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Although the ground state properties of transition metal magnets are
reasonably well described by band theory their finite temperature properties
are not. In contrast to magnetic insulators and rare earth metals, where
well localised magnetic moments exist due to localised electrons, the mag-
netism of itinerant systems (3d transition metals and some of their com-
pounds) is carried by electrons with délocalised wavefunctions participating
in the Fermi surface. The itinerant nature of the "magnetic" electroms
leads to a strong coupling between translational degrees of freedom (hopping
processes) and magnetic degrees of freedom. Discussion of magnetic degrees
of freedom alone (e.g. by a Heisenberg-type Hamiltonian) as is possible for
localised magnetism is not appropriate. In spite of recent theoretical
progress there exists considerable controversy as to what kind of fluctuat-
ions are responsible for driving the paramagnetic phase transition and about
the nature of the paramagnetic phase itself. Paramagnetic neutron scatter-—
ing provides a powerful tool for probing magnetic fluctuations in the para-
magnetic state and is sensitive to the wave vector dependent features which
distinguish different current theories. This semsitivity has been exploited
in studying the spin density-spin density correlation function in a wide
range of transition metal paramagnets. Polarised neutrons and polarisation
analysis have been employed in order to obtain a clear measurement of the
paramagnetic scattering and its magnitude.

The results of these measurements show that the paramagnetic properties of
transition metals e.g. Fe, Ni, etc. are dominated by strong ferromagnetic
correlations extending over several lattice spacings. They indicate how, by
means of spatial correlationms, local exchange splitting of an itinerant 3d
band may be maintained in the magnetically disordered phase and explain the
large values of "effective" moments obtained in susceptibility measurements.
In the case of iron and nickel the spatial correlations enable short wave
length spin waves to propagate above T.. The spatial correlations observed
in the present neutron experiments demonstrate the coherent nature of the

wavefunctions characterising the '"'magnetic" itinerant electronms.
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INTRODUCTION

Numerous measurements now exist, de Haas van Alphen,
neutron diffraction, transpeort, galvano-magnetic, etc. which indi-
cate that the ferromagnetism of iron is carried by d electrons
participating in the Fermi surface. Band theory accounts satis-
factorily for the ground state properties of iron and notably for
the non-integral moment of 2.216 up per atom. It should be em-
phasised that this moment which may be obtained either from neutr-
on or magnetisation measurements is not a local moment in the
sense of that occurring in systems on the insulating side of the
Mott transition. The ground state properties of insulating mag-
nets are generally well accounted for by Heisenberg models in
which the magnetic electrons have localised wavefunctions.

Thermal fluctuations of the magnetisation density occur in'the
form of collective excitations, spin waves, having energies
less than %(KTC) i.e. typically < 0.05 ev. The thermal fluctu-
ations ji.e. spin waves can exist for all wavevectors whilst the
amplitude of the moment remains fixed. The magnetism of these

E. systems can thus be discussed by

considering just the magnetic
A

, degrees of freedom. They may be
A = intra dd coupling (Hund’s rule) :

~eV's classified as narrow band mater-
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itinerant nature of the "magnetic" electrons leads to strong
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coupling between translational degrees of freedom (hopping proc-
esses) and magnetic degrees of freedom, so that a consideration of
the magnetic degrees of freedom alone, e.g. using a Heisenberg
Hamiltonian, is not adeqguate. Owing to the delocalised nature of
the d electrons they move through the lattice with a kinetic
energy characterised by the band width, which for transition
metals is Vv5 eV. Thus the excitation spectrum of the single part-

icle depends on details of the band structure.

