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Ab initio phonon dispersions of Fe and Ni
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We present thab initio phonon dispersions of magnetic bcc Fe and fcc Ni. Our calculations are carried out
in the framework of density functional perturbation thedBFPT), using ultrasoft pseudopotentials, spin-
polarized generalized gradient approximations, and nonlinear core corrections. The implementation of the
above techniques within DFPT is discussed. We find that these approximations, together, provide phonon
dispersions which are in good agreement with experiment, while the local spin density approximation system-
atically overestimates the experimental frequencies.

The lattice dynamics of magnetic transition metals is es- In the o-GGA, the exchange and correlation energy is a
sential in many applications anab initio calculations of functional of the spin-up and spin-down charge densities
their phonon dispersions could provide insight into long-[n;(r) andnl(r)].14 Thanks to the spin-scaling relation, the
standing problems. For instance, the extremely low thermaéxchange energy is the sum of two spin) (contributions:
expansion coefficient of Invar, a Fe-Ni alléycould depend  E,=3,[d3G,(n,,|Vn,|). Instead, the correlation energy
on an unusual behavior of the phonon frequencies upon vois written as a functional of the total charge(r)
ume changes. =n,(r)+n(r), of its gradient, and of the local spin polar-

The structural and dynamical properties of magnetic tranization Z(ry=[ny(r)—n(r)1/n(r): E.
sition metals are determined by the interplay between mag:dech(nyg,WnD. There are several functional forms of
netic and electronic effects which are well described by SpinGx and GC avai|ab|e in the |iterature, and our theory com-
polarized density functional theodDFT).2 The local spin  prises any exchange and correlation functional for witigh
density approximatiofLSDA) for the exchange and corre- gngq G can be defined. NLCCs are introduced in this

lation energy is__sufficient to reproduce_ the mag_”etic_ MOscheme, taking as the spin-up and spin-down charge densi-

ments of transition mgtai’S.I—!owever, this approximation . (r) the sum of the valencép,(r)] and the core

sometimes fails to predict their ground-state crystal struc:ture.h 7 i _ + c <pin polar-

In Fe, for instance, one must include spin-polarized generalh&98LPe.o(N]: No(r)=p,(r) +pe,q(r). Core spin p

ized gradient correctionso GGA) to get the lowest energy Ization is neglected, assuming tha,,(r) =zp.(r), wh(_are

for the experimental bcc Bravais lattié. State-of-the-art  Pc(r) IS the total core charge calculated together with the

electronic structure codes provide readily the equilibriumPSeudopotential in the neutral, spin-unpolarized, isolated

properties of transition metals, and the phonon dispersiond!oMm. . _

can be calculated either with density functional perturbation The exchange and correlation potential has two compo-

theory?” (DFPT) or with frozen phonon techniques, relaxing nents, one acting on the spin-up and the other on the spin-

large supercells. The latter route has been followed in Ref. §0wn wave functions. These components are evaluated as

to compute the phonon dispersion of Fe, while in this p(.leefu.nctlonal derivatives (_)f the exchange and correlation energy

we present the lattice dynamics of Fe and Ni calculated wittyVith respect to the spin-up and spin-down charges:

DFPT. The advantages of this technique have been stressed G 2o JG

in several paperd? and therefore it is important to general- VO (r)= —-— E _[_

ize it to magnetic transition metals. xe Mg a=1 0" o[ (I N,)
We describe Fe and Ni atoms with ultrasoft pseudo-

potentialst® and freeze the 8and 3 electrons in the core, :aGX 9Ge  9G 97

accounting for the nonlinear interaction between the core and N, Jn g an,
the valence charge.In Ref. 7, DFPT was generalized to 3
ultrasoft pseudopotentials, and in Ref. 12 the spin-unpolar- -3 [A(n,,|Vn,)a.n,

ized GGA has been included in DFPT and applied to Si, C, a=10dr,
Al, and Cu. In this paper we discuss DFPT withGGA and

with nonlinear core correctiondfNLCCs): we analyze the +As(n,£,[Vn[)dqn], @)

variation of the self-consistent exchange and correlation powhere G=3,G,+G., di/on;=(1-)/n, dilon,

tential due to a general perturbation, and describe the effect — (1+ ¢)/n, and the two functiong\, andA. are defined
of the spin and of the GGA on the part of the interatomicas

force constants due to NLCCs. A detailed derivation of the

whole theory at this general level will be given elsewh€re. AN, ,|Vn,)) = 1 IGy )

