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Abstract. We present an investigation of the phonon spectrum of the transition metal iridium
within the framework of afirst-principlespseudopotential mixed-basis method. The full phonon
spectrum is determined by means of a real-space approach, which involves only supercell force
calculations. Pronounced anomalies are predicted for the [110] direction, which are similar to
the ones observed for rhodium. First results of an inelastic neutron scattering investigation of the
phonon dispersions are in very good agreement with theab initio calculations and confirm the
predicted anomalies. We present all interatomic force constants up to the 12th-nearest-neighbour
shell obtained by a least-squares fit to supercell force constants of four different supercells.
Theoretical phonon densities of states and elastic constants are compared with experimental
data.

1. Introduction

Anomalies in phonon spectra indicate peculiarities of lattice interactions, which are often
linked to specific features of the electronic structure. A well known example of this linkage
is provided by the transition metals, for which inelastic neutron scattering experiments have
provided a rather complete picture of anomalous dispersion relations, which have their origin
in the presence of d states at the Fermi surface. Because of their large absorption cross
sections for thermal neutrons, rhodium and iridium represent two noticeable exceptions,
whose phonon spectra have not been accessible until recently. In the case of rhodium,
pronounced anomalies along high-symmetry phonon branches of Rh, especially along the
[110] direction, have been predicted by anab initio electronic structure calculation, and have
been subsequently confirmed by neutron scattering experiments [1]. Because the fifth-row
element iridium possesses an electronic structure very similar to that of Rh, one may expect
it to exhibit phonon anomalies of similar type. So far, only a small number of transverse
frequencies have been published; these are not sufficient to identify or exclude anomalous
features of the phonon dispersions [2].

As a reciprocal-space approach, density functional perturbation theory provides [3, 4]
a natural way to study phonon anomalies fromfirst principles, and has been successfully
applied to a number of transition metals [5]. On the other hand, standard direct-space
approaches (frozen-phonon/supercell methods) generally require very large unit cells to
properly cope with the long range of the lattice interaction implied by the dispersion
anomalies. In previous work [6], we have demonstrated that this difficulty can be avoided
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by combining results obtained from various calculations with supercells of different sizes
and symmetries. In an application to Rh, we have determined a set of real-space force
constants, which allowed us to carry out a sufficiently accurate interpolation of the whole
phonon spectrum, including the observed anomalies.

In this paper, we apply this scheme to the transition metal Ir; as far as we are aware,
this represents the firstab initio investigation of its phonon spectrum. Our calculations are
based on a mixed-basis pseudopotential formulation in the local density approximation to
density functional theory. They predict pronounced dips in [110] branches similar to but
even stronger than the ones observed for Rh. First results of a current neutron scattering
experiment nicely support the theoretical findings. We determine interatomic force constants
up to the 12th NN (where NN stands for nearest neighbour), and compare the phonon density
of states and elastic properties derived with available experimental data. Our results are
in disagreement with previous predictions based on pseudopotential perturbation theory
[2, 7, 8]. Similar discrepancies exist in the case of Rh, emphasizing the need for accurate
ab initio electronic structure calculations for establishing a quantitative description of the
lattice dynamics in transition metals.

The paper is organized as follows. In the next section, we briefly outline the technical
details of the applied method. The results for Ir are presented in section 3, which is followed
by a summary.

2. Method

We have performedfirst-principleselectronic structure calculations for Ir using a pseudo-
potential approach within the framework of density functional theory. The local density
functional approximation with the Hedin–Lundqvist parametrization for the exchange and
correlation potential has been employed throughout [9]. The frozen core of Ir is represented
by a relativistic norm-conserving pseudopotential of Hamann–Schlüter–Chiang type [10],
whose details are described in reference [11]. Electronic wave functions are represented by
a mixed-basis set which consists of plane waves up to a kinetic energy of 10.0 Ryd and five
localized orbitals of d symmetry obtained from atomic 5d pseudo-orbitals smoothly cut off at
a radius of 2.55̊A. A Gaussian broadening width of 0.02 eV has been applied in thek-point
sampling. The theoretical lattice constant (3.85Å) and bulk modulus (3.88 Mbar) are in
good accord with the experimental values of 3.84Å [12] and 3.66 Mbar [13], respectively.

Our approach to the lattice dynamics aims at determining a set of interatomic force
constants (IFCs) which is complete enough to allow an accurate description of phonon
dispersions to be given for the whole Brillouin zone (BZ). Because the method has already
been described in some detail in reference [6], we will just sketch the main ideas in the
following.