EA
eg. Fe
A= 1eV
E, = -1
Fig. 2. Spectrum for spin KT, = -1
A
waves and single particle W 8 il
excitations in an itiner-
ant magnet.
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E
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GROUND STATE

Inelastic neutron scattering measurements [1] reveal the
presence of spin waves, coherent motion of electron-hole pairs,
which at small wave vectors disperse isotropically with a stiff-
ness constant of D = 230 meV K2 (w = qu). At high energy trans-
fers corresponding to V100 meV the spin wave intensity was found
to decrease anomalously by an order of magnitude (see Fig. 3).
Towards the zone boundary there are no well defined features in
either wave vector or energy. The single particle spin flip
fluctuations give rise to an extremely low level of scattering
which extends over phase space and are predicted to extend up to
the band width. Whereas the collective excitations are confined
to a small volume of reciprocal space around the zone centre. It

must be emphasised that the intensity associated with the spin
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waves 1is vastly inferior to that corresponding to the Bragg
scattering, centred at q = O. The abrupt reduction in the spin
wave intensity corresponds to their entry into the single particle
continuum. At this wave vector and energy it becomes as easy to
eXcite an electron from the majority to the minority band as to
create a spin wave. Quantitative calculations of spin waves in d
metals based on calculated band structures are in reasonable

agreement with the results of inelastic neutron scattering.

FINITE TEMPERATURES

At finite temperatures Stoner theory is less successful
since the average amplitude of the local spin density is predicted
to decrease with temperature until it vanishes at Tgtoner’UIO,OOOK
for iron. Only single particle spin flip excitations are consid-
ered to drive the ordered to paramagnetic phase transition and the
Curie temperature is vastly over-estimated, T. experimental 1044 K
Thus fluctuations of the spin density having a lower character-
istic frequency "~ (KT/h) must dominate in defining the transition
temperature. In localised systems the paramagnetic phase is
established by the thermal disorder of atomic spins cf fixed ampli-
tude. Over the years considerable experimental evidence has
accumulated to suggest that the magnetic behaviour of iron falls
between the extremes of the Heisenberg and the Stoner models, and

that the moment does not collapse at T_,. The thermal variation of

the static susceptibility and resistivity measurements and the
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absence of a significant magneto volume change at T [2] suggests
the persistence of an exchange splitting above T.. In iron, as in
many transition metal magnets above Tor the uniform static suscept-
ibility roughly follows a Curie-Weiss law, in contradiction with
Stoner theory. It has been shown recently that rotations of the
"local" moments (transverse fluctuations) in iron, can destroy
long range order at temperatures consistent with the observed
values of T, [3,4]. This mechanism has similarities to localised
systems as described by Heisenberg models, but with detailed
differences due to the itinerant nature of the electrons. These
assertions are supported by inelastic neutron scattering measure-
ments of spin waves at high temperatures [1].

The neutroﬁ measurements reveal that the spin waves
remain well defined and are only slightly renormalised up to T,
(Fig. 4). Furthermore the wave vector and frequency at which the

spin waves enter the Stoner continuum

does not change significantly with

120 —r _
10 || [ } temperature, indicating that the band
.m%€g¥£jWWME éjf structure or more precisely the
= ; 4;5;' exchange splitting does not change

5: i z fj: significantly with temperature. At
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im ; E /j/ E the collective excitations become

;m :/f’ over critically damped at T, and the
* f%;#{:f response in this region is entirely
z }éﬂ’ T2 PHONON diffusive in character. A further
. 77r>| [ important discovery is the persist-

° > ,ﬁu ° * ence of spin wave scattering above Tg
beyond 1.4 T.- Therefore not only

Fig. 4. Spin wave dis- must a moment exist above TC but also

persion in Fe885112 [1]. a considerable degree of spatial
order. The fact that spin waves
propagate for wave lengths shorter than Ac = 21r/Qc where QC is
0.3 ﬁ_l suggests that the spin density remains correlated over
distances of 15-20 & above To., in agreement with the fluctuating
band theory of itinerant magnetism [3,4,5,6,7]. This theory is

based on very strong short range magnetic order existing well
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above TC due to the phase coherence of electronic wave functions
over distances considerably larger than the interatomic spacing.
Although the observed spin waves remained well defined above Tc'
their intensity was found to have dropped significantly, with the
low frequency modes affected most.

