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Ab initio phonon dynamics of rhodium from a generalized supercell approach
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We present a generalization of the supercell approach tatitiaitio determination of the complete lattice
dynamics. Combining force calculations for supercells of arbitrary shapes greatly increases the number of
accessible interatomic force constants without the necessity to resort to large supercell sizes. The method
allows a systematia priori search for optimal supercell geometries as welhgsosterioriimprovements of
calculations already performed. Its ability to efficiently handle systems with longer-range lattice interactions is
demonstrated for the transition metal rhodium. The present approach has the potential to extend the applica-
bility of the conceptually simple direct approach to the calculation of the complete phonon spectra for lattices
with larger unit cells[S0163-18208)03614-5

Recent advances in numerical methods and computdria interplanar force constantsf the Brillouin zone(BZ).
technology have reinforced attempts to obtain the complet&or the same reason, a determination of all relevant IFC’s
phonon dispersions of crystalline solids from first principles.using a single large supercell is only feasible for systems
An accurate knowledge of the phonon spectrum, or equivawith interactions of very short rangé.
lently of the interatomic force constani$C), is a prerequi- A possible way to circumvent this problem explores the
site for the calculation of various dynamical and thermody-linear relationshigin harmonic approximationbetween the
namical properties, as, e.g., thermal expansion, heat capacifigrces obtained in a supercell calculation and the IFC’s. By
or electron-phonon coupling. Basically, two approaches haveéombining results for several supercells, the IFC’s can be
been considered for ab initio calculation of lattice dynam- obtained from a least-square fit. Until now, the only imple-
ics, the linear response or dielectric theory and the direcinentation of this idea has been presented by Wei and Chou
supercell approach. In the linear response method, changé® the insulators silicon and germanium using a combination
in the electron density arising from atomic displacements ar@f planar force constants.
treated perturbationally. Originally, this has been done by In this work, we generalize this approach to supercells of
inverting the dielectric matri.This method had only limited ~arbitrary shapes. Taking the fcc transition metal rhodium as
success, because it required the inversion of large matricé¥) example, we demonstrate that this method allows us to
and numerically expensive summations over many unocciextract all relevant force constants even for systems with
pied states. Recently, alternative approaches have been dattice interaction of long range in real space, thereby retain-
veloped, based on the solid-state version of the Sternheimétd the conceptual simplicity of the direct approach. We find
equation, that overcome some of the main disadvantages ##at the proper choice of supercell geometries is crucial for
the dielectric matrix methotl® By Fourier transformation of the efficiency of the method, and that supercells with low
the dynamical matrix obtained on a regular mesh in reciprosymmetry are generally favored over those with high sym-
cal space, real-space force constants have been calculated fBetry.
several semiconductors and, more recently, for metallic In harmonic approximation, the complete information
systemg:* about the lattice dynamics is contained in the real-space

The direct approach makes no conceptional distinction ifforce constants, which are given as second derivatives of the
the treatment of the unperturbed and the perturbed latticéotal energy of the system with respect to displaceme$
Supercell geometries are employed to handle atom displac&f atoms at lattice siteR(~) (for simplicity, we restrict the
ments, and phonon frequencies are either extracted form difliscussion to monoatomic lattices oply
ferences in the total energy for the undistorted and distorted y : ,
lattice (frozen phonoihor fr?rln forces acting on atoms in the Do/, /") = &ZEtm’aua(/)auﬁ(/,) ' @)
distorted geometryusing the Hellmann-Feynman theorem
This method principally allows .the Stl.de of anharmonig inear relationship between the force acting on aténand
force constants to any order, but is restricted to phonons wit e displacements for a given lattice deformation,
momenta commensurate to the supercell. Because the nu-
merical effort increases drastically with the size of the super-
ceII,.the direct approach has been applied mainly to_ phqnons F (/)=— E D, 5(7 " Wug(/). 2)
at high-symmetry points or along high-symmetry directions i

where @ and 8 denote cartesian coordinateb. enters the
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In a supercell calculation, atoms are labeled by two indi-exhibit very pronounced anomalies along high-symmetry di-
ces,/—(m,L), wherem denotes the atoms inside a super-rections[especially along th€110 direction| indicating a
cell, andL denotes the translation vectors of the supercelrather long range of the lattice interaction. This is corrobo-
lattice. When displacing the atom at the origin\gythe force  rated by the finding that a satisfactory fit of the phonon spec-
experienced by atomm is given by the linear relationship  tra with a phenomenological force constant model could only

