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;;:ji:^ ;. -..•. '.v Vj.is jjl-^-fi' point t:;t-y have bceri obser-ved wi ) i

aMiVc l;.v Cu:-i-.: t-er̂ pc-rat ui'e. This behaviour is not consistent

v;itii :..:••_• j :ct io::S of localized spii. models but can be explained

by ttue L-a::d theoretic, or itinerant electron theory. In fact,

first principles calculations of the low temperature neutron

scattering cross-section based on the itinerant model have been

shown to be in excellent agreement with experiment. In addition,

the prediction of an optical spin-wave mode has been recently

confirmed. The finite temperature extrapolation of the low tempera-

ture theory based on the traditional concept of a temperature-

dependent spin-splitting of the electronic energy bands appears

to be inconsistent with experiment. A more realistic first

principles approach to develop a correct finite temperature

theory is under investigation.
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Neutron scattering experiments have recently revealed st.r.-.-

interesting and unusual properties of the spin dynamics of

the transition inetal ferromagnets nickel and iro:. which had not

been observed previously in any other magnetic materials. For

example, spin-waves were found to exist only in a relatively

restricted volume of the Brillouin zone around the zone center,

no matter how low the temperature /I, 2/. This disappearance

of the spin-wave made as one moves out into the Brillouin zone

is inconsistent with theoretical predictions based on the Heisen-

berg model where spin-waves are found to exist at all wave-vec-

tors for temperatures below the Curie temperature /3/.

On the other hand these neutron scattering results are con-

sistent with qualitative predictions based on the itinerant,

or band model of magnetism fkf. In fact, these qualitative-

predictions of the disppearance of spin-waves were partial mo-

tivation for the subsequent neutron measurements.

Perhaps even more surprising than the disappearance of up.in-

waves was the experimental observation that spin-waves existed

well above the Curie temperature and that the energy where the

spin-waves disappeared, the spin-wave cut-off energy, was inde-

pendent of temperature /I, 2/. This latter effect indicates

that the simple extrapolation of the low temperature itinerant

theory to finite temperatures based on the concept of a strong

temperature dependent spin-splitting of the electronic energy

bands can not be correct.
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to provide c>. gooj overall qua! i tat. i ve cies.-." : ;.t i •:. c; ;.:.-.- nejtrcr

scattering iviults. However, iii:cv the details •>:' :. .: *.he t:pIr.-

wave disappears (ur ii.tictj v;;aether it disappears .;• : I • is do-

teri:iir:cj by the electronic l;ar.d atructui't-, it ir. :r.; :•• -.:.t that

we carry out realistic lturneri^al calculations of • :.%. :.••<.' r^:.

scattei'irig intensity. Such quantitative results car. :., i orily

help establish the validity of th-_- itinerant theory : ut also

provide an indirect test of the electronic band stn.u:i .'re,

Calculations of this type are very difficult to carry oiii bo-

cause of the need not only to generate the electronic1 i-nergir-s

and wave-functions but also to carry out reasonably accurats.-

Brillouin zone sums involving Ihest- quantities. Ove:' trie yean

several accurate and efficient i::c-lhods for generating the elec-

tronic band structure have been developed and applied to maiiy

materials. Because of problems assosc iatea with excha:~.f> ;̂ :-

correlation effects the land structures generated by il.t'.-i- nu-

merical procedures ar-e not exact but they can pi'ovide " rea^or.

good results which can be used as a"realist ic" starting point i'uv

calculations of the neutron scattering cross-se.Hi.on. The briilouin

zone sums referred to above can also be accurately determined by

using analytic computer techniques, such as the Gilat-Rauben-

heimsr /^/ or the tetrahedron methods /6/. Therefore, eventhough

the calculation of the neutron scattering intensity involves

large scale computer calculation, reasonably accurate numercial

results can be obtained in practice.
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The purpose of the paper is to briefly outline the itinierant

electron theory of magnetism and to present a comparison of

some numerical results for the neutron scattering cross-section

for ferromagnetic nickel and iron with experiment. The paper

is divided into three sections. The general theory is outlined

in the first section, numerical results and comparison with ex-

periment are given in the second section, and a summary of con-

clusions is presented in the last section.