The general features of the inelastic neutron scattering
measurements have been accounted for using the fluctuating band
theory. However, models based on a modified Heisenberg Hamilton-
ian e.g. Zener model [8,9], are unable to reproduce the spin wave
peaks observed in constant 'q' plots. These and other theories
describe the paramagnetic phase as a random arrangement of spin up
and spin down electrons (treated with CPA-like methods [10]) with

practically no short range order outside the direct wvicinity of Tc'

PARAMAGNETIC STATE

From the above discussion it is clear that a direct
measurément of the spin density-spin density correlation function
can provide a powerful means of distinguishing the domains of
applicability of different models. Such a measurement can be obt-
ained using polarised neutrons and polarisation analysis to obtain
a clean separation of the paramagnetic neutron scattering cross-
section. This is possible because only the magnetic part of the
scattering is sensitive to the angle between the neutron polaris-
ation and the scattering vector. The difference between the spin
flip cross-sections for neutrons polarised parallel and those
perpendicular to the scattering vector may be related to the mag-
netic response function S(Q,w) [11]

d20+_ d20+_ Yr

andw I ~ \anaw - 3
1

O

\'
;; N S(Q,w) (1)

where V is the volume of the sample, VC the volume of the unit
cell, Nm the number of magnetic atoms per unit cell, r, is the
classical electron radius and Yy the magnetic moment of the neu-
tron. The measured paramagnetic scattering can then be expressed

o ;
in terms of the correlation function M (Q) given by

2 2 EL
M (Q) £ (Q) = o S(Q,w) &E (2)
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in which £(Q) is the form factor of the magnetic carriers. The
scattering function S(Q,w) of a Heisenberg magnet when integrated
over all relevant frequencies and summed throughout the zone
becomes:

—21—2—— Z, J du E s%%(0,w) = NSZ+NS = NS(S+1) (3)
The 52 term represents the Bragg scattering component and the term
linear in S represents zero point motion,diffuse scattering, etc.
The sum rule is valid at all temperatures both in the ground and
paramagnetic state. Thus the difference in the diffuse scattering
between the ordered and disordered phases comes from the 52 com-
ponent.

The validity of this sum rule has been verified for the

localised metallic ferromagnet Pd_.MnSn (Tc = 189 K). In this mat-

erial only the manganese atoms cairy a moment and are separated by
4.5 B; thus there is negligible overlap of the d functions giving
rise to the moment. Thermal fluctuations of the moment outside of
the ground state i.e. spin waves occur throughout the zone [12]
and are well described by Heisenberg theory. The spin waves are
strongly renormalised with temperature and disappear close to TC.
Above Tc the paramagnetic response [13] is wave vector independent
after correction for the atomic form factor £(Q), thus indicating
the absence of spatially dependéntcorrelations between spins on
different sites (Fig. 5). The observed correlation function M2(Q)
is determined by the self correlations giving M2(Q) = g2 S(s+1).
Thus the paramagnetic phase of PdZMnSn can be visualised as con-
sisting of randomly aligned atomic spins of fixed amplitude.

It is difficult to visualise a similar paramagnetic
state in itinerant magnets. Paramagnetic scattering measurements
on both single crystals and polycrystalline samples of pure [14]
and Fe '+ 5 At.%Si [15] (stabilised o phase) enable both the
spatial correlations and the temporal evolution of electron spins
to be investigated. The paramagnetic scattering observed at four
different temperatures for scans made in the (110) direction in a

sample of Fe - 5At.%Si is shown in Figure 6. The observed para-

magnetic scattering is peaked in the forward direction and around
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nuclear Bragg peaks. Such behaviour may be expected if there

exists spatial correlations of a predominantly ferromagnetic nature

In the Heusler, Pd,MnSn,only the self correlation <MiMj> for i =3

where 1 and j arezthe site labels contribute to the scattering

In iron both self and spatial correlations i # j give rise to para-
ﬁagnetic scattering. Measurements made in the (001) and (111) di-
rections gave rise to a slightly larger level of scattering than in
the (011) direction, but within the experimental error and in com-
parison with the data observed with the polycrystalline samples
the scattering is essentially isotropic. Significant thermal var-
iation of the scattering is observed only for wave vectors less
than v 0.4 ﬁ_l. This scattering arises from the residual long
range order and is found in all paramagnets close to the transit-
ion temperature. Spooner and Averbach [16] have investigated this
scattering using unpolarised neutrons and have shown that the
Ornstein-Zernicke approximation gives a reasonable account of the
observed scattering i.e. 1/r exp-r/E. However this functional