We find that ther-GGA, with ultrasoft pseudopotentials and Aot Tl vn,| 9|V,

NLCCs, predicts accurately the phonon dispersions of both

Fe and Ni. In contrast, the LSDA overestimates the phonon 1 G 3)

frequencies in both elements. Ao, £,|Vnl)= |Vn| 9|Vn|”
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In a plane-wave implementation, it is numerically convenientself-consistent linear system. In order to set up this system,

to calculate Eq(1) as it is, without taking explicitly the the change of the exchange and correlation potenii®J()

derivatives ofA,d,n,+Acd,n, but computing these deriva- must be calculated. This quantity is modified by the intro-

tives numerically with Fourier techniques. In this wa{ is  duction of theo-GGA in the theory. At linear orde VY, is

the functional quivative of the exchange and correlation eNproportional to the induced charge densky, and to itsr

ergy even at finite cut off&> _ _ ~derivatives. Since the correlation energy depends on the total
Within DFPT, the calculation of the dynamical matrix of charge and on its gradient, the change of one spin component

a solid requires first-order changes of the wave functions du8]c the charge modifies both spin componewfs. We have
to phonon perturbations. These quantities are solutions of a '

9°Gy JBY  9BY ¢ IR 1 oBZ |
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and we used the relationships
where <I>(S?s), are the interatomic force constants of Ref. 7.
3 When the local density approximation is used, one recovers

AlVn,|= v |2 dgn,35A0,, 6) in Eq. (E}) the NLCC terms.g|ven(r|nl Ref. 16 by averaging
ol p=1 over spins and by separating“sVy, into a valence and a
core contribution: A“sv;’c(r)=20,f;’g"(r)(A“5pU,
3 +dpe, o /dug).
1 Ultrasoft pseudopotentidf$for Fe and Ni have been gen-
A[vn|= |Vn|g§,;” 32::1 g1 0pANgr. ™ erated according to a modified Rappe-Rabe-Kaxiras-

Joannopoulo$RRKJ) schemé&’ with three Bessel functions,

following the method of Ref. 18. Relativistic effects are in-
Again Eq. (4) is the correct functional derivative even at ¢jyded in the pseudopotentials by solving the Koelling-
finite cutoffs. Within the LSDA,G, and G, do not depend  Harmon scalar relativistic equatibhto calculate the all-
upon the density gradient. Thus only the first term in @9.  gjectron reference atomic configuration. Our numerical
is nonvanishing and one recognizes the LSDA expression ghgyts are obtained using the Perdew-Burke-Ernz&thof
fye” (the functional derivative of the exchange and correlaPBE) expressions ofz, and G.. All GGAs calculations
tion potential with respect to the chajgés in Ref. 12, we  have been performed with pseudopotentials generated con-
compute analyticallyG,,G.,A, A;, andBZ and numeri-  sistently within the PBE schenfé A kinetic energy cutoff of
cally their derivatives with respect to,, n, , |Vn,|, and 25 Ry is used for both Fe and Ni. The augmentation charges
|[Vn|. The gradient ofAn, is instead evaluated via Fourier are expanded up to 400 Ry. This large cutoff for the aug-
techniques. mentation charges is needed to minimize the errors in the

