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Fast ab initio methods for the calculation of adiabatic spin wave spectra in complex systems

PHYSICAL REVIEW B, VOLUME 63, 10040(R)

O. Grotheer, C. Ederer, and M. liade
Max-Planck-Institut fu Metallforschung, Heisenbergstrasse 1, D-70569, Stuttgart, Germany
(Received 12 September 2000; published 6 February)2001

The interpretation of the physics of magnets with reduced dimensionality often requires information on the
spin wave excitations at arbitrary wavelengths which is generally hard to obtain experimentally. Two powerful
methods for theab initio calculation of adiabatic spin-wave spectra are introduced, a frozen-magnon-torque
method for systems with large exchange fields and a transverse-susceptibility method which may be used also
for materials with smaller exchange fields. The efficiency of both methods results from the fact that the number
of calculations required to obtain the spin-wave spectrum scales linearly with the number of basis atoms in the
unit cell. Results are given for Fe, Co, Ni, permalloy;Re&, and CoFe, materials which are often used for
thin-film technologies.
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In recent years magnetism in reduced dimensionality hasonsistent manner which is not possible within phenomeno-
become extremely important because of the very rapid dedegical models like the Heisenberg model or the Hubbard
velopment of thin-film technologies for basic research ancHamiltonian®
for applications in magnetotransport. Thereby, spin excita- For a full account of the excitations in principle the dy-
tions like single-particle Stoner excitations or collective spin-namic transverse susceptibilityy. (g,0) had to be
wave excitations play a central role for thermostatic phe- calculated which contains both the single-particle Stoner ex-
nomena, but also for the transport phenomena because tk#ations and the spin-wave excitations as well as their inter-
spin-dependence of the inelastic mean free path of an excitd@rence which determines, e.g., the lifetime of the magnons.
hot electron is determined by spin-flip exchange scattering athis has been achieved by Savraswithin the framework
these excitation$® A quantitative analysis of the various Of the time-dependenab initio linear-response density-
phenomena requires information about the spin-wave spectféinctional theory, which at present, however, is too costly to
which is often difficult to obtain experimentally. One ex- P€ applied to complex systems. We therefore adopt the adia-
ample is the spin-dependent transport of hot electrons in Btic approximation which is based on the notion that the
spin-valve transistor where in the “bulk” of the metallic very rapid electronic degrees of freedom can adjust almost

components spin-flip exchange scattering at spin waves of a||r|13tantaneously to the slow magnetic degrees of freedom de-

wavelengths occurs. Because the energies of shor scribed by the orientations of the magnetic moments, so that

wavelength spin waves ird3ransition metals are very large he electronic system is assumed to be all the time in its
wavelengtn sp . . ery 1arge, ground state with respect to the momentary directions of the
it is difficult and costly to investigate thbulk spin wave

; ) P 4 in the devi b moments. The theory of adiabatic spin-wave spectra has
spectra of various &8 magnets used In the devices by poq, developed mainly in the last five ye3r¥ Because the

neutron-scattering experiments. A second example is theyierference of the magnons with the single-particle Stoner
generation of magnons by hot electrons atititerfacesbe-  excitations is neglected in the adiabatic approximation, the

