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Spin-wave excitation spectra of nickel and iron
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A Green’s function formalism for calculating spin-wave excitations is developed for practical calculations
and tested for real solids. The mapping to the Heisenberg Hamiltonian commonly used in spin-wave calcula-
tions is avoided, making the formalism suitable for both localized and itinerant magnetic systems. To test the
formalism, we have calculated the spin-wave spectra and dispersions of ferromagnetic Fe and Ni. The results
prove to be in very good agreement with experiment and some novel features are predicted.

First-principles studies of the electronic structure of ma-fully explained. A prominent feature is the presence of two
terials have been primarily concentrated on the charge degrdwanches, known as the “acoustic” and “optical” branches.
of freedom whereas the spin degree of freedom is principallfarly pioneering calculation®** and more recent studies
frozen. The energy scale of spin fluctuatiqiasfew tens of ~ did succeed in reproducing the two branches but there are
meV) is indeed much smaller than a typical energy scale ofome problems. A more recent and probably the most up-to-
charge excitations which is of the order of a few eV. How-date calculation using TD DFT gives a dispersion in signifi-
ever, transport and thermal phenomena such as specific he@@nt deviation from experiment for the optical braricA.
and resistivity are well-known examples which lie in the possible explanation is that the Kohn-Sham band structure is
low-energy regimé.More recently, the study of spin excita- in disagreement with the photoemissi@uasiparticlg band
tions has gained a lot of interest due to the discovery oftructure. In particular, the exchange splitting, which is rel-
high-temperature superconductivity. There is compellingevant for determining the spin-wave dispersion, is overesti-
evidence that spin fluctuations are the mediator of the attradhated by the LDA by a factor of £,*°whereas this is not
tive interactior?® the case in Fe.

Despite the importance of spin excitations, first-principles  For Fe, existing calcglatioﬁ%z'lfhave been successful in
calculations using realistic energy bands and wave functiongproducing the experimental dispersidr; at Ie_ast for
are rather rare. This is partly due to a lack of theoreticasmall momentum transfer. However, a very interesting
frameworks and partly due to a lack of efficient numerical@nalysis of the temperature-dependent magnetization of Fe
schemes and the large numerical effort required. The mogtredicts a gap in the spin-wave dispersion at about 0.74 A
common technique for calculating spin-wave dispersions igvhich is necessary to explain the experimental magnetization
the frozen magnon method where the problem is mapped data®® Such a crossover gap between the acoustic and optical
the celebrated Heisenberg Ham"torﬁmd the parameters branches is in fact not observed experimentally. As will be
in the model are obtained from realistic calculations. Severaghown later, our calculations also predict a similar gap at the
shortcomings are readily apparent: The method does not givgme wave vector.
the spin-wave spectra so that lifetime and multiple branches We first describe the formalism and the numerical
are not accessible. Moreover, applications of the method t§cheme. For details of the theory we refer to Ref. 21. Spin-
itinerant electrons are difficult to justify. Spin-wave excita- Wave excitations are related to the imaginary part of the mag-
tion spectra are also attainable using time-dependent densigtic 7-ordered response functiti
functional theory(TD DFT).> Although the method is for-

mally exact, the calculated spectra may depend significantly &a'(r7))
on the quality of the exchange-correlation potential. Thus, a Rij(rrr'r")= Ser o (1)
simple approximation may not be adequate, and not surpris- ¢i(r'r")

ingly, the spin-wave dispersions calculated within the local

density approximatich® (LDA) are often in large discrep- wherel, :O’X%Z' The ext.e_rnal fieldy, correspon_ds .to a
ancy with experiment. A new method for calculating spin—Scalar one fo =0 and for] =%,z [0 the_ magne_tlc_flek_j.
wave spectra was also proposed recently but the applicabilit erea and § denote the spin and the spin density is given
of the method has not been demonstrdted. y
In this report, we develop a recently proposed formalism . ,
for calculating spin-wave excitations into a practical scheme (0'(rm))=0,Gap(rr,r7"), i)
and demonstrate its applicability by calculating the spin-
wave spectra and dispersions of ferromagnetic Fe and Nivhere a repeated index or variable implies a summation or
The spin-wave spectra of these materials are rather complértegration provided the index or variable does not appear on
and they should provide a stringent test of the method.  the other side of the equatiog,; is the Matsubargtem-
The experimental spin-wave dispersion of (Ref. 11 peratur¢ Green function ands' the Pauli spin matrices.
shows a number of interesting features which have not beelirom Ref. 21, the simplest approximation f&rleads to
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Rij(0,) = = 0,0 AlBgr) [K1(0,0) + Ti(0,0)] 600
><<Bq5|q>’ (3) . .
Where(q|qu>=fd3rexp(—iq~ r)Bgr(r), and schematically 500 *
T=K[1-WK] K. (@ )
400 |
This is equivalent to the random phase approximation
(RPA).22 In our formalism, the screened interaction .
emerges in a natural way as part of the theory. This is in % 300 |
contrast to other theories where the interaction between the g
electron is assumed to be screened. The interpretation of Eq. o + eee oo
(3) is that K represents the noninteracting response @nd * o
describes correlations in the form of repeated particle-hole 200 Lo
scattering events of opposite spins, which eventually is re- .
sponsible for the formation of spin waves. The main task is 2 +
to calculate the kerngl which is given by 100 | L
&
KB(rr"; o) .
0o ——
& S reng (D e oD iy a1 Pienp(r') s X