form was found to break down for distances corresponding to
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15- 20 R. This distance corresponds to a wave vector of 0.4 -1,
beyond which the polarised neutron measurements indicate that the
correlations giving rise to the enhanced scattering are essenti-
ally temperature independent. These correlations which charact-
erise the short range magnetic order are found only in itinerant
magnetism and reflect the delocalised nature of the d wave funct-
ion. For wave vectors greater than 0.9 ﬂ—l out to the zone boun-
dary there is a low level of observed scattering. Constant Q
scans performed close to the zone boundary revealed that this low
level of scattering persisted beyond 100 meV. The absence of
significant scattering at large wave vectors is in stark contrast
to the prediction of the Heisenberg model. Similar behaviour has
been observed in the paramagnetic phase of nickel [7]. Constant
Q scans carried out at wave vectors corresponding to the region of
short range order i.e. 0.4 < Q < 0.9 ﬁ"l reveal that the scatter-
ing is concentrated at low energy transfers. Thus the neutron

scattering experiments effectively integrate over all the thermal

fluctuations which are well defined in Q and w. The absence of

significant scattering at large wave vectors effectively demon-

strates the existence of short range magnetic order. It is inter-

esting to note that the original measurements of paramagnetic
scattering from iron [16] using unpolarised neutrons and no energy
analysis have a Q dependence which falls off more rapidly than
expected for 3d electrons in a localised model.

The observed scatteriné may be integrated throughout the
zone to obtain an "effective" amplitude. 1In an "itinerant" system
there may be no well defined energy gap between the thermal fluct-
uations (transverse modes) and the quantum fluctuations (longitu-
dinal modes). In the absence of such an energy gap the "effective"
atomic moment is not well defined and may vary strongly according
to the averaging time of the experiment from which it is derived.
We therefore wish to distinguish the moment we derive from parama-
gnetic scattering experiments on itinerant systems from that obser-
ved in local systems and from that obtained in the ground state,
since it is not possible to distinguish between the thermal and
quantum fluctuations. Thus we define the "on site correlation am-

plitude" 0OSCA as
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The phase space factor gives a large weight to the large Q@ compon-
ents. Although it is possible to Fourier transform the observed
data using Eq.(4) [17,18], the resulting transform depends subst-
antially on the large Q components which are hardly significant
and have a large error after multiplication by Q2. The resulting
transform gives a correlation length of between 6 - 10 R. How-
ever the Fourier transform does not contain more information than
is contained in M2(Q) and it is more instructive to plot Q M2(Q)
versus Q since this indicates which Fourier compoﬁents contribute

significantly to the OSCA. In Figure 7 it may be seen that the
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dominant Fcurier components giving rise to the on-site correlation
function are KC = 2Tr/QC = 16 where Q. = 0.4 ﬁ_l. Both the char-
acteristic wavelength and 0SCA were found to be essentially temp-
erature independent up to at least 1.5 Tc, suggesting that band
structure, particularly the exchange splitting does not change
significantly over this temperature range. However the 0OSCA,
determined from the scattering which is well defined in both Q

and energy, is substantially less than the ground state moment.
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The reduction corresponds to approximately cne third of the scatt-
ered intensity.

The separation of guantum and thefmal fluctuations has
been dealt with in MnsSi [19], in which it was possible to inte-
grate over the band width and then subtract the guantum fluctu-
ation by repeating the measurements close to the ground state
i.e. below Tc. In this manner the amplitude associated with the
manganese atoms was found to increase slightly whereas measurement
in the paramagnetic phase up to 20 TC and including gquantum fluct-
uations suggested a substantial increase. Similar experiments on
iron are not at present feasible since the band width is approx-
imately 5 eV, but the possible effect of the guantum fluctuations
in determining OSCA may be understood by considering the time
average of the magnetisation density - magnetisation density corr-
elation function MZ(Q). Consider the response of electron spins
tc a perturbation of frequency Aw, then the states that can be
excited by an energy transfer hAw have a momentum spread AK given
by AK = Awm*/ﬁKf where m* is the effective mass of electrons at
the Fermi surface and Kf their Fermi wave vector. The correspond-
ing wave packet has an extent in real space Ax given approximately
by the uncertainty principle

