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Abstract

"... (concerning magnetism of 3d electrons), there

have been lively efforts to decide between opposing (localized

vs itinerant) models by appeal to experimental facts... Many

of the differences between early naive versions of the itinerant

and localized models become less sharp when those models are

refined. Therefore many of the arguments that originally seemed

to favor the one or the other picture no longer have force.

A more clear-cut difference between the two models

should appear at temperatures well above the Curie point. In

this range the relaxation time of the short-wavelength spin

fluctuations of a localized model should correspond to an

2
energy spread of the order of zJS , where z is the number of

( neighbors coupled to an atom by an average exchange constant J,
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and S is the atomic spin. This would be something like 0.09 ev

for iron . For scattering from an itinerant model (even a '

highly correlated one) the corresponding spread should be of

the order of the width of the d band in which the magnetic

electrons move, hence much larger. Of course, for q of the

order of a reciprocal lattice vector, only a small part of

either of these energy spreads would be measured. The total

amount of scattering falling in this range would thus be much

less for the itinerant than for the localized model. The

necessary experiments have not been performed to date.-."

(Herring, Magnetism Vol. IV, Rado and Suhl, 1966).

We report in this paper on the essential experiments

performed in Fe and Ni in their paramagnetic state. Scattering

of polarized neutrons with polarization analysis h a s been

used to separate out the magnetic scattering from other sources

of scattering. Large quasi-elastic scattering is observed which

characterises ferromagnetic correlations over several inter-

atomic distances. On the contrary, the large-Q component of

the scattering is fairly small as expected for itinerant

electrons in which the energy of magnetic excitations may be

of the order of the bandwidth.

I - THE PROBLEM

Although the ground state properties of 3d metallic

magnets are well described by band theory the finite tempe-

rature properties are not. In Stoner theory the transition to
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the paramagnetic phase is driven by amplitude fluctuations,

i.e. the thermal repopulation of particles for the majority

to the minority band. Consequently, exchange splitting at T

is zero, consistent with Pauli paramagnetism. However, it

appears in general that the Curie temperatures are calculated

(12)much too high .In addition, a pronounced thermal dependence

of the static susceptibility is observed well below the

degeneracy temperature, with Curie-Weiss behaviour. If, in turn,

the magnetic properties are analysed using a localized model

the Curie constant yields a large effective moment

2
V ff = U (y + 2) in which the atomic moment y above T is

considerably larger than the ground state moment . This is

particularly the case in very weak itinerant magnets where the

ground state moment and Curie temperature are low. It is now

generally believed that itinerant electron transition metal

magnets fall between the two extremes of a Heisenberg and Stoner

model and that the moment per atom does not collapse at T .

(4-7)Recent theories which go beyond the R.P.A.

approximation and take into consideration spin fluctuations in

a self-consistent manner are able to account for many of the

finite temperature properties. In particular the thermal

variation of the static susceptibility may be accounted by a

small change with temperature of the interaction parameter.

The associated fluctuations have been discussed in terms of

either their transverse or longitudinal character. Transverse

fluctuations arise from a twisting of the magnetization, as
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in a Bloch wall and give rise to angular correlations of the

(8)
spin density - spin density (SDC) correlation functions

It has been recently shown that rotations of the local moments

(transverse fluctuations) can destroy long range order at

temperatures consistent with the observed values of T . This

mechanism has similarities to localized systems described by

a Heisenberg model but with some necessary differences due to

the itinerant nature of the d electrons carrying the magnetism.

Although transverse fluctuations are always thought to drive

the phase transition, longitudinal fluctuations (amplitude) are

also thought to be important in weak itinerant magnets in

giving rise to the Curie-Weiss susceptibility and the large

paramagnetic moments.

