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Itinerant magnets are distinguished from localised, Heisenberg, magnets

by the fact that their electrons, including the magnetic ones, move throughout

the crystal. The natural description of this, in the ground state, is band

theory. The time which a given electron remains on any one site is given by

h/W where W is the band width, i.e. rather less than 10~15 s e c.

This banding and such things as hybridisation of atomic like orbitals

give major contributions (of order eV per atom) to the energetics of metallic

magnets like iron and nickel. Indeed, it is well established that the modern

version of band theory known as the local spin density functional theory

accounts for the main energetics of the ground states. Although much of what

I shall say will be applicable to other systems, I shall restrict attention to

Fe and Ni in the remainder of the talk.

There is much evidence supporting the assertion that band theory is rele-

vant to itinerant magnets. I shall mention only the very recent beautiful ex-

periments on angle, energy and spin resolved photoemission1. Here a photon of

known high frequency delivers a quantum of energy but no momentum or spin to

an electron, which escapes and is measured. The hole thus suddenly created

has known energy, momentum and spin, thus allowing a rather direct measurement

of the dispersion E(k,a). Such a single particle or Stoner excitation is the

direct consequence of band theory. The results found are striking confirma-

tion of the band picture, since these states correspond nicely to those pre-
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dieted, in particular to the idea that the majority + electrons are lower in

energy than the + electrons by an amount A, the exchange splitting.

This is not to say, however, that the wave function is a Slater determi-

nant and that there are no correlations. On the contrary, the correlations

are strong, and the electrons in the Slater determinant are clothed by impor-

tant correlation clouds. This shows as significant shifts in energy, a broad-

ening of the state, and a broad high energy tail in the response. In other

words, there is a probability, Z, significantly less than unity that the pho-

ton will create a fairly well defined quasihole, i.e. the probability of find-

ing a single hole in the wavefunction for a quasihole is Z. A fraction 1-Z of

the time the photon creates some complex state of high energy. All this is

standard Landau Fermi liquid theory, except that the theory is extraordinarily

difficult to implement numerically in the case at hand.

The other main result of the band theory that I wish to stress, is that

magnetism in iron and nickel is energetically important. Magnetic energies

per atom (e.g. &) are an order of magnitude greater than Tc. That is, the

energy cost of making magnetism disappear completely is an order of magnitude

greater than the energy cost of making long range magnetic order disappear.

Thus above Tc there is certainly magnetism on a short length scale, and this

is verified in many experiments. In particular, the Stoner theory cannot be

correct, since in that theory, all magnetism disappears. One other result of

band theory is that life is not simple. The bands are complex and hybridised,

and a fairly serious calculation must be done before this part is accounted

for correctly. So you shouldn't tirust handwaving calculations.

The question then is: Why is Tc so low? The answer is clearly: Spin

waves. These can be found in the RPA pretty well, but doing their thermodyna-

mics is something else, since it is essential to account for their softening
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at high temperature. The RPA essentially treats the magnon as a bound state

of an + electron with a 4- hole. It is really at the same theoretical level as

mean field theory, being a time dependent version of that* There are also

many body corrections to it, but these are not very well studied in the pre-

sent context. We knew the RPA works qualitatively and seiniquantitatively (at

least in the inner part of the Brillioun zone) because of the other major way

of studying high energy excitations, namely neutron scatcering.

The results are given in Fig. 1. The spin wave is fairly well defined

for momenta out to about half the zone boundary (the inner 10% of the zone by

volume). Beyond that point, qj, the so-called intersection with the Stoner

continuum, it decays rapidly into particle hole excitations, and has not been

observed. The energy at the intersection is about Tc. This differs from the

Heisenberg case since there the magnons go all the way to the zone boundary,

and typically the maximum magnon energy is more like Tc.

wl—5eV

Fig. 1.
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Theories of Tc, all of which are quite riude, calculate or fit an effec-

tive Heisenberg model, thereby making an estimate at how the spin wave would ___

continue in the outer 90% of the BZ if it existed there. Then some Heisenberg

crank is turned to get Tc, with results ranging within a factor of two of ex-

periment. Since that's better than an order of magnitude, one is persuaded

that spin waves or psuedo spin waves are. important in the thermodynamics.

However, theoretically there are difficulties, since there are presumably im-

portant many body corrections to the RPA, especially in the outer part of the

zone where spin waves are not well defined, and there already are problems in

turning RPA calculations into thermodynamics.