be achieved by taking into account interactions up to at least
F.(m)= _2 :ISaﬁ(m)vB, (3)  the ninth neighbor. Thus Rh constitutes a stringent test case
B for the present method.
where the supercell force constadtsare related to the lat-  All calculations reported below were performed within
tice IFC’s by the local-density-functional approximation using a pseudo-
potential approach. The electronic wave functions are repre-
Py _ sented in terms of a mixed basis set consisting of a linear
P (M) ; Pap(ML). @ combination of plane waves up to a kinetic energy of 10.5
For example, in the case of a supercell stretched along BY and five localizedi orbitals, which are atomicdl pseu-
~ doorbitals smoothly cut off at a radius 2.55 &'uNorm-
conserving pseudopotentials of the Hamann-Schlueter-
~ Chiang type (for details see Ref. 10and the Hedin-

From the knowledge o for a single supercell, Eq4)  Lundqvist parametrization for the exchange and correlation
can be inverted to extract the IFC’s only if the interaction ispotential have been used. Tlepoint sampling was per-
sufficiently short range such that contributions from neigh-formed using a Gaussian broadening with a width of 0.2
boring cells ( #0) can be neglected. This usually requiresev.'? The theoretical lattice constant of 3.806 A has been
large supercells even for systems with short-range interadqised throughout. Supercell force constants were derived
tions. from force calculations for geometries with a single atom

The basic idea of the present approach is to obfaifor  displaced by 0.02 A. To eliminate spurious contributions
several supercells, and to replace E4). by a set of equa- arising from the low symmetry of the supercell, forces ob-
tions, which may eventually be inverted to obtain all relevanttained for the undistorted geometry have been subtracted,
@’s even for longer-range interactions without the necessity@nd corrections for anharmonic contributions have been
of involving large supercells. In practice, the inversion pro-taken into accgunlt'? _ .
cedure is done by introducing a cutd®, for the lattice As the starting point, we took theb initio supercell cal-
interaction, i.e., to set®,4(/,/")=0 for |R(/)— culations along the high-symmetry directiof&00), (110,
R(/")|>R.. By making use of their transformation proper- @nd(111) (18 atomic layers each, 30—200 spedigioints in
ties with respect to the space-group symmeftiesie can the irreducible BZ already reported in Ref. 10. Despite their
identify the independent components of the lattice and supefarge number of independent supercell force constants of

cell IFC's?® For a given combination of supercells, B4) is ~ Ns=70, the combination of these three supercells allows
then transformed into a set of linear equations, only to deduce IFC’s up to the fourth-neighbor shell. To find

an optimal supplement to this set of high-symmetry super-
cells (HS), we have carried out searches in the space of su-
7= Z Mij(Re)éj, 1=1,...Ng, (5)  percells with a fixed volume, choosing those which resulted
1= in the largesRY"™® when combined with HS. Generally, this
which relates théN, independent componeng of the lat-  procedure leads to supercells with very low symmetry. For
tice IFC’s to theNg independent componenis of the set of  the actual calculation, we have chosen a supercell containing
supercells. Generally, the inversion of E§) is replaced by 26 atoms(called cell 26 in the followiny which is defined
a least-square fit of the IFC’s to the calculated supercell comby basis vectors (1 8),(—5 0 1),(1—2 1) (in units ofa/2),
ponentsz; . Each combination of supercells can be characand which increaseRl'™ to the 22nd-neighbor shell. Some
terized by a cutoffR{"™ defined as the largest cutoff for properties of the used cells are summarized in Table |. Add-
which a unique least-square solution of E§). still exists. It  ing instead a supercell suitable for obtaining interplanar
can be used as a measure for the amount of informatioforce constants along lower-symmetry directions, as pro-

high-symmetry directionp can be expressed in terms of the
interplanar force constants.