General Theory

The itinerant model of magnetism is based on the concept that

the electrons which are responsible for the magnetic properties

of a system can be described by an appropriate energy band

theory. This is built into the theory from the very beginning

by writing the general many electron Hamiltonian in terms of

Bloch wave functions {^nti* (•*""* \ » where n is the band index,

k is a wave-vector, and or is the spin.

*~ •?„ ("b0'!- ibjj; +U(r)lm£r) Cn£r Cho-ker
(1)

+ i t <".*.", ****••'/ i^r, /•!*.••; ••;.•*••**>
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.2)

The C/(r) is the electronic-nuclear potential, rne is the

electron mass, and Ctxkr (^nktr\ c r e a t e (destroy) electrons in

the Bloch states ^

The quantity we ultimately want .to calculate is thu inelastic

neutron scattering intensity which can be written in terms of the

time and space Fourier transform of the dynamic suceptibility 111,

, defined by

where 5" is the of component of the total spin operator S ,

and < y represents a canonical ensemble average,

The Green's function formalism is used to calculate 1£<r/3 . We

see from Eq. (4) that the Green's function which must be calcu-

lated is

(5)

where T is the time ordering operator. In this paper we are going



to be primarilarly interested in the spin-wave behaviour and,

therefore, we need consider only the transverse cross-section

for scattering neutrons into the solid angle dSi- with energy

and momentum transfer IJ> and £ respectively. For low tempe-

ratures it can be shown that this cross-section can be direct-

ly related to the Green's function ^- + £%)~2-) ^y the equation

(6)

where G j.^?z) ̂ s ̂ '̂ e complex time Fourier transform of

(7)

In the Bloch representation we can write

X ("k*i eT'~~ I flu-ft) £,.(»&,'» k+2,±) (9)
k

The calculation of the transverse neutron scattering cross-section

is therefore reduced to a calculation of &z

This Green's function is calculated using an equation of motion

method. The equation for <?a is decoupled from the higher order

equations by using a generalized RPA decoupling scheme. This

approximation neglects spin-wave/spin-wave interactions and

certain spin-wave/electron interactions and[, therefore, restricts the cal-

culation to low temperatures. At this point we also restrict
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the calculation to ferromagnetic materials. The resulting equa-

tion for (a^ can be further simplified by requiring that the

electronic wave-functions and energies satisfy the following

Hartree-Fock-like equations

(11)

The quantity f is the Fermi occupation number and OSct£. r'j is

a non-local screened electron-electron interaction. The theory

dictates how Usc is to be calculated but the procedure is too

difficult to carry out in practice. We assume, therefore5 that

Eq. (11) is sufficently general so that a realistic energy band

structure can be obtained for some appropriate choice of Os^ .

The specific procedure we use to deal with the problem wiJl be

described later on in this section.

With 7̂*0- C) and £Cr\hv) determined from Eq. (11) the equation

for the complex time transform of G x reduces to

In order to solve this equation we must find some reasonable

approximation for the screened coulomb matrix element. The

simplest approximation to make is to treat it as a constant,
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say Itf With this approximation the Eq. (12) can be solved and

the scattering intensity determined. The result for a single

band magnet for scattering vector Gt* %+x i T a reciprocal lattice vector

and % restricted to the first Brillouin zone, is

(15)

A similar approximation in Eq. (11) yields

where Y\T is the number of electrons with spin <j~

n,T - Z 4kv (17)

and ££ik) would have been the energy of the electrons had the

system been non-magnetic (n^ •= rt^) •

The result given in Eq. (13) is the well known enhanced suscepti-

bility result derived originally by Izuyama, Kim and Kubo /k/.

In order to understand what spin-waves are and why they disappear

we need to examine this expression in some detail.