However, considerable disagreement remains concerning

the relative importance of transverse and longitudinal fluctua-

tions, and the nature of the paramagnetic phase. The fluctuating

(4 5)band theory ' i s based on very strong short range magnetic

order existing well above T due to phase coherence of electronic

wave-functions over distances considerably larger than the

interatomic spacing. The characteristic wavelength, describing
o

the short range order is calculated to be of the order of 20 A

for pure transition metals. Other theories describe the para-

magnetic phase as a random arrangement of spin up and spin down

electrons (treated with CPA like methods) with practically no

short range order outside the direct vicinity of T ' .
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In this context, polarized neutron scattering with

polarization analysis have recently been used for the study

of the paramagnetic phase in 3d metals. In general, the neutron

cross-section is proportional to the imaginary part of the

generalized susceptibility x" (qj^) and, when integrated over

( 9)all energies, yields the isothermal susceptibility x'(q) •

Strictly speaking, the deduction of this susceptibility

necessitates integration over energies up to infinity. In

Heisenberg systems, it is fairly obvious that integration up

to energies of the order kT are sufficient since nearly all the

paramagnetic excitations are contained within this range. For

3d metals, valuable comparison with local systems needs equally

integration up to about kT . Since the Curie temperature in

these systems is of tha order of 1000 K, high energy incident

neutrons are needed for such measurements. This review describes

experiments performed on the 3-axis polarized neutron spectro-

meter D5 which is installed on the hot source at I.L.L. and
a

where wavelengths as 3hort as 0.42 A (E • 496 meV) are commonly

•used. The results obtained from itinerant paramagnets are

contrasted with those corresponding to Heisenberg systems.

II - MEASUREMENTS OF THE PARAMAGNETIC SCATTERING

The magnetic scattering above T is incoherent being

spread through out the zone and extending up to ^ kT in

energy at the zone boundary. Under such circumstances it seems

difficult to identify the magnetic scattering from other forms

of scattering in particular the phonon scattering and the
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nuclear incoherent scattering. The phonon scattering depends

on the coherent scattering amplitude and increases with both I

temperature and wave vector. It therefore presents a serious

problem in materials such as iron (T = 1043 K) or nickel

(T * 632 K) particularly if the paramagnetic scattering is

determined by taking a difference between measurements below

and above T . Measurements which purport to correct for the

phonon scattering by scaling results obtained from a non

magnetic system of similar structure are both speculative and

qualitative in nature. Materials such as nickel give rise to

a large quasi-elastic response arising from the numerous

isotopes. In this case & similar problem •'rises from nuclear

incoherent scattering if the energy resolution of the spectro-

meter is large compared tc the motion energy of the paramagnetic

response.

II-l - Polarized neutron scattering with polarization analysis

Polarized neutron scattering with polarization analysis

enables an unambiguous separation of the magnetic component

from other sources of scattering. This is because magnetic

scattering may involve spin-flip processes and only the magnetic

part of the scattering is sensitive to the angle between the

direction of the neutron polarization and the scattering vector.

If the two possible neutron spin states, with respect to the.

vertical z axis, are + and -, then the following amplitudes are

obtained(10)
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U + + = b - pS + BI (1)
r z z

U+" - - p(S _ + iS ) + B(I + il ) (2)

x y A y

where b is the nuclear coherent scattering amplitude, I the

nuclear spin operator and S the projection of the spin operator

perpendicular to the scattering vector Q.

An experimental arrangement very commonly used in

crder to measure paramagnetic scattering is to align the

neutron polarization along Q. According to relations (J) and

(2) all the magnetic scattering in this instance is spin-flip

proportional to 2/3 <S..S.>. However, a much more accurate

measurement may be obtained by combining cross-sections measured

successively with z along Q and perpendicular to it. The

differences between these measured cross-sections are in effect

proportional to -=- <S..S.>, and all other sources of scattering

vanish. In addition, since no mechanical movement is involved

in these measurements the backgrounds are equal, and therefore

subtract out of the differential cross-section : for neutron

polarized parallel or perpendicular to the scattering vector,

the magnetic response function S(Q,OJ) is

2 +— 2 +— K

mkr „ ~ tafsr • KT i ro f N
m *«>."> <3>

where V is the volume of the sample, V the volume of the unit

cell, N the number of magnetic atoms per unit cell, r. is the

classical electron radius, y the magnetic moment of the neutron

and K., Kf are the incident and final wavevectors.
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The disadvantage of the above technique is that the