Total-energy or force calculations performed for distorted atomic configurations within a
fixed supercell geometry provide access to supercell force constants (SFCs), such as planar
force constants in the case of a supercell stretched along a high-symmetry direction of the
crystal. Because of the periodic boundary conditions implied by the supercell, the SFCs
are given as linear combinations of the IFCs. Therefore, IFCs cannot be derived directly
from a single supercell, unless the size of the supercell is big enough to extend beyond the
range of the lattice interaction. This limitation can be overcome by combining the results
for SFCs obtained for several supercells to obtain a large set of linear equations for the
IFCs, which are then ‘inverted’ to give the IFCs by means of a least-squares fit. Provided
that the supercell geometries have been chosen properly, this method can also be applied to
cases where the lattice interaction extends well beyond the size of each individual supercell.
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Because the coefficients entering the linear equations for the IFCs only depend on the
supercell geometries, systematic searches for favourable combinations can be carried out
before performing any actualab initio calculation. The efficiency of this approach has been
demonstrated for Rh, where the interaction range extends beyond the ninth neighbour [6].

For the present study of Ir, we have adopted the same supercells as for Rh. They consist
of three supercells stretched along the [100], [110], and [111] directions, respectively, each
with 18 atomic layers. This set is augmented by a low-symmetry supercell containing 26
atoms (with basis vectors(1 0 5), (−5 0 1), (1−2 1) in units of half the lattice constant).
All of the calculations are based on the theoretical lattice constant, and thek-meshes used
for the BZ integration correspond approximately to a mesh of 70k-points in the irreducible
wedge of the BZ of the underlying fcc lattice. We have extracted supercell force constants
by performing force calculations for geometries with the central atom displaced by 0.02Å.
To increase the numerical accuracy, residual forces for the undistorted supercell geometry
are subtracted, and the resulting forces are corrected for anharmonic contributions [14].
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Figure 1. Phonon dispersions of iridium along various high-symmetry directions. The solid
and dashed lines represent the theoretical results for the 12th-NN and 16th-NN fit, respectively.
The open symbols denote frequencies derived directly from individual supercells. Experimental
data are shown as filled circles.

3. Results

The theoretical results for the phonon dispersions of Ir are summarized in figure 1
for various high-symmetry directions of the fcc Brillouin zone. The open symbols
indicate frequencies of phonon modes which are derived directly from calculations
involving a single supercell stretched along a symmetry direction of the lattice. These
calculations predict strong anomalies in all branches along [110], as well as shallow
dips in the TA branches along [100] and [111]. While the form and position of
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these anomalies are very similar to those of the ones observed for Rh [1, 6], the
anomalies are more pronounced, especially for the lower TA branch along [110],
where our calculations even suggest a negative dispersion in the vicinity ofζ = 0.6.
Another characteristic feature is the flattening of the LA [100] branch towards the
X point.

Investigations of the phonon spectrum of Ir by inelastic neutron scattering face severe
experimental difficulties because of the large absorption cross section of Ir, which leads to
an unfavourable signal-to-background ratio and a fast increase of the induced radioactivity.
So far, only a few transverse phonon frequencies along [100] and [110] have been reported
by Ivanovet al [2]. Currently, inelastic neutron scattering experiments are being performed
at the Orphee reactor at Saclay to obtain a more complete account of the phonon dispersions
of Ir. First results of this investigation are shown as filled circles in figure 1 (room
temperature data) [15]. Complementary measurements for the largely missing TA branch
along [110] and along the boundary of the Brillouin zone are currently planned for the
near future and will be reported elsewhere [16]. The available data agree very nicely
with the ab initio calculation and confirm the existence of anomalies at the predicted
positions.

Table 1. Interatomic force constants (in 103 dyn cm−1) up to the 12th-nearest-neighbour shell
for two fits taking into account all force constants up to the 12th- and 16th-nearest-neighbour
shells.

NN Index Components 12th NN 16th NN

0 000 xx −254.78 −255.11
1 110 xx zz xy 22.18 −2.04 24.71 22.18−2.08 24.67
2 200 xx yy 12.15 −5.49 12.35 −5.47
3 211 xx yy xz 3.08 2.38 1.85 3.38 2.44 1.64

yz −1.05 −1.41
4 220 xx zz xy 1.98 −0.24 1.25 1.97−0.65 2.04
5 310 xx yy zz 1.08 0.01 0.40 0.88−0.20 0.61

xy 0.07 0.03
6 222 xx xy 0.90 0.64 0.59 0.54
7 321 xx yy zz −1.44 0.05 −0.90 −1.34 0.15 −1.00

xy xz yz −0.48 −1.20 −0.44 −0.27 −1.27 −0.26
8 400 xx yy −0.90 −1.49 −1.37 −1.20
9 411 xx yy xy −0.73 0.54 0.23 −0.84 0.62 −0.07

yz −0.03 −0.14
9′ 330 xx zz xy 3.18 0.54 2.99 3.22 0.92 3.73

10 420 xx yy zz −0.28 0.21 −0.33 0.01 0.30 −0.33
xy 0.08 0.00

11 332 xx zz xy −0.39 0.15 −0.17 −0.38 0.68 −0.46
xz 0.02 0.29

12 422 xx yy xy 1.08 −0.01 0.18 1.32−0.08 0.00
yz 0.11 0.24

As described in the previous section, interatomic force constants can be derived by
combining results from the high-symmetry supercells with those for the low-symmetry
supercell containing 26 atoms using a least-squares-fit procedure. Because of the rather
long range of the lattice interaction, as is evident from the anomalous features in the phonon
spectrum, a large cut-off radius for the IFCs must be chosen. We present results for two fits
which include all IFCs up to the 12th- and 16th-nearest-neighbour shells. Table 1 contains
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Figure 2. The average interaction strength of a shell as a function of the shell radius. Both axes
are normalized to the values of the first-neighbour shell. Triangles and circles denote results for
the 12th-NN and 16th-NN fit, respectively.