The behaviour of the scattering cross-section is determined to

a great extent by 7^(3^") • From Eqs.(l4) and (15) we see
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that this function is simply rela.ted to the total density of

states for a spin flip transition of a electron across the

Fermi surface with a fixed momentum change %

Such excitations are called Stoner excitations. Notice that

Co,u>) - rr in,,- nt) $Lu>- A>

(20)

where £± is called the spin-splitting parameter. Clearly,

%l'-o> unless cu = A • As % is inecreased Tc'J will be non-

zero only between some maximum and minimum energies. The region

of C% 10) space where 2£, is non-zero is called Lhe Stoner con-

tinuum and is sketched in Fig. 1. For£ga>) outside the Stoner

continuum the scattering intensity is zero except where

For this case a limiting procedure yields a delta function singu-

larity in the scattering intensity located at the solution of

Eq. (21). This is just the spin-wave peak and,therefore, Eq. (21)

locates the spin-wave dispersion curve. The spin-wave energy can

be shown to be quadratic in ^ ar is also sketched in Fig. 1.

The explanation of the disappearance of spin-waves is now quite
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simple,. Since the condition given in Eq. (21) leads to poles

in the two-body Green's function, G^ t it follows that the

spin-waves in this theory are bound states between an electron

of a given spin and a hole of opposite spin. If the spin-wave

dispersion curve enters the Stoner continuum then this bound elec-

tron-hole pair is degenerant in energy with single-particle Stoner', ). )

excitations and the spin-wave will decay. The lifetime (or line • ,''|
• . ' I

width) will depend obviously on the Stoner density of states. "j

These results are consistent which the formula in Eq. (13) be- j

cause if we are in the Stoner continuum then 3£ *£> and the :

i

spin-wave line will broaden by an amount which depends on the

magnitude of I^X • These results also point out the need for

carrying out numerical calculations because the shape and posi-

tion of the Stoner continuum depends on the details of the band

structure. For example, if the Stoner continuum lies very high

in energy then the spin-wave will be well defined at all % ,

while if it lies low in energy the spin-wave may exist for only

very small 2 •

Before turning to the problem of numerically evaluating the

scattering cross-section we need to reconsider the matrix ele-

ment approximation. Unfortunately the constant matrix element-

approximation can not be very good for transition metal systems

because of the relatively strong band and wave-vector dependence

of the Bloch functions. Several years ago the author suggested

a method of including these effects in a approximate way /8/by

usqxig an interpolation expansion for the, wave-function. This method can also be

based on the Korfinga, '.Kohnj, Rostocker (KKR) wave-function expansion

(22)
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where ,4/ represents a combined angular momentum index fjf, m ) .

The /̂.ijB-̂jfe) are expansion coefficients and the tj> are pro-

ducts of radial functions and spherical harmonics. Substitution

of this expansion into the screened coulomb matrix element ex-

pression allows us to separate the band and wave-vector depen-

dence given by the expansion coefficients from Usc(r.r'J which

occurs in symmetry dependent integrals over the unit cell. Since

Usc is n°t known we treat these unit cell integrals as parame-

ters which are adjusted to yield a reasonable band structure for

the system of interest. The number of such symmetry dependent pa

rameters is initially largf b.)t it can be reduced considerably

by relying on order of magnitude and .̂vr.imetry arguments. In the

work presented here we have ignored the effects of the spin-

splitting of the s and p symmetry states and have chosen to

describe the splitting of the d-symmetry states with two para-

meters, )/. for e<, and V, for h-,o symmetry.

The general expression for the electronic energy which is ge-

nerated by these approximations is

The function £O\fecr) has a very weak spin-dependence arising

from the explicit spin-dependence of the electronic wave func-

tion? which can generally be neglected. The major spin-dependence

comes from the second term in which the sum on is restricted

to only the 5 d-symmetry terms and U/H - V, CV3) for e^ (-t-j.̂)

symmetry. The function U is H^ evaluated in the paramag-
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netic band structure. If we put V, •=• \̂_ the result in Eq. (2j)

reduces to the form for E"(n)w) proposed by Hodges, Ehrenr-eich

and Lang,based on their interpolation scheme.