What is needed is experimental investigation of the excitations which can

be thermally excited, say up to 300meV (3TC). Presently, there is fair-

confidence (wi-h one glaring exception), that we know what is going on up to

lOOmeV. With new high energy neutron sources, we should be able to study

better the rest of the important phase space.

In addition to using photons and neutrons, we can create high energy

excitations thermally. But then, they interact and are liable to soften and

change their properties. So, we also need to do the neutron and photon

experiments at high temperatures, up to the melting temperature, (~ 2000K).

These are important experiments as they bear directly on the thermodynamics

and correlation functions of the system.

The desire to get more information about the high energy excitations,

both at low and high temperature is not just an abstract one. The two leading

pictures of the nature of the magnetism at high temperature are distinguished

by the assumptions made about the excitations.

These two pictures are: The Short Range Magnetic Order (SRMO) picture,

(Capellmann, Korenman and Prange, Sokoloff) and the Alloy Analogy (Cyrot, Hub- |
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bard, Hasegawa, Gyorffy) picture. Advocates of these pictures agree that mag-

netism above Tc is a relatively slow phenoneraon. Even though individual elec-

trons move on and off atomic sites at a rate W/h, the average magnetic attri-

butes of the site change at a much slower rate, namely kTc/h. There are rapid

magnetic fluctuations as the electron occupation fluctuates, but there is a

sufficient 'memory' at a site that the next electron hopping on will have al-

most the same spin as the one that left. The rate of change of the magnetism

must be as slew as possible in order to preserve as raich quasi-mean field mag-

netic energy as is possible since this energy is very large. It can't be too

slow, since at temperature T there are many energy transfers of order kT.

There is agreement on the time scale in the two pictures. The disagree-

ment is over the length scale. The Alloy Analogy idea is that this scale is

essentially atomic. The justification is self-consistency. Slow, indeed sta-

tic, atomic moments are assumed, a CPA computation is carried out, and the mo-

ments are recalculated. The results are not ridiculous, at least for iron.

[Tc tends to be too high by a factor about two.]

The SRMO picture (which I favor) addresses the question of how the site

remembers the spin in the face of rapid fluctuations of occupation. This

question is particularly poignant for nickel, as stressed by Hubbard, since

only about half the time is there a magnetic hole on any given site.

To come to grips with this question, first reverse it. Ask instead, what

happens to the electrons which leave a site whose average spin persists over

a time h/kTc? These electrons will be found a distance vh/kTc=X away, about

20 A, for the velocities v expected of electrons in both Fe and Ni. So a

persistent spin at a site implies that there is some sort of related

structure in the surrounding material.
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Returning to the original question, the easiest way for the site to re-

member a spin direction is if the surrounding sites, up to a distance X, also

have this spin. However, this classical argument oversimplifies matters.

At low temperature, we do best to think of the individual electrons as

being in Bloch states, spread throughout the crystal. Then it is clear how a

site remembers its spin, namely the individual electrons are spread out over

many atoms, and it is a whole macroscopic region which remembers the spin. At

finite temperature there is no point in using infinitely sharp energy defini-

tion. It's equally good to use wave packets whose energy spread is kT. The

spatial size of these packets is X. So we expect regions of linear dimension

X to be magnetically coherent.

It's probably best not to think of the wavepackets as being just spin +

and +. After all, in a distance X some other spin direction can take over.

This must occur quite smoothly, in the SRMO picture, and indeed, it only costs

an energy of order kT to make the spin of the electrons vary continuously with

typical wavelengths X. Since this can be done in a variety of ways there is

considerable spin entropy, although rather less than for totally disordered

local spins, [This is consistent with experiment, but not conclusive, since

it's hard to subtract or' the nonmagnetic entropy accurately.]

How can these two pictures be distinguished in experiments? There are a

number of ways, none perfect, but I shall stress only those involving direct

measurements of excitations. First, a snapshot of the spin correlation func-

tion would be nice. This could be done, in principle, by neu:ron measurements

of S(q,(o) integrated over 0) where S is the magnetic structure function. Of

course, even if that could be done, (and it would involve energies up to 5 or

lOeV), interpretation would still be required. Even free electrons show spin

effects at short wavelengths, and eV energies, coming from the exchange hole,
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for example, and we certainly don't want to think of potassium as being a dis-

ordered magnetic metal.

Fortunately, much can be learned even if all « cannot be studied. We are

primarily interested in the slow magnetic fluctuations, if they exist. This

means energies up to, say, 3kTc. The present results, discussed by Capellmann

at this conference, go only up to kTc. They show that the dominant fluctua-

tions in this low energy range have a characteristic wavenumber scale numeri-

cally about 2TT/A. There are also very few excitations in the outer 90% of the

Brillouin zone, at these low energies. This supports the SRMO idea.