reflectivity of polarizing crystals is low and the technique

can only be used on h*.,...v flux reactors. The polarized neutron

spectrometer D5, which is installed on the hot source at the

I.L.L., used Heusler Cu^MnAl single crystals as both mono-

chromator and analys

the sample position.

7 2
chromator and analyser, which yields 10 neutrons/cm /s at

II-2 - Experimental problems

Inelasticity in the scattering

The energy transfer "hoj in inelastic neutron

scattering measurements is given by :

^ " Ei " Ef " Iff (Ki " Kf> (4>

and the momentum transfer is defined by

fi3 - h C ^ - Kf) (5)

where K. and Kf are the incident and final wave vectors and

E^ and E, are the corresponding energies. From equation (5)

the Bragg condition is obtained when |K.| * |Kf| and the

scattering vector Q * x a reciprocal lattice vector. Although

it is possible to perform these measurements in several ways

the time of flight technique does not enable q to be fixed in

direction and is therefore less suitable for single crystal

measurements than three axis spectrometry. In conventional

three axis spectroscopy it is normal to hold either K. or Kf
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constant. If absolute intensity measurements of the scattered

/ neutrons are required then Kf is generally held constant. In

this manner the efficiency of the detecting system and analyser

crystal are constant. The varying intensity of the incident

beam can be regulated,the 1/K. dependence of the monitor thus

canceling the 1/K. dependence in the cross-section eq. (3).

Scans in q-OJ space are then made using either constant q s-ans

in which the wave vector q is fixed and the energy transfer

varied, or constant to scans in which the energy transfer and

the direction of q is fixed ana the magnitude of q varied. The

choice of scan depends on the resolution in energy and •omentum

of the spectrometer and the nature of the scattering surface

to be studied. Furthermore, owing to the form factor dependence

of the magnetic scatter ing,measurements are confined to small

scattering vectors q, which restricts the possible range of

energy transfers. As the energy transfer is increased for a

given scattering vector it becomes necessary to increase Kf

in order to satisfy the conservation rules 4 and 5 . The

restriction of the spectrometer therefore changes accordingly.

In measurements made at the I.L.L. constant Q scans

were made up to at least 100 meV, however, the level of para-

magnetic scattering had fallen then to a value which was at

the limit of significance. If the level of scattering is low

then constant q scans are not necessarily the optimum manner

in which to integrate the scattering. The amount of scattering

S was also determined by carrying out wave vector scans either
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at the elastic position u « 0 or at (i) • 60 meV. Several

different energy resolutions AE = 30, 50, 120 and 200 meV J

were used which correspond to K, * 7.48, 7.;i8, 12.56 and

°-l14.96 A respectively. Although at small wave vectors the

quasi-elastic approximation is satisfied at larger wave vectors

this is not necessarily the case.

In our measurements the paramagnetic scattering is

determined from the difference between observations made with

the polarization perpendicular and parallel to the scattering

vector. Whilst it is always possible to maintain the polari-

zation perpendicular to the scattering vector, it may not

always be possible, for large energy transfers, to turn the

polarization along the scattering vector. Then the paramagnetic

scattering which does not go into the spin-flip channel goes

into the non spin-flip channel. The error introduced in

determining the paramagnetic component is proportional to
2

cos 0(S(q,(i>)i - S(q,U))»i). By careful choice of finale wave

vector the polarization can generally be turned along the

scattering vector for all energy transfers of importance.