The matrix element approximations which have been made also

local to a closed form expression for the Green's function

G-+(-%%~d - The result is

(25)

^ r Jr (26)

rr £, e (27)

These results are considerably more complicated than tht con-

stant matrix element results discussed earlier. It should be

noted here that no new parameters hve been introduced beyond

those already incorporated in the band calculation. Therefore,

once the band structure is given the dynamics of the spin

system is uniquely determined. The method of determining theses

parameters will be discussed in the next section.
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su"-.-J c:. x̂  we r tcover t:.t> general r - j tui l giver; in Ec. (23)-

Ir. order to carry out the ba:;d c a l c u l a t i o n we must f i r s t s p e c i -

fy the f.vo parar .eters vj aud V-j and then solve Eq. (29) se l f -

coni , i s te i ; t ly , s ince h^ depends on the ^-^^trCjk) - The t o t a l

spin only norr.ent

- 2! i^«kf- +A/JI
nit » ~

(30)
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ar.d the rmr.ber of electrons of symmetry type //

*»_ = X I a^^ty-cft)! +_K_, (3D

can be calculated. We then choose ^ and Vz so that we get the

experimentally determined values of Sr\ and n^ J9J •

Detail numerical calculations based on this model have shown

that,to a good approximation, the spin-dependence of the ex-

pansion coefficients can be ignored. This result suggest an

alternate approach for carrying out the calculation without

having to rely on the interpolation schemes. This method is

to replace O-n̂ yCJfe) and £Cnfe<r) in Eq. (23) by their paramag-

netic counterparts, OLn<i(ft) and £ttfk) , and then to iterate

Eq. (23) to convergence for fixed values of Vt and V^ . The values

for V, and Vz are to be determined as described previously. Both

mehtods have been found to give essentially the same ferromagne-

tic band structure.

Examples of the type of band structures which can be obtained

from these procedures are given in Pigs. (2) and (3) for nickel

and iron respectively. Both calculations yield a complex of

d bands which hybridize with a broad s-like band. The calcula-

tion for nickel was based on paramagnetic bands proposed by

Stocks, Faulkner, and Williams /10/. The dotted lines refer to

minority spin bands while the solid lines are majority spin

bands.



Because of the approximations which have been made the energy

bands along a given direction are rigidly spin split if the elec-

tronic wave-function expansion along that direction contains only

symmetry terms which belong to the same irreducible representa-

tion. For example, along f1 to X we find bands with pure £^ symme-

try which are spin-split by about ,1 eV and bands with pure t.^

symmetry which are split by about _̂  eV. This rather different

splitting of these two sets of bands gives rise to only one hole

pocket at X s in agreement with experiment. Most band calcula-

tions for nickel yield comparable splitting for these particular1

bands and, therefore, two pockets at X . For bands where the

wave-function expansion contains symmetry terms from more than

one irreducible representation rather strong wave-vector-depen-

dent splitting can occur as one varies k.

The calculation for iron was based on paramagnetic1 bands propose:

by Wood /ll/. Again the dotted lines refer- ic. r.inority s.~ir ;.c:: i -.

In contrast to the nickel results the £o and -t^i spin-soiitt i:".L;3

were found to be approximately the same, which results in *" al-

most rigid splitting (<v2 eV) of the d-symntry bands. The ;-.ave-

vector-dependent splitting obtained in the iron baudb M.L-U' ;;

most entirely from hybridization effects.

Given these energy bands the Green's function G Cj "z), givai in iiq. U'O, and

thus the neutron scattering cross-section can nov; be c-v\̂ii.::ted r.urirric.-lly.

Extensive calculations have been carried out along the three

principle symmetry directions for both nickel and iron. Because

of the complexity of these calculations no attempt was made to

adjust Vt and V- to obtain a "best fit" to the data. Such calcu-
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lations could, in principle, be undertaken but would require

unrealistic amounts of computer time.