’ﬁKf

Ax Awm* B MK (&)

Therefore the effect of omitting the high frequency fesponSe in
the evaluation of MZ(Q) is to average the correlation over a dist-
ance Ax given approximately by Egq.(6) above. An upper limit for
the distance involved can be obtained by observing that the band

width W is given by

2.2
h
W o= Ke with K, = L (7)
2m* a
and a is the interatomic distance. The maximum distance is of
the'order Ww/hAw times the interatomic distance. In an ionic mat-

erial or an intermetallic compound e.qg. PdZMnSn in which the 4
band is narrow, the factor W/hAw may be of order unity for the

energy resolution of the experiment (hAw Ei v 28 THz). In such
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a case the paramagnetic scattering experiment will measure the
full unpaired moment per atom. For iron the width of the 4 band
is v5 eV (1 ev v 242 THz) so the average is over many unit cells.
If the averaging distance is greater than the correlation length
(Ac) of the paramagnetic excitations the measured moment per atom
(O0SCA) will be less than the mean unpaired moment per atom within
the correlated region. This may be demonstrated experimentally by
comparing results obtained on Fe, Fe, Pt [21] and FePt, [22]. with
increasing Pt content, the d overlap of the iron atoms becomes
less with a corresponding decrease in the band width. In the
ground state transverse fluctuations of the magnetisation density
occur progressively throughout the zone with increasing Pt con-
tent. This is reflected in the paramagnetic scattering by an
increasing importance of the large Q component to the Fourier

spectrum. Eventually in Pt_Fe all the Fourier components contri-

3
bute in establishing M2(Q).

CONCLUSIONS

Neutron scattering measurements confirm that the ex-
change splitting in iron and other itinerant magnets persists
beyond T, intec the paramagnetic phase. Measurements both close to
the ground state and in the paramagnetic phase demonstrate the
importance of quantum fluctuation which in the case of itinerant
magnets are not distinct from the thermal fluctuations. Inelastic
neutron scattering measurements close to the ground state indicate
that the transverse fluctuations of the magnetisation density are
confined to a small value of reciprocal space. Furthermore, meas-
urements made above Tc indicate that the region of spin wave
fluctuations remains unchanged. These results are consistent with
the predictions of band theory which also suggests the presence of
a‘low level of scattering towards the zone boundary and extending
up to the band width. The absence of significant scattering tow-
ards the zone boundary has been confirmed by paramagnetic neutron
scattering measurements in both iron and nickel. These fluctu-
ations have the same origin as those characterising the static
susceptibility in the paramagnetic phase of chromium. Aboﬁe the

Néel temperature the static susceptibility of chromium increases
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slowly with temperature and is characterised by fluctuations close
to the Fermi level i.e. Pauli paramagnetism « T/TF. Apart from
the zone centre, polarised neutron scattering measurements [23]

on paramagnetic chromium indicate a low level scattering charact-
eristic of a single electron response. These results demonstrate
the inadequacies of the Heisenberg model in which the amplitude of
the spin density remains fixed and all Q components contribute to
the paramagnetic response. However the local band model and
Moriya's unified theory which includes a wave vector cut-off for
the spin fluctuations are in reasonable agreement with most of the
experimental results on itinerant magnets. These theories have
the advantage that they are based on band theory which already
accounts for the ground state properties. The spatial correlat-
ions stabilise the exchange splitting above Tc and enable spin
waves to propagate in the paramagnetic phases of iron and nickel.
As the overlap of the d functions decreases, for example by alloy-
ing, spin waves propagate progressively across the zone in the
ground state. Thus in the paramagnetic phase the large wave
vector components of the spin fluctuations become increasingly
important as the band width decreases. In the limit of negligible
overlap, e.g. as in Pd_MnSn, the Heisenberg model becomes applic-

2
able.
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