The introduction of ther-GGA has no effect on the for- linear response calculations with the GGA. For the Bril-

mal expressions of the second derivatives of the total energipuin zone(BZ) integration we use 24(bcg and 60(fcc) k
given in Ref. 7 provided thaAVj, are computed using Eg. points in the irreducible BZ. Integration up to the Fermi sur-
(4) and a sum over spin components is done in each ternface is done with the smearing technique of Ref. 22 with the
NLCCs yield two additional contributions as shown in Ref. smearing parameter=0.01 Ry(Fe) and o=0.03 Ry (Ni).
16 for the norm-conserving, spin-unpolarized case. In ouiThese parameters are sufficient to provide phonon frequen-
case, with the notations of Ref. 7 we have cies converged within 3 cirt. The dynamical matrices have
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TABLE |. Calculated lattice constantg(), bulk modulus By), ]
magnetic moment ), and cohesive energye() of bcc Fe and Ni
fcc Ni. The atomic energy is obtained at the magnetic ground state 300 -
(d5s*d*%s%8 for Fe andd®s'd*s® for Ni). Experimental data are —_ e
taken from Ref. 24. T o]
E =200f N
2 (@u) By (Mban g (ug)  E (€Viatom ~ ‘
bcec-Fe 100
LDSA 5.22 2.33 2.10 6.64
a-GGA 5.41 1.50 2.38 5.15
Expt. 5.42 1.68 2.22 4.28 r X W X K T L
fce-Ni FIG. 2. Calculated PBE phonon dispersiofs®lid lineg for
LDSA 6.48 2.53 0.59 6.08 magnetic fcc Ni compared to inelastic neutron scattering ¢tiid
o-GGA 6.65 1.91 0.64 4.88 diamond and to calculated LSDA dispersiofdotted lines.
Expt. 6.65 1.86 0.61 4.44

transverse acoustic branch along theH direction. The re-
ported experimental inelastic neutron scattering data are
been computed on a>44x4 g-point mesh, and a Fourier taken atT =295 K 25 Temperature and zero-point motion are
interpolation has been used to obtain complete phonon dig0t included in our calculation. In order to estimate the mag-
persions. nitude of these effects, we have used the experimental ther-
We focus on magnetic bcc Fe and magnetic fcc Ni whichmal expansion coefficiefft and the method of Ref. 27, re-
are the experimental zero-temperature crystal structures. Bpectively. FromT=0 K to T=295 K the lattice constant
Table |, we report the equilibrium lattice constants, bulkincreases by about 0.2%. Furthermore, to account for zero
moduli, and cohesive energies of Fe and Ni obtained from ®0int motion we have to augment the theoretical lattice con-
fit with the Murnaghan equation for the total energy as astant by 0.14%. The PBE phonon frequencies calculatéd at
function of volume. In the same table we report also thewith an expanded lattice consteam=5.43 a.u. are 7 cm'
magnetic momentg,) calculated at the theoretical equilib- (T1), 1 cm * (T,), and 13 cm* (L) lower than the values
rium lattice constant(The values ofu, have been computed Pplotted in Fig. 1. Therefore, taking into account thermal ef-
on a mesh of 40& points withc=0.01 Ry in Ni) Results ~ fects, we find that, in Fe, the GGA tends to slightly under-
obtained using both the LSDARef. 23 and o-GGA are estimate the phonon frequencies as in Si, C, and’Glow-
reported. The experimental lattice constants of Fe and Ni ar@Ver, the phonon spectra calculated using the LSBi§. 1)
equal(within the theoretical precisioro theo-GGA values, ~Show severe discrepancies with respect to experiment. The
and 3.7%(Fe) and 2.6%(Ni) higher than the LSDA values. average error is 18 cit with a maximum error of 44 cim'
Our theoretical parameters are in very good agreement withlong theH-N direction.
the results of Ref. 24 where pseudopotentials similar to ours The o-GGA phonon dispersions of Fe, computed along
have been used. All phonon calculations are performed at tH@eN-I",I'-H, andH-I" directions, have been presented also
theoretical lattice constants reported in Table I. in Ref. 8. These authors used the all-electron projector
The calculated PBE phonon dispersions of magnetic bcaugmented-wave meth@dto deal with Fe. Overall the
Fe are shown in Fig. 1 along the main high-symmetry linestgreement between the two calculations is good. For in-
of the BZ of the bcc lattice and compared with experimentaistance, the frequency of thig mode at theN point is over-
inelastic neutron scattering data. If thermal effects are neestimated by about 22 ¢m in Ref. 8 and 18 cm' in our
glected, very good agreement is found between theory anéglculation.
experiment. The average difference, computed as in Ref. 12, The calculated PBE phonon dispersions of magnetic fcc