Results for the transverse neutron scattering cross-secti, n

for nickel are shown in Pig. (*»}. These results were obtained

for % along [lOOj and show two interesting features. The

spin-wave peak which is sharp at low $ broadens and becomes j

smaller for large % . Also at the larger values of £ two distinct

peaks can be observed. The spin-wave dispersion curve obtained frorr:
i

the peaK positions is shown in Pig. (5). There are two branches,

one acoustic and one "optic", which appear to interact. The ab-

sence of any scattering intensity in the "optic" mode at low §

follows from an exact sum rule that all of the scattering must be

in the acoustic mode at 2- & /8/. The acoustic branch bends over

and, as can be seen from Fig. C O , a small peak persists out to

the zone boundary. The low % part of the dispersion curve is

seen to be in excellent agreement with experiment /I/. The "optic"

branch and the persistence of the acoustic branch out to the zone

boundary were not observed in the original experiments possibly because of

the relative poor counting statistics at these high energies

(<*«120 meV). In a recent exeperiment Mook has improved the sta-

tistics by using a largercrystal and the hot source on the high

flux reactor at the ILL and has observed the "optic" mode dis-

persion curve as predicted by the theory 1121. The bending over

of the acoustic branch was also observed but not the persistence

of the mode out to the zone boundary. In order to determine if

this peak could be observed in a neutron experiment we must fold

in the experimental resolution function. Unfortunately this can

not be done at present because of the amount of computer time -,
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this would require. The scattering intensity along £3lOj and

[l 111 was found tc drop to zero in a manner identical to that

found for iron, which is described below. The spin-wave dis-

persion curve was found to be isotropic in g a nj the spin-waver,

were found to disappear at about 100 meV in excellent agreement

with experiment.

The neutron scattering cross-section calculated for iron is

plotted in Fig. (6) for % along [lOO_]|. The results for ? along

£ll0j and Jj.ll] were found to be essentially the same as along

flOOj . In contrast to the £lO0j nickel results the spin-wave

peak continues to drop until it completely disappears. The

dispersion curve obtained from the peak positions is shown in

Fig. (7). Again the agreement between theory and experiment is

seen to be excellent. In addition, the predicted disappearance

of the spin-wave peak is in good agreement with the measurements

of Mook et al. J2I.

The calculations described above were carried out at zero tem-

perature. The extension of these results to finite temperatures

is very difficult because the theory must be carried beyond

RPA. For this reason the finite temperature theory has, in the

past, developed along the lines of a simple extrapolation of

the low temperature theory. This extrapolation leads to the con-

clusion that the spin-splitting is temperature dependent and

vanishes at the Curie temperature where fl^ = i^ (see e.g. &!• (20))

Numerical calculations based on the models carried out by

Lowde and Windsor /1J>/, and later* by the author, indicate that

the Stoner continuum will move down in energy as the temperature

is raised. This in time would require that the spin~wave cut-off
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energy would also be temperature dependent, which is not the

case found experimentally. It appears, therefore, that this

simple temperature extrapolation of the low temperature theory

can not be correct. The development of suitable finite tempera-

ture theory must not only lead to a temperature independent

spin-wave cut-off energy but also the existence of spin-waves

well above the Curie temperature. The development of such a

theory is currently under investigation.

Conclusions

The itinerant theory of magnetism has been shown to provide an

excellent quantitative as well as qualitative model for decri-

bing the low temperature spin dynamics of the transition metal

ferromagnets nickel and iron. Calculations of the transverse

inealstic neutron scattering cross-section have been found to

be in good agreement with experiment both with respect to the

spin-wave dispersion curves and the disappearance phenomena.

These calculations were based on an generalized RPA decoupling

scheme and on the use of an approximate procedure for incorpo-

rating the band and wave-vector dependence of relevant matrix

elements. Numerical investigations of this later effect indi-

cate that it is important, i.e. the constant matrix element

approximation is not appropriate for nickel and iron.