N

extractable from the given supercell set. posed by Wei and Choliproved to be less efficient, because
The matrixM possesses the important property that it isthey only gradually increase]'™*.
solely determined by the chosen cut&f and by the geom- Cell 26 possesses a very low symmetonly inversion

etries of the supercells, but is independent of the force conremaing and therefore requires an increased numerical effort
stants. As a consequence, alRf™ is a plain geometric for a single force calculatiofwe used 16 points in the
quantity. This opens the way fdr) a priori searches for irreducible BZ. Furthermore, a larger number of atom dis-
optimal combinations of supercells before performing anyplacements is needed to obtain the complete set of supercell
first-principles calculation, and(ii) a posteriori improve- force constants. Nevertheless, it is by far superior to high-
ments of existing calculations by adding a suitable supercebymmetry cells. For example, combining HS with a
geometry, which optimally increaséy*. 5X5x5 fcc supercell with 125 atoms, which possesses the

To demonstrate the usefulness of the present approacfull cubic symmetry, increaseRI'™ only to the ninth-
we have applied it to the phonon spectrum of the fcc transineighbor shelsee Table )l Clearly, the disadvantage of a
tion metal rhodium. In a recent theoretical and experimentalarge number of atoms outweighs the reduction in numerical
work,? it has been shown that the phonon dispersions of Ritabor due to high symmetry.
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TABLE |. Properties of supercells and combinations of super-contrast to the small values of tk#11) IFC’s, which belong
cells used in the calculation of the lattice force constants. HS deto the same ninth-neighbor shell. Both findings are in full

notes the combination of the three supercells stretched along higtagreemem with the analysis of the experimental phonon
symmetry directiong100), (110), and (111); fcc5 denotes the 5 dispersionl.o

X5x5 fcc supercell, and cell 26 the low-symmetry cell with 26

atoms as described in the tekt,, denotes the number of atoms in a studv of the effective interaction ranae. When performing a
the supercell, anehy; is the number of distinct atomic displace- y ge. P 9

ments, which have to be considered to obtain the complete set og_feries of fits with inC_reaSing cutoR;, the standard deYia'
supercell force constantsls andN, are the number of independent tion showed a drastic drop when {830 bond was in-
components for the supercells and lattice, respectively. The latter igluded. Further increases Ry, resulted in steady but minor

The importance of th€330) interaction is also born out in

given for the maximum cutofRT". improvements only. We also found that it is important to

have a sufficient overdeterminancy of the system of linear
Cell Nao  Nais  Ns  NN(R{™)  N(R{™) equations, i.e., to perform fits f&,<RI"™in order to get a
(100 18 2 20 numerically stable and physically plausible fit. For
(110 18 3 30 R.~RI™, the fit procedure overestimates the IFC’s for large
(111 18 2 20 distances, giving rise to unphysical oscillating behavior in
fcch 125 1 27 6 18 the phonon dispersions. For this reason, the knowledge of the
cell 26 26 3 84 12 45 supercell force constants for cell 26 alone is not sufficient for
Cell obtaining reliable IFC’s although its relatd®]'® is beyond
combinations the (330 shell.

In Fig. 1, the phonon dispersions obtained from the fitted

HS 70 4 12 .
HS-fcc5 97 9 33 values of the force constants are compared with results from
HS+cell 26 154 22 110 neutron scattering experimerif§Very good agreement with

the experimental data is found not only for the high-
symmetry directions, where the positions of the anomalies
Table Il shows the IFC's as obtained from fits to the su-areé reproduced correctly, but also along lines near the BZ
percell force constants of HS and cell 26. We present resulfdoundary. The latter represents a more direct test of our
for R, of 9.5 A (12th NN) and 11.2 A(16th NN) (where NN method, because none of these phonon frequencies can be
is nearest neighbarrespectively, to demonstrate the sensi-extracted from calculations based on only one of the super-
tivity of the IFC's on the cutoff. Although the number of cells considered above.
variables increases from 45 to 72, the standard deviation As discussed in detail in Ref. 10, the phonon anomalies in
only drops from 2.5% to 1.7% of the average supercell forceghe dispersion relations of Rh can be understood as weak
constants for the larger cutoff. The most prominent feature&ohn anomalies, and their positions in reciprocal space are
are the large values found for tt@830 IFC’s. They are in linked to the geometrical shape of the Fermi surface. The

TABLE Il. Interatomic force constantén 10° dyn/cm) up to the 12th nearest-neighbor shell for two fits
taking into account all force constants up to the 12th and 16th nearest-neighbor shells, respectively.