is 6 cm ! and the maximum errd20 cm %) is found for the ~ Ni are shown in Fig. 2 along the main high-symmetry lines
of the BZ of the fcc lattice, and compared with inelastic

neutron scattering experimental data. Neglecting thermal ef-
Fe fects, excellent agreement is found between theory and ex-
~ e periment. The average error is of 2 chwith a maximum
error of 11 cm* for a single point on thd, branch along
I'-K. The reported experimental inelastic neutron scattering
data are taken af=296 K2° At this temperature, thermal
expansion and zero-point motions, estimated as in Fe, lead to
an increase of the lattice constant of about 6.B3l5
=0.38%. The PBE phonon frequencies at ¥point of the
BZ computed witha,=6.675 a.u. are 4 cm' (TA) and 6
cm ! (LA) lower than the values plotted in Fig. 2. Therefore
thermal effects on phonon dispersions are small in Ni and the
FIG. 1. Calculatedr-GGA phonon dispersionsolid lineg for ~ 0-GGA provides accurate phonon frequencies. In Fig. 2 we
magnetic bcc Fe compared to inelastic neutron scatteringsiatid ~ display also the LSDA theoretical results. The LSDA turns
diamond and to calculated LSDA dispersiogotted lines. out to overbind, and the phonon frequencies are correspond-

H P r H N P N T
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Fe | Ni
300 -
T
£ 200
L
3
100 -
H P r H N P N r T X W X K r L
FIG. 3. Calculated PBEsolid lineg and LSDA (dotted lines FIG. 4. Calculated PBEsolid line9 and LSDA (dotted lines
phonon dispersions for magnetic bee Fe, both computed at the @ghonon dispersions for magnetic fcc Ni, both computed at the ex-
perimental lattice constant. perimental lattice constant.

ingly too high. The average error of theory with respect to

experiment becomes 15 crhwith a maximum error of 29
—1

cm

cm ! in Fe and 15 cm! in Ni. These results are similar to
those found in Al and Cu in the spin-unpolarized c¥se.

) . . To conclude we have found that phonon dispersions in Fe

We haye estlmated th? effect of magnetism on the pho,noand Ni are very well reproduced by the combined use of the
frequencies of Ni by doing one calculation with the spin-GGa * gpin polarization, ultrasoft pseudopotentials, and
unpolarized GGA. The magnetic effects turn out to be quitey; ccs. LSDA phonon dispersions are systematically higher
Sma"' Spm-unpolarlzled.GGA frequencies are, on averaggnan experimental data. Consistently with previous GGA
higher of about 3 cm with respect to ther-GGA ones. In  y4n6n calculations it is found that gradient corrections,
Ni, different exchange and correlation functionals, LSDA ;4ed to the LSDA, act as a negative pressure which en-
versus-GGA, produce effects much larger than magne-jgges the lattice constant and softens the phonon frequen-

tism. On the contrary, in Fe, a proper account of magnetigjes |n the case of Fe and Ni, this softening brings theory
effects is mandatory, since nonmagnetic bcc Fe is uns?ﬁble.and experiment into much better agreement.

In Figs. 3 and 4, we compare the-GGA and LSDA
phonon dispersions of Fe and Ni calculated at the experimen- This work has been supported by INFM/F, INFM/G,
tal lattice constant in order to quantify the effect of theINFM “Iniziativa trasversale calcolo parallelo,” and
o-GGA lattice expansion on the final result. ToeGGA  MURST (Cofin99. All calculations have been performed
frequencies are stiffer than the LSDA ones when computegvith the PwscFand PHONON codes, to which spin polariza-
at the same lattice constant. The average differences are tion, the o-GGA, and NLCCs have been added.