the corresponding values for the IFCs up to the 12th shell. Because the average
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where8αβ(b) denotes the force constant matrix assigned to a bondb, has the same value
for each bond belonging to the same shell, it can be taken as a measure of the average
interaction strength of a shell. A plot ofI as a function of the shell radius is shown
in figure 2. Its most prominent feature is the large value obtained for the(3 3 0) shell,
whose average interaction strength is two to three times larger than those for all other
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Figure 3. The calculated phonon density of states of iridium for 12th-NN and 16th-NN fits.
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shells beyond the fourth neighbours. For larger distances, IFCs decay rapidly, and they are
negligible beyond the 12th NN. A similar behaviour has been found for Rh [6].

Phonon dispersions derived from fitted IFCs are shown in figure 1, and the corresponding
phonon density of states in figure 3. The characteristic structures of the latter agree well
with those of point-contact spectra, which possess peak structures at 17.5 meV and 23 meV,
and a cut-off frequency of 26 meV [17]. The dependence of the theoretical results on the
chosen cut-off is small but more pronounced than for Rh, which indicates a larger effective
range of the lattice interaction.

Table 2. Elastic constants and bulk moduli in units of 1012 dyn cm−2. C′ = (C11 − C12)/2
is related to the slope of the lower [110] branch at0. The experimental values are taken from
reference [13].

C11 C12 C44 C′ B

12th-NN fit 6.97 2.69 2.94 2.14 4.12
16th-NN fit 6.67 2.82 2.55 1.93 4.11
Total energy 6.10 2.77 2.84 1.67 3.88
Experiment 5.96 2.52 2.70 1.72 3.66

As a further test for the derived IFCs, we have calculated the elastic constants via the
method of long waves, which relates the elastic constants to sums over force constants
weighted by the bond vector [18]. A second access is provided by the method of
homogeneous deformations, where elastic properties are derived from changes in the total
energy under homogeneous deformations of the unit cell. Table 2 compares our results
for the elastic constants as obtained with the two methods to experimental values [13].
The values derived from the total-energy calculations are in reasonable agreement with
experiment (less than 7% difference), while those based on IFCs show larger deviations (up
to 16%) and a higher sensitivity to the chosen cut-off. This is also reflected in the failure
of the 16th-NN fit to reproduce the negative Cauchy pressure (C12 < C44) observed for Ir.
The limited accuracy of the method of long waves is related to the fact that force constants
contribute with a weight proportional to the square of the shell radius. Therefore, the elastic
constants depend sensitively on small changes of the IFCs for distant shells.

In the present calculation, as well as in the previous investigation of Rh [1], relativistic
effects are taken into account for the construction of the pseudopotential, while valence
electrons are treated non-relativistically. Spin–orbit coupling is known to be important for
a proper description of the electronic structure of Rh and Ir, where, for the latter, typical
coupling strengths are larger by a factor of three than for Rh [19]. However, the good
agreement between the calculation and experiment as regards the phonon dispersions of the
two metals, including the positions and strengths of the anomalies, suggests that spin–orbit
coupling does not significantly affect the lattice dynamical properties in these cases.

Our results for the lattice dynamics of Ir clearly disagree with previous theoretical
investigations based on pseudopotential perturbation theory [2, 7, 8]. In this approach, the
phonon spectrum is obtained in second-order perturbation theory on the basis of a model
pseudopotential, whose parameters are determined from fits to static properties of the crystal.
All proposed pseudopotential models for Ir predict cut-off frequencies substantially higher
(>10%) than our results; this can be traced back to the absence of a pronounced flattening
of the branches in the vicinity of the BZ boundary. Furthermore, the [110] anomaly is either
absent [2, 8] or is predicted to occur at much smaller wave vectors (ζ = 0.25) [7]. Thus,
pseudopotential perturbation theory, while often adequate for describing lattice properties of
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simple metals, seems to be unable to capture the specific features of the phonon spectrum
of the transition metal Ir.

4. Summary

We have presented anab initio analysis of the lattice dynamics of iridium within a
pseudopotential mixed-basis approach. Interatomic force constants up to the 12th NN are
derived via a supercell technique, and indicate an important contribution to the lattice
interaction from the 9th-NN shell. The phonon spectrum of Ir bears many similarities
to those of the isoelectronic metal Rh. It exhibits anomalies in several high-symmetry
branches at similar positions to but with larger amplitudes than those for Rh. Recent
neutron scattering experiments for the [100], [110], and [111] directions nicely confirm our
theoretical dispersion relations. The phonon spectrum as well as elastic properties are in
satisfactory agreement with available experimental data.
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