The objection to drawaing strong conclusions from the present data is

that the energy cut off should be higher. There might be a lot of excitations

for kTc < to < 3kTc. That could change the picture substantially. This is

quite true, and the experiments are awaited.

One argument alleged to favor the existence of these excitations consi-

ders the double sum of S over q,u>, which is the instantaneous average square

spin on a site. Although this number is not known in the itinerant case it is

probably roughly temperature independent and tiie correct sum rule is certainly

quite a bit larger than reached in the present energy range. So integrating

up to energies which satisfy the sum rule will change the picture. As an ad-

vocate of SRMO, I don't expect the the excitations of energy < 3kTc to exhaust

the sum rule, but rather it will be necessary to integrate over the whole band

width to do that. Anything appearing at these high energies I would not want

to count for or against short range order, since I want short range order to

be a phenonoma on a relatively slow, quasiparticle time scale. Another lan-

guage is to say that there are strong many body effects, similar to Fermi li-

quid theory, where we know that quasiparticles are not created by an electron
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annihilation operator with unit probability. The SRMO is order in a quasipar-

ticle sense. Whether to believe this argument is still an open question.

In summary, if experiments yet to be carried out find important contribu-

tions to S(q,u)) for q in the outer 90% of the BZ and for kTc<ai<3kTc that will

favor the Alloy Analogy picture. If not, tne SRMO picture will be favored.

I will briefly mention two other experiments with some bearing on the is-

sue. The first is the measurement of 'spin waves' above Tc. If the SRMO pic-

ture is correct, in its simplest incarnation, then it should be possible to

set up spin waves of wave length < X. They will be substantially broadened,

essentially by inhomogeneous broadening, since their q is smeared by an amount

of order 2ir/X. The early experiments at Oak Ridge, (Lynn, Mook, Nicklow, dis-

cussed at this conference), done without benefit of theory, found exactly this

result. The new experiments at Brookhaven (also reported here) claim this is

wrong, and that the structure function is essentially a Lorentzian centered

at 10 = 0, rather simply extrapolating the critical scattering function. (The

discrepancy is at moderate q, (~ .6 A""*) and at low energy, so this discussion

was out of place at this conference!) If Brookhaven is right, SRMO is in

trouble, at least as a simple picture. I personally believe the South will

rise again, but I can only wait and pray.

The last thing I shall mention is the photoemission experiments, this

time as a function of temperature. The hole is created in a non-magnetic band

in which both spin states are originally full. It thereby acts as a probe of

the nature of the magnetisation, due to the magnetic electrons, of the region

it passes through. Let us say that the hole starts off with spin parallel

(antiparallel) to the spin of the atom where it is created. In the SRMO pic-

ture, if it goes a distance X, it will encounter regions of the opposite mag-

netisation. If the time it takes to go X, namely X/v, is short compared to
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the time h/A, which is the time it takes the spin to precess about the local

spin direction of the magnetic electrons, and thereby effectively align itself

with them, then the hole will sample the average spin exchange field. There

will thus be two hole energies, split by an amount proportional to the average

magnetisation. Thus above Tc there will be a single peak, as in the Stoner

model. If the opposite is true, namely hv/AA « 1, then the hole will stay

pretty much aligned or antialigned with the local spin and there will be two

energies, split by the local magnetisation, not collapsing to one energy above

Tc. Above Tc a given spin will allow both energies, while at low temperature

spin + will have only the lower energy.

We first note that v = p/m is never less than about h/mA since the

momentum is uncertain to t'ithin h/A. Next we note that the parameters v, m

and A may differ significantly from one band, (or part of a band) to another.

There are three cases in practice. In iron for most bands hv/AA « 1, since A

is large. In nickel, hv/AA ~ 1, for the nonmagnetic bands at X. This is an

intermediate case. The energies come together but broaden importantly. These

two cases have been observed. L »2 The magnetic bands at X have larger mass and

large A, so these energies should not collapse above Tc. There are high speed

s-p bands however, which should show the complete collapse above Tc.

Unfortunately, this experiment, in spite of its elegance, may well not

distinguish between the two pictures. That's because there is a very substan-

tial intrinsic line broadening. It is not presently known what a good CPA

calculation predicts. A simple version, not distinguishing between bands, is

qualitatively consistent with the nickel results however, in most respects.

Some of the more general references to these problems are listed in ^.
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