tween the insulating barrier and the magnetic electrodes %agnon lifetimes and special features of the spectrum at
magnetic tunnel junctions which is responsible for the reducshorter wavelengths arising from this interference like the
tion of the magnetoresistanéeBecause the magnon spec- “optical magnon branch” in Ni around 150 me¥Ref. 1J)
trum at such an interface is hardly accessible by experimentgannot be obtained. Altogether, the adiabatic theory repre-
the quantitative analysis of the data so far must manage witbents an excellent approximation for the long-wavelength
a simple modelling of the spin-wave spectra by a Debydimit and a reasonable approximation for smaller wave-
model? Finally, the short-wavelength spin wavessatfaces lengths.
or in ultrathin magnetic filmsf few magnetic monolayers In the present paper we introduce two methods to calcu-
contribute to the spin polarized electron energy losdate adiabatic spin-wave spectra by thb initio density-
spectrun® Whereas low-energy spin waves in ultrathin films functional theory in local-spin-density approximation
can be studied by ferromagnetic resondnmeby Brillouin  (LSDA).}? Combined with the time-saving atomic-sphere ap-
scattering experimenfsthe direct experimental determina- proximation for the potential and the spin directitsee be-
tion of the short-wavelength spectrum is again difficult. low) they are able to yield a reasonably fast and semiquan-
From the above discussion it becomes obvious that a thd#tative overall description of the spin wave spectra in
oretical determination of spin wave spectra would be excomplex systems, e.g., at surfaces and interfaces, which is
tremely helpful for a quantitative analysis of experimentalcertainly superior to model descriptions like the Debye
data, especially for complex situations like compounds, surmodel sometimes us&dor complex situations. The capabil-
faces and interfaces. Thereby, the methods ofatenitio ity of the method is demonstrated for Fe, Ni, CogfR&, and
electron theory have to be used to cope with the interplayCoFe, materials which are frequently used in magnetoresis-
between structure and exchange interactions in a seltive devices.
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Among the various existing adiabatic decouplingjustN different frozen-magnon calculations, and this renders
scheme®%1° we use the procedure of Halilost al® which  possible to deal with complex systems, i.e., large supercells
results in a classical equation of motibh, containing many basis atoms.

In principle the frozen-magnon configurations with ampli-
. 2up 2ug dE tudesug, have to be generated within the constraint density-
Ma=— TNa:_TWaX as 1) functional approact with Lagrangian parameters which
have to be determined self-consistently which makes the
for the lattice site spin magnetic momet, which is just method time consuming. To make the method more effec-
the integral of the magnetization density(r) over an ap- tive, we do not prescribe primarily the magnetic moment
propriately defined cell volume around lattice site The  directionsMg, 1/|Mg. 1| but'® the directions of the local-
quantity N, represents the torque acting di,, and spin quantization axesg,t for the calculation of the
E({M,}) is the energy of the system for prescribed momenexchange-correlation energy in atomic-sphere approximation
directions{M }. In the following we consider a system with (ASA),*° given in the notation of Ref. 17
translation vector3 and basis vectorR which describe the
positions of the atoms in the unit cell. In the case of a bulk ASA_ 3
material the unit cell corresponds to the elementary unit cell. By _;T fQRHn(r)eXC(n(r),eR”-m(r))d r.
To describe systems with an interface or a surface the unit
cells are large supercells containing two interfaces or conAs a consequence of this often used ASA approximation the
taining a vacuum layefin the case of surfacesvhich are  exchange-correlation fiells’, 1 is parallel toez . 1, whereas
repeated periodically. We furthermore assume a ferromaghe direction ofMg, 1 deviates by an angla 9z, 1. The

netic ground state with magnetic momentsardirection.  torquesNg=(JE/IMg) X Mg then are approximated Hyg

Adopting the harmonic approximation f&({M,}), Eq.(1)  =(dE/deg)x e calculated according to Ref. 18, and there-
yields for the spin waves Mg, +iM§,t=2zz.1 fore the coupling constants evaluated according to (&y.
=uge'(@ 7Y the eigenvalue equation are not the “true” coupling constants. Systematic errors

scale likeA9g/ 9~ w(q)/(By;) whered is the amplitude of

_ N the frozen-magnon configuration akB,.) is an appropri-
ﬁw(Q)uR_2“B|MR|§ Arr (AU, 2 ately averaged exchange-correlation field. For Fe with a

large exchange-correlation field we fidd3/9< 10% even

where theAER,(q) are the Fourier transforms of the trans- for the largest spin-wave energi#s(q) whereas for Ni we

verse coupling constants find AJ/9 values of up to 46%. This makes clear that
frozen-magnon-ASA calculations yield reliable adiabatic
9°E 5°E spin wave spectra only for systems with large exchange-
Agg (T-T")= — = ; correlation fields.
IMR 1My, 7 IME7dM, 1) Spin wave spectra from the transverse susceptibility.

