, yet some can be assigned to
specific nesting geometries. Their correspondence to anoma-
lies observed in the phonon dispersions is discussed in Sec.
1.

III. RESULTS AND DISCUSSION

We measured all the phonon branches along high-
symmetry directions [Fig. 2(a)]. The long-wavelength part of
the dispersion shows an excellent fit with the elastic moduli
measured by ultrasonic pulse-echo technique.?> The phonon
dispersions derived from the earlier TDS study® are overall
in remarkable agreement with our IXS results [Fig. 2(b)]. In
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FIG. 2. Phonon dispersion for vanadium along high-symmetry
directions: (a) experimental points, together with guides to the eye
(dashed Bézier curves); solid lines correspond to the long-
wavelength limit from ultrasonic measurements (Ref. 12) and (b)
comparison of our experimental dispersion (dashed lines) with ther-
mal diffuse scattering data (Ref. 8).
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FIG. 3. Line broadening (HWHM) for LA phonons along the
(a)-H, (b)["-N, and (c)I'-P-H directions and TA phonons along the
(d)I'-P-H direction.

particular, the anomalous upward bending of the TA[100]
and TA,[110] branches is well reproduced. Substantial de-
viations to the TDS result occur only for longitudinal
phonons propagating along the (1 1 1) direction. Further-
more, the anomaly of the LA[100] branch for 0.55<x
< 0.9 and the overbending of the LA[110] branch are clearly
revealed in the present IXS study. A comparison with the
results of Ref. 18 is difficult since the published data set is
incomplete (no data for the I'-H direction and no transverse
branches for the I'-N direction). It appears, though, that the
reported subset of phonon branches does not contain more
information than the original work of Colella and
Batterman.!”

In addition to the phonon energies, we carefully studied
the phonon linewidths for LA phonons propagating along the
I'-H and T'-N directions. The phonon widths, reported in Fig.
3, were obtained from the IXS spectra by fitting the model
function convoluted with the experimental resolution func-
tion as described above.

A strong increase in the phonon width up to 1.8 meV
HWHM is observed in the ¢ region where the phonon
branches show deviations from the normal behavior. It is
worth noting that the relatively weak overbending of the LA
branch close to the N point manifests itself in a very strong
phonon broadening.

The dispersion anomalies reveal themselves either as de-
viations from a fictional “noninteracting” lattice dynamics
(softening) or as increased width of the phonon lines, or as a
combination of both. The noninteracting dispersion is shown
in Fig. 4 as a two-neighbor lattice dynamics model, therefore
excluding any long-range forces. The anomalies for V, high-
lighted by the direct comparison of the noninteracting disper-
sion model with the experimental dispersion (Fig. 4) can be
summarized as follows: (1) TA phonon along I'-H around
£=0.24. The anomalous upward bending is enhanced by a
softening. This was previously assigned to a specific intra-
band Fermi-surface nesting.” (2) LA phonon close to H along
I'-H. A broad and very pronounced softening is observed
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FIG. 4. Phonon dispersions in vanadium and niobium (Ref. 9)
compared to the FS spanning vector density (see text). The num-
bered shaded areas are guides to the eye associated with anomalies.
The dashed lines correspond to a two-neighbor lattice dynamics
model that mimics the phonon dispersion without long-range inter-
actions. The energy scale is not retained for the I'-N direction.

along with a distinct broadening at £=0.8 [Fig. 3(a)]. (3).
The TA phonon along H-P deviates from a sinusoidal disper-
sion over a very broad range along (££€), most pronounced
for 0.55<<¢<<0.8; substantial broadening is observed in a
wide ¢ range [Fig. 3(d)]. (4) Close to the P point along I'-P,
the L phonon shows a strong overbending that leads to a
plateau around the P point with a broadening at £=0.4 [Fig.
3(c)]. (5) Similar to (1), the TA1 phonon is decreased along
I'-N, leading to a reduction in the speed of sound and a
parabolic component in the dispersion. (6) Very close to the
N point a weak dip in the dispersion is observed. This slight
anomaly finds its counterpart in a strong broadening of the
phonon linewidth [Fig. 3(b)] with a maximum at £€=0.42.
Inspection of the previously published data for Nb (Ref.
9) reveals essentially the same anomalies. In addition to the
above mentioned, a dip in the dispersion along T'-P is
marked as (7) in Fig. 4(b). Our data for V [Fig. 4(a)] show a
similar dip, but the density of data points is not sufficient
along this branch to resolve it in detail. Also for Ta the pho-
non dispersion from an INS data set'>!3 shows anomalies at
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the same or similar momentum space regions. The data
points are, however, not dense enough to well localize the
dispersion anomalies other than along the I'-H direction. We
therefore did not include them in our comparison and discus-
sion below.

To further shed light on the observed phonon anomalies,
we performed calculations of the electronic structure, the
Fermi surface, and in particular the density of Fermi-surface
spanning possibilities in momentum space. The results are
reported in the lower parts of Figs. 4(a) and 4(b) for V and
Nb, respectively. Features of this FS spanning vector density
that correspond to the observed anomalies are marked as
gray bars. Due to the complex topography of the d-band FS
that offers many spanning opportunities,?® the assignment of
features to specific nesting conditions is mostly not possible.
The FS spanning density naturally diverges at small momen-
tum close to I and the features are observed on top of a
smooth decaying background of this divergence. For V we
can assign anomaly (1) to a shoulder close to I" that decays
sharply at the position where the anomaly is most pro-
nounced. Anomaly (2) starts at a sharp peak and corresponds
to a region of high spanning density. The width of anomaly
(3) does not allow attributing it reliably to a specific span-
ning feature. Anomaly (4) again corresponds to the sharp
decay of the spanning density and thus, apparently, to an
extremal spanning condition of the FS. Anomaly (5) is, simi-
lar to anomaly (1), a shoulder on the decay away from I', and
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anomaly (6) is well reproduced in the FS spanning density as
a sharp peak. Anomaly (7) cannot be localized for vanadium
as the density of experimental points is not sufficient but
should presumably exist, being associated with a large span-
ning density peak as for niobium.

IV. CONCLUSIONS

In summary, we determined the complete phonon-
dispersion relation of vanadium by IXS. The data are in good
agreement with the previously reported TDS results. Our
ab initio calculations of the Fermi surface show an overall
good correlation with the positions of phonon-dispersion
anomalies, emphasizing the importance of electron-phonon
coupling.'0-24

These results complete the existing data on the lattice dy-
namics of group V transition metals and provide an impor-
tant benchmark for future experimental studies and theoreti-
cal advances. More specifically, our IXS results and related
calculations at ambient pressure form an important basis for
future high-pressure studies aiming at validating the pre-
dicted transverse phonon branch softening related to the
structural phase transition and the anomaly in the supercon-
ducting temperature.?> More generally, studies of phonon
dispersions under high pressure can provide solid validations
of theoretical predictions and today, the actual capacities of
the IXS technique?® make such experiments feasible.
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