=2 > X

w (0+1 8= € at €knp) _ FIG. 1. Spin-wave dispersion ann@QO) for nicke!. Open
circles correspond to the present calculations and solid squares to
ina DU (D e a(P) G (1) experiment(Ref. 11). Experimental error bars are indicated by ver-
_ TKn k n B n'A knat” 7 (5) tical solid lines. Also shown(black circle$ is the optical mode
(w+16+ €n g~ €kna) obtained by SavrasofRefs. 5 and 25

Here{¢yna »€kne} are the LDA Bloch states and the corre-
sponding eigenvalues, respectively. For practical calculamaintained but a drastic reduction in the energy of the opti-
tions, it is suitable to use Bloch basis functidBg for the  cal spin-wave branch is found, leading to very good agree-
space variables. We have developed a scheme using a locatent with the experiment of Mookt al!!
ized product basi& based on the linear muffin-tin orbital The main difference between the calculated dispersion
(LMTO) method within the atomic sphere approximatfn. and the experiment is that the low-energy acoustic branch is
The number ofk points is~1000 in the irreducible zone. disappearing for slightly smalley values. Interesting to note
The o function in the imaginary part of kernel is replaced by is that the spin-wave excitation energy, is merely constant
a Gaussian (7o) ~lexp(~w?%d?). We have used this tech- for g>0.6(1,0,0)27/a. The present results strongly indicate
nique rather than the tetrahedron method because we wish that the main source of problem in the TD DFT calculation
investigate the effects of broadening on the spectra. In orderan be traced back to defective LDA eigenvalues in Ni, in
to separate the band structure effects, we will solve for thgarticular the exchange splitting. This is also supported by
response function using lacal and static screened interac- the fact that for Fe, where the LDA eigenvalues are in agree-
tion W=W(r,r";w=0)8(r—r"). The spin-wave spectra are ment with photoemission data, no reduction in the exchange
given by IMR _ . (g, ) ~ IMR,,(q, w) and the spin-wave ex- splitting is necessary as shown later. Moreover, the TD DFT
citation energyw, can be identified with the position of the results for Fe are in good agreement with experinient.
main peak in IR _ . (q,w). We now discuss the origin of the two branches. From Eq.
The experimental dispersion curve for (ND0) is dis-  (4) we notice that a double-peak structure in the spin-wave
played in Fig. 1. The most recent calculafiarsing TD DFT ~ spectra may arise either from a complicated band structure
is capable of reproducing the acoustic branch quite well butmplicitly contained in the kernekC or from a strong energy
the calculated optical branch is in large discrepancy withdependence inV. Our results suggest that it is mainly the
experiment, as can be seen in Fig. 1. In an ordinary LDAband structure that is responsible for the presence of the two
calculation of Ni the exchange splitting for states at the toporanches since we have used a static Typically, ImK is
of the occupied band is overestimated by a factor of 2 compeaked at about the average exchange-splitting energy corre-
pared to experiment0.3 eV vs 0.6 e¥.*>1® To investigate sponding to the Stoner spin-flip excitation where an electron
the role of the one-particle band structure we first calculatérom the majority channel is excited into the minority chan-
the spin-wave spectra using the ordinary LDA band struchel. Due to correlations, (2 WReK) and ImKC can both be-
ture. The results are similar to those of Savrd$owas ex- come zero or small at an energy below the Stoner peak. This
pected. In agreement with experiméhthe spin-wave dis- gives rise to a collective excitation or spin waves. Generally
persion curve exhibits two branches with the optical modespeaking, the appearance of more than one spin-wave exci-
substantially too high. We now decrease the exchange splitation, like the double-peak structure in the spin-wave spec-
ting by one-half which has the consequence of reducing thé&a of Ni, implies the presence of additional structure irKlm
energy for a Stoner spin-flip process also by a factor of onebelow the Stoner peak. In Fig. 2 we show a typical matrix
half. The corresponding spin-wave dispersion curve is showelement of (- WReK) and ImiC for the case when we used
in Fig. 1. The existence of two spin-wave branches is stilla band structure with a reduced exchange splitting. Not dis-
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FIG. 2. Matrix elemeni=j=1 of 1-WWReK (solid line) and
WImK (dashed ling for nickel; g=0.25(1,0,0) 2r/a. The vertical
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arrows show the peak positions in the corresponding spectra.
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FIG. 3. Spin-wave excitation spectra of nickel foq
=0.1875(1,1,1)2r/a for different broadenings.