NN Index Comp 12th NN 16th NN

0 000 XX —193.66 —192.78

1 110 XX zz Xy 1889 —1.28 21.18 18.73 —-1.16 21.21

2 200 XX yy 8.01 —3.29 8.38 —3.43

3 211 XX yy Xz 3.04 1.44 1.56 3.11 1.43 1.43
yz —0.16 -0.28

4 220 XX zz Xy -0.03 -021 -0.28 -0.24 -047 -0.04

5 310 XX yy zz 0.06 0.02 0.21 0.11 -0.05 0.17
Xy —0.16 0.01

6 222 XX Xy 0.40 0.25 -0.01 0.08

7 321 XX yy 2z -087 -0.01 -0.37 0.80 0.20 -0.23
Xy Xz yz -0.22 -0.78 -031 -0.20 -0.69 -—0.20

8 400 XX yy -0.71 -0.58 —-050 -0.52

9 411 XX yy Xy —0.08 0.13 0.02 —0.08 0.25 -—0.08
yz 0.07 0.17

9’ 330 XX zz Xy 2.27 0.07 2.12 2.32 -0.06 2.65

10 420 XX yy zz —0.66 0.31 -0.06 -0.42 0.40 0.04
Xy 0.04 -0.09

11 332 XX zz Xy -0.16 -0.27 -0.13 -0.02 -0.12 -0.17
Xz —0.03 0.08

12 422 XX yy Xy 0.47 0.08 0.16 0.46 0.07 —0.03

yz 0.02 0.05
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FIG. 1. Phonon dispersion of rhodium. Solid and dashed lines . .
represent the theoretical results for the 12th NN and 16th NN fitstWOFICit'Oi;SCalCUIated phonon density of states of rhodium for the

respectively. Experimental data from Ref. 10 are shown as open
circles. which, depending on the underlying band-structure method,
can be a highly nontrivial task.
large values of th€330) IFC’s are necessary for an adequate  |n summary, we have presented a generalization of the
description of the strong anomalies aldrid.0]. direct supercell approach to the calculation of interatomic
The phonon density of states is shown in Fig. 2 for theforce constants. For a given lattice, it allows a systematic
two cutoffs. The positions of the two main peaks agree welkearch for appropriate supercell geometries before perform-
with maxima found in point contact spectfdAs in the case ing anyab initio calculation. As demonstrated for the transi-
of the phonon dispersion, only marginal differences for thetion metal rhodium, taking into account low-symmetry su-
two cutoffs are observed, indicating a weak dependence opercells leads to a drastic reduction of the numerical effort
the chosen interaction range beyond the ninth NN shell.  necessary to obtain all significant interatomic force constants
The present scheme differs from the perturbational apeven for systems with rather long-range interaction. An ap-
proach in several respects. First, a perturbative calculation gdlication of this method to the phonon spectrum of iridium is
the dynamical matrix on a regul&r mesh is a numerically in progress.
very efficient equivalentin harmonic approximationsof a The present approach can be straightforwardly extended
force constant calculation using a single large supercell ofo lattices with a general atomic basis. Furthermore, it is not
high symmetry. Our approach instead involves a combinarestricted to metallic systems, but can be applied to polar
tion of smaller supercells with low symmetry. Second, as ansulators as well, if the long-range dipole-dipole interaction
k-space method, the perturbative approach is better suited f@resent in the latter case is treated properly. This could be
treating strongly localized anomalies in the phonon specachieved by calculating the Born-effective charges and the
trum. However, as demonstrated above for rhodium, moratatic dielectric permittivity, which allows us to separate ex-
shallow anomalies are well within reach of the directplicitly the long-range part of the interaction from the short-
method. Third, the direct approach has the practical advarrange part;'® the latter being tractable by the present direct
tage that it can be performed with any standard total-energynethod. Thus our scheme opens the way for the direct ap-
software package. On the other hand, a perturbative calculgroach to access the complete phonon dynamics of complex
tion requires the development of additional computer codegompounds or surfaces.
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