This matrix element approximation has also been found to lead

to a strong band and wave-vector dependent splitting of the
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electronic energy bands and a rather complicated expression for

the scattering intensity, in contrast to the rigid splitting-

enhanced susceptibility results generated by the constant ma-

trix element approximation. By introducing the matrix which

diagonalizes [i + PU/J in Eq. (25) it is straightforward to

show that it is a weighted Stoner density oT states which con-

trols the disappearance of the spin-waves and not the total

Stoner density of states. The simple picture of the spin-wave-

running into the "Stoner continuum" is therfore correct only

if we view the "Stoner- continuum" as a region in (%.u>) space

where a suitably weighted Stoner density of states is l^rge.

It has also been argued that the extrapolation of the low tem-

perature theory by using a temperature dependent splitting pa-

rameter is not consistent with neutron scattering results. The

extension of these low temperature calculations to higher tem-

peratures must await the development of a realistic high tempe-

rature theory.



Acknowledgement

The author would like to thank the Institute fur Festkorper-

forschung at Kernforschungsanlage Jillich for its hospitality

during the preparation of this manuscript.



References

/I/ H.A. Mook, R.M. Nicklow, E.D. Thompson, and M.K. Wilkinson

J. Appl. Phys. 40, 1^50 (1969).

H.A. Mook, J.W. Lynn, and R.M. Nicklow

Phys. Rev. Lett. 30, 556 (1975);

AIP Conf. Proc. Iji, 78l (1974)

J.W. Lynn and H.A. Mook

(to be published,)

121 H.A. Mook and R.M. Nicklow,

Phys. Rev. B _l, 336 (1973)

J.W. Lynn,

Phys. Rev. B 1_1, 2624 (1975)

/3/ See, for example, the review by

C. Herring in Magnetism, ed. by G.T. Rado and H. SuhJ

(Academic, N.Y. 1967), Vol. 4

T. Izuyama, D. Kim, and R. Kubo

J. Phys. Soc. Japan _l8, 1025 (1963)

/5/ G» Gilat and L.J. Raubenheimer,

Phys. Rev. 1M_} 390 (1966)

/6/ G. Lehman and M Taut,

phys. stat. sol. 5'>, 469 (1972)



/7/ W. Marshall and S.W. Lovesey

Theory of Thermal Neutron Scattering, (University Press,

Oxford, 197D

78/ J..P. Cooke,

Phys. Rev. B 1 1108 (1973)

/9/ H. Daman, A. Herr, and A.J.P. Meyer,

J. Appl. Phys. 39, 669 (1968)

G. G. Scott

Rev. Mat. Phys. J54, 102 (1962).

H.A. Mook

Phys. Rev. lkQ_, 495 (1966)

C.G. Shull, in

Electronic Structure and Alloy Chemistry of Transition Elements

ed. by P.A. Beck (Interscience, 1963) Pg 15

C.G. Shull and H.A. Mook,

Phys. Rev. Lett. jl6_, 184 (1966)

/10/ G.M. Stocks, R.W. Williams, and J.S. Faulkner,

Phys. Rev. B _4, 4390 (197D

/ll/ J.H. Wood

Phys. Rev. JL26_, 517 (1962)

/12/ H.A. Mook

to be published

/13/ R.D. Lovde and C.G. Windsor

Adv. in Phys. 3jJ, 813 (1970)



Figure Captions

Figure 1: Schematic drawing of t.he Stoner continuum and the

spin-wave dispersion curve for a single bind itine-

rant ferromagnet

Figure 2: Energy bands for ferromagnetic nickel

Figure J>: Energy bands for ferromagnetic iron

Figure 4: Transverse inelastic neutron scattering intensity

for ferromagnetic nickel plotted as a function

of energy for fixed values of ^ (in units of 27t/<̂ )

along [lOOj .

Figure 5: Spin-wave dispersion curve for ferromagnetic

nickel for g (in units of ^ / a ^ ) along {JOO] .

The experimental points $—#-H are those of Ik A. Mook

et al., Phys. Rev. Lett, J50, 556 (1973)

Figure 6: Transverse inelastic neutron scattering intensity

for ferromagnetic iron plotted as a function of

energy for fixed values of 0 (in units of-

Fig. 7: Spin-wave dispersion curve for ferromagnetic

iron for o (in units of "a-V̂ j, ) along £lOOj[ .
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