Resolution

Experimentally the wave vectors K. and Kf are

determined by the Bragg conditions and since the neutron beam

is divergent there is a spread in wave vector AK about the mean

value. The degree of divergence may be controlled by introducing

collimation before and after the monochromator and \
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analyser crystals but at the expense of reducing the detected

flux. Furthermore both the monochromator and analyser crystals

have a mosaic spread, to improve reflectivity, which contributes

to the uncertainty in K. and Kf. The T vectors in the sample

have a similar uncertainty. These instrumental imperfections

introduce a finite wave vector and energy resolution into the

spectrometer which influences the position, shape and intensity

of the observed neutron groups. The distribution in angle and

magnitude of the wave vectors gives rise to a finite volume

3
illuminated in reciprocal space given by V « K cot3 for the

monochromator analyser systems. It may be seen that the

resolution deteriorates as K increases and as the Bragg angle

0 decreases. Since the K. and Kf are determined by the Bragg

condition 2|K|sin0 = T, then for a givei, K the resolution may

be improved by chosing a Bragg reflection in the monochroniatcr

and analyser with a small T. For polarized neutron scattering

the choice is severely restricted either to Cu2MnAl or CoFe.

The lattice parameter of Cu^MnAl is similar to that of pyrolytic

graphite (002) and therefore gives rire to similar resolution

properties. A disadvantage of Cu^MnAl is that the structure

factor of (222) is significantly larger than that of the (111)

and it therefore gives rise to significant A/2 contamination

Thus the choice of wave length is restricted to those for which

filters exist, e.g. Er = 7.48 A . Although CoFe gives rise to

improved resolution conditions similar to that of Cu (111) the

reflectivity is ^25 % that of Cu2MnAl. The majority of polarized

neutron measurements have been performed using Cu_MnAl and

therefore relaxed resolution.
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The resolution function of the spectrometer is a

four dimensional function of q and E which can be calculated \

knowing the constants of the spectrometer. Alternatively it

may be determined by a series of constant q and E scans through

a Bragg peak of the sample. However the energy resolution AE-

determined by a constant q scan through a Bragg peak yields a

value considerably smaller than true energy resolution of the

spectrometer determined from nuclear incoherent scattering

using a similar scan. A similar discrepancy occurs if the

width of a Bragg peak is used to determine the momentum resolution

This only gives the dimensions of the conic section of the

ellipse at co = 0. A consequence of the poor q resolution is

that although constant q scans are made close to the zone

boundary the resolution ellipsoid extends particularly at non

zero energy transfers to the regions of high intensity at the

zone centre. Then, assuming the,re is no anisotropy gap in the

spin wave dispersion below T and that spin is generally

conserved, close to T and as q tends to zero the energy width

of the scattering approaches zero. The effects of resolution

may then give rise to an abnormally large count rate and

completely alter the spectral shape of the scattering appro-

priate to that q. For the quasi-elastic scans carried out at

constant scattering angle with a large energy window, numerous

wave vectors exist, distributed about the nominal value and

correspond to different energy transfers. In such measurements

it is therefore not possible to align the polarization simul-

taneously along all the scattering vectors but only the nominal
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value. This problem was taken into account in the analysis of

the data but becomes less serious as q increases.

Ill - RESULTS

The measurements reported here concern Fe and Ni

metals in their paramagnetic phase. In the case of iron, the

paramagnetic scattering was measured using a single crystal of

Fe 5 at % Si . The silicon is added in order to stabilize

the a-bcc phase of Fe up to the melting point. Bulk measurements

of the susceptibility established the Curie temperature at

1000 K. At 1273 K, and with the spectrometer in the elastic

configuration, Q-scans along the three principal symmetry

directions were carried out from the lowest accessible angle

°-l
(Q ^ .23 A ) to beyond the zone boundary. In these measurements

the energy resolution was 50 meV FWHM. The results are illustrated

in figure 1, the principal features are a strong narrow forward

peak which is essentially isotropic, the occurrence of similar

strong relatively sharp peaks at the position of Bragg reflec-

tions and a low residual scattering towards the zone boundary

2
(0.5 to 0.3 y B ) . Measurements of the forward peak were also

made as a function of temperature and the results are shown in

figure 2. The height of the forward peak drops rapidely with

increasing temperature roughly in accordance with the suscep-

°-ltibility. At Q > 0.4 A the rate of fall with temperature is

°-l
less dramatic and beyond Q = 0,7 A there is a tendency for

the scattering to increase with temperature.
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Figure 1 : The wave vector dependence of the paramagnetic

scattering in Fe 5 at % Si at 1273 K.