(3)  stead of prescribing a frozen-magnon configuration for the

For a system withN basis atoms the coupling constants m)(c:ment;h)flR,+T we r:o.v%/ apply a splral_ exte,rnal field
+iBg,  1=|Br/[€'?" to one sublattice R’). The

L 2 R/ +T
C\/Rg,rgg\)/viir;g%n ep?v?/?)dmcg\tlh olggetge: ;:(?Sra'zsilhgara:)n;;fers. field is constant within eaph at_omic sphere. The linear re-
initio electron theory. sponse has the form of spin spirals on all sublattiRes

Frozen-magnon calculationi these calculations frozen- X L ingy L Lo el 1
magnon confi?;urations of the formk,t=ure'd " are pre- MRHIME=Xpe (D)IBr/]. X (D=[A (@] (6)
scribed for various sublattices. In the original version of thep complete column of the matrix'(q) therefore may be
frozen-magnon calculatione.g., Ref. 9 the N? parameters gohtained by prescribing a field spiral just for one sublattice
of the coupling constants then are obtained viaBBfrom R’ and calculating the induced magnetic moments on all
the energy differences df? different frozen-magnon con- gther sublattice®. Thus, theN? real parameters which de-
figurations. We mtrodgce a variant of thg method by notingiermine the susceptibility tensgt (q) for each wave vector
that the torquedg acting on the magnetic moments of the ¢ may again be obtained from jubt different calculations,
sublatticeR originating from the frozen-magnon configura- gnd the matrixA* (q) is determined by inverting" (q). Be-

tions prescribed for the sublatticgs are given by cause the induced magnetic momets are calculated self-
consistently, this method also applies to materials with
“NYL+iNE=|M AL (O)Ug 4 smaller exchange fields. To make the calculational method
R == R|§ R (G)UR @ time saving, we again apply the ASA approximation for the

spin directions. Because the choice of the spin quantization
A complete column of the matriRgg, (q) therefore may be axeseg, ; has an influence on the directions of the induced
obtained by prescribing a frozen-magnon configuration justnoments, the directions of the magnetic moments and of the
for one sublatticeR’ and calculating the torques acting on spin quantization axes have to be determined self-
the magnetic moments of all sublatticBs Thus, theN?  consistently. We have shown in Ref. 17 that the error in the
parameters of the coupling constants may be obtained frorotal energy originating from the ASA approximation is
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FIG. 1. Adiabatic spin-wave dispersion relations along high- FIG. 3. Adiabatic spin-wave dispersion relations along high-
symmetry lines of the Brillouin zone for Fe. Broken line: frozen- symmetry lines of the Brillouin zone for Ni. Broken line: frozen-
magnon-torque method, full line: transverse susceptibility methodmagnon-torque method, full line: transverse susceptibility method.
The symbols denote results from neutron-scattering experim@nts: The symbols denote results from neutron-scattering experiments:
(Ref. 28, X (Ref. 29 for Fe 12% Si,@® (Ref. 30 for Fe 12% Si.  (Ref. 32, and X (Ref. 11. Our results from the frozen-magnon-
Our results from the frozen-magnon-torque method are very similatorque method are similar to those of the frozen-magnon-energy
to those of the frozen-magnon-energy method of Ref. 9. method of Ref. Qalbeit slightly larger in the high-energy regime