IM. van Schilfgaarde, I.A. Abrikosov, and B. Johansson, Nature'*R.O. Jones and O. Gunnarson, Rev. Mod. PBis 689 (1989.

(London 400, 46 (1999. 153.A. White and D.M. Bird, Phys. Rev. B0, 4954(1994).

2S. Lundquist and N. H. MarchTheory of the Inhomogeneous '®A. Dal Corso, S. Baroni, R. Resta, and S. de Gironcoli, Phys.
Electron Gas(Plenum Press, New York, 1983 Rev. B47, 3588(1993.

3C.S. Wang, B.M. Klein, and H. Krakauer, Phys. Rev. L&,  '’A.M. Rappe, K.M. Rabe, E. Kaxiras, and J.D. Joannopoulos,
1852(1985. Phys. Rev. B41, 1227(1990.

4p. Bagno, O. Jepsen, and O. Gunnarson, Phys. ReM, B997  8G. Kresse and J. Hafner, J. Phys.: Condens. MaieB8245
(1989. (1994).

5D.J. Singh, W.E. Pickett, and H. Krakauer, Phys. Reu311 1pp. Koelling and B.N. Harmon, J. Phys. 10, 3107(1977).
628 (1991). 203 p. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L&f.

6S. Baroni, P. Giannozzi, and A. Testa, Phys. Rev. 158;.1861 3865(1996.
(1987); P. Giannozzi, S. de Gironcoli, P. Pavone, and S. Baroni?*We used as reference the all-electron configuratiofd8! for Fe
Phys. Rev. B43, 7231(199)); S. de Gironcoli,ibid. 51, 6773 and 3%s? for Ni. The core radii(in a.u) of our pseudopoten-
(1995. tials are Fe 4 (2.0, 2.2, 4p (2.2, 2.3, and 3 (1.6, 2.2. The

"A. Dal Corso, A. Pasquarello, and A. Baldereschi, Phys. Rev. B  all-electron potential pseudized befare=1.7 has been taken as
56, R11 369(1997. a local potential: Ni 4 (2.0, 2.5, 4p (2.4, 2.6, and 3 (1.6,

8D. Alfé, G. Kresse, and M.J. Gillan, Phys. Rev6B 132(2000. 2.5. The all-electron potential pseudized befarg=1.7 has

9X. Gonze and C. Lee, Phys. Rev.35, 10 355(1997). been taken as a local potential. Two values of the core radii

10D, vanderbilt, Phys. Rev. B1, 7892 (1990. indicate a channel which has been pseudized with the ultrasoft

115.G. Louie, S. Froyen, and M.L. Cohen, Phys. Rev2@ 1738 scheme. In such a case, the first value is the norm-conserving
(1982. core radius and the second is the ultrasoft one.

12F_ Favot and A. Dal Corso, Phys. Rev.6B, 11 427(1999. 22M. Methfessel and A.T. Paxton, Phys. Rev4B, 3616(1989.

13A. Dal Corso(unpublishedl 233 Perdew and A. Zunger, Phys. Rev2B 5048(1981).



PRB 62 Ab initio PHONON DISPERSIONS OF Fe AND Ni 277

24E.G. Moroni, G. Kresse, J. Hafner, and J. FurtiienyPhys. Rev.  2’P.B. Allen, Philos. Mag. B70, 527 (1994.

B 56, 15 629(1997). 28p E. Biachl, Phys. Rev. B50, 17 953(1994); G. Kresse and D.
25B.N. Brockhouse, H.E. Abou-Helal, and E.D. Hallman, Solid  Joubert,bid. 59, 1758(1999.

State Commun5, 211(1967). 29R.J. Birgeneau, J. Cordes, G. Dolling, and A.D.B. Woods, Phys.
26American Institute of Physics Handbodid ed., edited by D. E. Rev. 136, A1359 (1964).

Gray et al. (McGraw-Hill Book, New York, 1972 p. 4-125 30H.C. Herper, E. Hoffmann, and P. Entel, Phys. Rev6@® 3839
(Fe), 4-126(Ni). (1999.