The inelasticity of the response was investigated

by performing a series of constant Q scans for different wave

vectors throughout the zone in the j 1 101 and |00i| directions.

°- 1
For wave vectors less than 0.9 A , i.e. the region of enhanced

scattering the response was found to be peaked at the elastic

position. The energy dependence of the scattering observed at

wave vectors of J.775, .775, 0| and |o, 0, -1.2| at respectively

1/2 and 4/5 of the zone boundary distance are shown in figure 3.
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Figure 2 : Thermal variation of the paramagnetic scattering

in Fe 5 at % Si.

Taking into account the energy resolution of the spectrometer,

30 meV FWHM in these measurements, it appears that most of

the scattering is restricted to energies of the order or less

of 60 meV. It is worth noticing in the measurements at

JO, 0, -1.2| that for energies of the order of 100 meV the level

of scattering is extremely low. Owing to the poor resolution,

the scattering observed at large wave vectors in these

measurements may represent an upper limit, as discussed in the
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Figure 3 : Energy dependence of the paramagnetic scattering

at wave vectors of | -775, .7775, 0| and |0, 0, -1.2

in Fe 5 at % Si at 1273 K.

previous section. At the zone boundary, after correction for

the form factor, the scattering integrated up to 100 meV

2
attained a value of 1.5 y_.

The magnitude of the local magnetization, summed

over an atom, which contributes to the observed paramagnetic

scattering can be obtained by integration out to the zone

2 2
boundary of Q M (Q) as a function of Q. The value obtained is

essentially temperature independent and corresponds to '̂  1.7 u B

This result is not significantly influenced by the uncertainty
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/ in the low Q values because of the phase space factor, however

the accuracy of the results is limited by the accuracy of the

measurements near the zone boundary which are very strongly

weighted. Compared with previous measurements, the increase in

the integrated moment corresponds to the larger value of the

background scattering obtained by integrating out to 100 meV.

It is worth noticing that at the zone boundary the magnetic

signal is considerably smaller than expected for Heisenberg systems.

Similar results to those described above were obtained

C I 2)on pure iron, in both the a and y phases . Ferromagnetic

correlations are observed to characterize the paramagnetism of

the y-phase as well as that of the a-phase, stable for instance

at 1320 K (figure 4 ) . These results are in contrast with the

belief that y-Fe should order antiferromagnetically. The average

Fe moment deduced is .9 (1) ji_,
a

The measurements on nickel were performed using a

single crystal of Ni in order to suppress the large nuclear

incoherent isotopic scattering of natural nickel. At 1273 K,

i.e. 2xT , measurements were performed in the jlllj direction

(figure 5 ) . Although the temperature is relatively much higher

than in Fe the observed scattering is essentially characterized

by same features. However the width in Q of the paramagnetic

° — I
scattering centered on |IL1| is 0.25 A FWHM, which is narrower

than in iron. The level of the background scattering near the

( 2
\ zone boundary was observed to be about 0.3 U-, measured with

a
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J

Figure 4 : The wave vector dependence of the paramagnetic

scattering in the y-phase of iron at 1320 K.

incident neutron energy of 327 meV, and energy resolution of

120 meV FWHM. Integration of the scattering out to the zone

2
boundary yields a value of 0.4 \i-a> thus corresponding to a

value of a magnetic moment close to that of the ferromagnetic

state, 0.6 yg.
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Figure 5 : The wave vector dependence of the paramagnetic

scattering in Ni at 1273 K.