minimized when selecting after each iteration step of this; {ogether with experimental data. As expected, the results of
self-consistency cycle the set of spin quantization axes fofhe two calculational methods agree well for the case of Fe
the next iteration step according ®&t=Ngr;7/|Ngi7|  because there the angled between the actual magnetic
where theNg_ 7 are the torques acting on the moments aftermoment direction and the direction of the spin quantization
the last step. When choosing tkeg_ 1 in the conventional axis prescribed in the frozen-magnon method is small due to
way'® parallel to the moments after each iteration step, venthe large exchange-correlation field. In contrast, for Ni which
large errors fory*(q) (factors 2-3 may arise. has a much smaller exchange field there are large differ-
Our calculations were performed by our recently devel-ences, and the case of Co is in between. Interestingly, for Ni
oped versiol?'!18 of the tight-binding linear-muffin-tin- our spin-wave frequencies from the transverse susceptibility
orbital-ASA method® which is able to account for the non- are in the high-frequency regime much larger than the ex-
collinearity of the spin configuration in the way described inperimental frequencies whereas the data from the frozen-
Ref. 16. magnon calculation agree quite well with the experimental
The results for Fe, Co, and Ni are shown in Figs. 1, 2, andlata (apart from the experimentally observed structure at
about 150 meV which results from the interference of spin
0.8 waves with Stoner excitationsalthough the susceptibility

method yields the more reliable data for the adiabatic spin
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FIG. 2. Adiabatic spin-wave dispersion relations along high-

symmetry lines of the Brillouin zone for Co. Broken line: frozen- 0.0
magnon-torque method, full line: transverse susceptibility method.

The symbols denote results from neutron-scattering experiments: FIG. 4. Adiabatic spin-wave dispersion relations obtained by the
(Ref. 28, and X (Ref. 3]). Our results from the frozen-magnon- transverse susceptibility method along high-symmetry lines of the
torque method are very similar to those of the frozen-magnonBrillouin zone of the simple cubic elementary unit cell of;Né
energy method of Ref. 9. (broken ling and CoFe(full line).
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waves. This is related to the fact that for Ni the exchangeluce large changes of the frequencies. We found such a criti-
splittings for the valence states as calculated by LSDA are aal dependence just for this special syst@mt for CoFe and
factor of about 2 larger than those obtained by photoelectroni;Al, e.g). Because we did not obtain really converged
spectroscopy} because the strong many-body effects in Niresults for the optical branches, Fig. 4 exhibits for,fé
cannot be accounted for by LSDAThe apparent success of only the acoustical branch. Our results for the spin wave
the_ frozen-magnon method for Ni _resu_lts from the compensiiffnessD, 500 meVA for CoFe and 550 meVAfor NisFe
satlon_ of _two effects, the overestlmqtlon_of the spin-wavesgn pe compared with experimental data which, however,
energies in LSDA and the underestimation of the LSDAdepend very sensitively on composition and sample prepara-

frozen-magnon frequencies because of the strong misalig
ment of the magnetic moments and the prescribed spin qua

tization axes. It should be noted that the time-dependent

density-functional theory of Savrasbalso yielded consider-
ably too large magnon frequencies for Ni in the high-
frequency regime.

We have also calculated the spin-wave spectra of B2

CoFe and permalloy LiNisFe by the transverse suscepti-
bility method (Fig. 4), because Cgre,_, (mainly for large
x) and NiFe,_, (mainly forx~0.8) are the most frequently
used materialgbeside Fe and Qdo study magnetoresistive
effects in thin-film devices. It turned out that for Jfie the

fon (e.g., degree of atomic ordeStanding spin-wave reso-

ance experiments on epitaxially growngg&a, 45 films?®
and Brillouin scattering experiments on polycristalline
Fey 54 0 47 films** yielded D=360 meVA and D= (800
+50) meVA, whereby both materials presumably were not

well ordered, and a value & =450-480 meVA was found

by inelastic neutron scatterirfd.Neutron-scattering experi-
ments, magnetization experiments and spin wave resonance
experiments on disordered JWie (Ref. 26 yielded values of
about 300 meVA and neutron scattering experiments
showed’ that D increases with increasing degree of order,

results for the three optical branches depend very criticallyattaining a value of 420 meVor the best ordered samples.
on the detailed values of all components of the susceptibilityAltogether, we think that the agreement between theory and

tensor, i.e., very small changes in tkgoint sampling in-

experiment is quite satisfactory.
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