underlying double-peak structure which becomes smeared
played is the Stoner peak located at approximately 0.3 eVout when a larger broadening is used. Therefore we have
Additional structures below the Stoner peak are clearly visstrong reasons to believe that there also exist two branches

ible which give rise to the double-peak structure leading tcalong the(111) direction.

the two branches in the dispersion.

The experimental spin-wave dispersion of Fe does not

Due to a large density of states around the Fermi leveappear to show anything peculi&r:® Unlike in Ni, the dis-

which is mainly of 31 character, Stoner-flig-d transitions

persion only shows one branch. The LDA exchange splitting

are enhanced and result in the small peak around 0.1 eV ifor Fe compares well with the experimental di2e2 eV), so

WImK. This in turn gives rise to a weak dip structure in no reduction for the exchange splitting is introduced. Up to
the available experimental data taken by LyfAmur results
shown in Fig. 4 are in very good agreement with experiment.
In fact, recent measuremettsollowed the spin-wave exci-

(1-WReK) via the Kramers-Kronig relation. Form
~(0.15-0.3,0,0)Z/a the dip structure in (£ WReK) is
located close to zero and consequently there willtlve
peaksin the spin-wave excitation spectra. The presence of
the double-peak structure is rather sensitive to both the po-
sition and intensity of the smaller peak. Thus for smaller and
larger g values the dip structure does not give rise to any
poles in (1- WReK) . For largeq, it is actually the posi-
tion of the main peak iIMWVIMK that determines the spin-
wave spectra.

Considering the cubic symmetry of Ni, one expects the
spin-wave dispersion to be isotropic. However, there is one
puzzling feature in the spin-wave dispersion along (thkl)
direction: Only one branch is observed, and calculations by
Savrasov seem to confirm this. It is feasible that the double
branch in the spin-wave dispersion is due to a complicated
nesting structure of the Fermi surface which is sensitive to
the direction ink space. On the other hand, the experimental
resolution is better alon@L00) than(111), so that a narrow
double-peak structure may not be observabldopting the
same reduction in the exchange splitting as in ({h@0 di-
rection, we have calculated the spin-wave dispersion along
(111 using several different broadenings. Wiit+0.08 eV
the spin-wave dispersion is in very good agreement with the
experimental datd However, using the same broadening as
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for the (100 direction (¢=0.02 eV} we can clearly distin- FIG. 4. Spin-wave dispersion alorijL0) for iron. Solid squares
guish a prominent double-peak in the spin-wave spectra asrrespond to experimefiRef. 18§ and open circles to the present
shown in Fig. 3. The results reveal that there is clearly arcalculations.
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tations to the zone boundary, and the observed energy was observe experimentally. Our calculations and the analysis
~350 meV, in agreement with our prediction. of Ododo and Anyakoh® however, give strong support for
Within the experimental sensitivity there is no sign of two the presence of the gap in the dispersion.

branches. But surprisingly, we found a gap in the spin-wave In summary, we have developed a proposed formalism for
dispersion aj=0.25(1,1,0)27/a with a substantially lower calculating spin-wave spectra into a practical scheme and
energy than the optical mode found in Refs. 12 and 17, aghown its practicability by calculating the spin-wave spectra
can be seen in Fig. 4. A very interesting work on theand dispersions of Fe and Ni. With this scheme, the result for
temperature-dependent magnetization of Fe and Ni was r§ne optical branch of Ni is in significantly better agreement

cently published by Ododo and AnyakdRahere they ana- _compared with previous calculations and additional features
lyzed experimental data regarding the variation of magnetis o ncovered which have not observed before either theo-
zation with temperature. In order to explain the experimentafetically or experimentally.

magnetization curve, they concluded that there should exist a

gap in the spin-wave dispersion of Fe ag We would like to thank S. Y. Savrasov for fruitful discus-
=0.25(1,1,0)Zr/a and 170 meV, in perfect agreement with sions and for providing us with some unpublished data. We
our findings. Considering that the double-peak structure irbreaﬂy acknowledge financial support from the Swedish

the calculated spectra is not as prominent as in the case Rfatural Science Research Coun@lK.) and NEDO(F.A.).
Ni, it is not surprising that such a structure may be difficult
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