IV - DISCUSSION

Different measurements have previously provided strong

evidence that the band structures of iron and nickel remain

essentially unchanged from that appropriate to the ground state,

up to temperatures greater than 1.5 T . The observations which

lead to this conclusion are the absence of a significant

magneto-volume effect at 1 , and the fact that the cut-off
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energy in the spin-wave spectr.um in the paramagnetic phase

remains close to that observed below T * . The observation
c

of substantial magnetic neutron scattering in the paramagnetic

phase, and the relative insensitivity of this scattering to

increasing temperature add strong support to the idea of an

unchanged band structure.

The observation of a sharp quasi-elastic forward peak

and similar sharp peaks at the Bragg positions show conclusively

that the magnetic carriers giving rise to paramagnetic scattering

have ferromagnetic correlations over several interatomic

distances, even well above T . From the width of the forward

peak, the characteristic wave length (2II/q ) of the correlations
o o

is deduced to be about 16 A and 20 A respectively in Fe and Ni.

The persistence of exchange splitting of the band,

revealed by measurements above T , does not necessarily imply

the existence of well defined atomic moments whose spin angular

momentum is conserved in all excitations as expected for

Heisenberg systems. In this model, the integration of the

scattering out to energies of the order kT yields a value

2 2 2
of g S(S+1), i.e. 9 \i-n in Fe* The observed value of 1.5 ]i_ is

D a

much reduced, thus showing that the behaviours of itinerant

electron systems are very different from those of Heisenberg

systems.

This absence of a substantial low frequency component

in the scattering at large wave vectors should be anticipated
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from consideration of the magnetic response in the ferromagnetic

phases ' . Below T Bragg scattering at q * 0, co * 0 arises

from the long range magnetic order and thermally excited

collective excitations of the magnetization density (spin waves)

occur in only a relatively small fraction of the Brillouin zone

volume around the centre. At larger wave-vectors and therefore

in most of the zone the response is due to single particle

excitations extending in frequency up to the band width ; these

excitations do not conserve the local atomic moment. The para-

magnetic scattering measurements on iron and nickel establish

the evidence of a definite peak in the intensity which is quasi-

elastic in nature and confined to small wave vectors. It is

this quasi-elasti : scattering which provides the evidence for

short range magnetic correlations existing on a relatively long

time scale (^ 10 sec). The quasi-elastic peak is superposed

on a low level of background scattering which may extend to high

energies near to the zone boundary. It is evident that in iron

and nickel the paramagnetic response cannot be explained by a

Heisenberg model in which the magnetic correlations are between

electrons on the same atom, but indicate the existence of

magnetic correlations over several atoms. This demonstrates

the importance of the itinerant nature of the d electrons

responsible for the magnetism and shows that it is incorrect

to treat the rotational and translational magnetic degrees of

freedom independently in such systems.

311



In conclusion, the present results establish the

existence of magnetic correlations extending over several atoms

in the paramagnetic phases of iron and nickel. These short

range correlations seem to be characteristic of metallic 3d

magnets and have also been observed in several iron rich inter-

metallic compounds ' , In ionic compounds and in interne-

tallies in which the magnetic atoms are well separated, the

magnetic correlations above T are mainly between electrons on

the same atom, and the type of short range order characteristic

of itinerant systems is not observed in the paramagnetic state.

In the iron rich intermetallics, the ferromagnetic to parama-

gnetic transition takes place around ambient temperature so

that even in measurements made at several times T the great

majority of all thermal fluctuations are measured within the

100 meV energy window of the spectrometer. The degree of short

range order deduced in these cases is therefore independent

of the nature, frequency and wave vector dependence of the thermal

fluctuations. However it should be emphasized that even in the

case of iron and nickel where measurements up to energy transfers

of 2 kT are not feasible, the short range order is associated

with the quasi-elastic part of the response, which lies well

within the energy window, and not with possible high energy

exc itat ions •
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