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The neutron coherent inelastic-scattering technique has been used to study the temperature dependence
of the magnetic excitations in iron from room temperature to well above the ferromagnetic transition
temperature. Most of the measurements were taken on a large single crystal of **Fe (12-at.% Si),
although a less extensive set of data was obtained with a single crystal of pure iron. In contrast to the
behavior previously observed in the small-wave-vector region, we find that the spin waves at larger
values of q are only moderately renormalized up to T, and persist as excitations up to the highest
temperature measured (~ 1.4T ). No further renormalization of the dispersion relation is observed
above T .. Measurements of the spin-wave linewidths show that as the temperature increases to T the
widths rapidly increase, but above T . no additional broadening occurs. In the paramagnetic phase the
ratios of the energy widths divided by the excitation energies for E R 8 meV are found to be less than
one (AE/E < 1), which has been used as the criterion for the definition of a spin-wave excitation. As
the energy decreases below ~ 8 meV, the scattering evolves continuously into the critical scattering
around the origin (cT =0, v = 0), whereas with increasing energy AE/E decreases. The dynamical
correlation range corresponds to a sphere with a diameter ~ 10 A, and this correlation range is, within
experimental error, independent of the temperature. The over-all spin-wave intensities are reduced at elevated
temperatures, but the abrupt decrease in the spin-wave intensity at high energies, interpreted in terms
of the band model of magnetism as the intersection of the spin-wave spectrum with the Stoner
continuum of spin-flip excitations, is found to be independent of the temperature. The spin-wave
energies, as well as the linewidths, are isotropic in G over the entire temperature range covered, and no
interaction of the spin waves with the phonons is observed. These experimental results are in
disagreement with present theoretical estimates of the generalized susceptbility at elevated temperatures.

I. INTRODUCTION

The magnetic properties of the 3d ferromagnetic
metals have been under intensive investigation for
many years. In fact, they have probably been
studied by more researchers and with a wider va-
riety of techniques than any other magnetic mate-
rials. The experimental evidence has established
that the d electrons in these metals occupy rela-
tively narrow energy bands which are itinerant in
character, although the strong intraatomic electron
correlations present inevitably give rise to some
properties which are localized in nature. ! Thus at
low temperatures both the “single-particle” proper-
ties (such as Fermi surfaces, photoemission spec-
tra, etec.) as well as the collective excitations of
these ferromagnets are best described by calcula-
tions which are based on “tight-binding” band
structures in which the electron correlations are
handled as accurately as possible. However, the
nature of the band structure and the electron corre-
lations at elevated temperatures is not yet fully
understood. 2

The quantity of fundamental importance in under-
standing these magnetic systems is the wave-vec-
tor- and frequency-dependent generalized magnetic
susceptibility x(a, w). This is because x contains
a complete description of the magnetic excitation
spectrum of the system; so, with a knowledge of
x(q, ), the (linear) response of the system to any
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magnetic disturbance can be found. This dynamic
susceptibility is directly related to the coherent
magnetic inelastic scattering of neutrons, which is
in fact the only experimental technique available to
measure both the wave-vector and frequency de-
pendence of X(q, ).

The scattering of thermal neutrons has already
been used extensively to study the magnetic proper-
ties of iron. In particular, the techniques of small-
angle scattering, diffuse scattering, and the “dif-
fraction method ” have been employed to measure®~"
the long-wave-length spin dynamics. From these
experiments it was inferred that at low tempera-
tures the spin waves are isotropic in q, with the
dispersion relation being given approximately by
E=DI{I?. Above the ferromagnetic transition tem-
perature, considerable information was obtained
about the nature of the diffusive modes which re-
vealed the presence of strong short-range spin cor-
relations. Unfortunately, however, the interpreta-
tion of these types of experiments, in which the di-
rections but not the energies of the scattered neu-
trons are measured, depends on a number of as-
sumptions.

With the advent of high-flux reactors, Xx({, w)
could be determined directly. Collins et al.® and
Boronkay and Collins® have used the triple-axis
technique to measure the critical scattering in de-
tail. They found that in the small-wave-vector low-
energy region the spin dynamics are well described
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by dynamic scaling theory. The spin-wave stiff-
ness parameter D(T) was found to follow a power
law of the reduced temperature, with the spin
waves becoming overcritically damped just below
T.. However, no central diffusive mode was ob-
served below T, in Fe, in contrast to some anti-
ferromagnets, and there was evidence that a highly
damped propagating mode existed in the “transi-
tion” region. Furthermore, the spin-wave damp-
ing at the highest wave vector measured (0. 26 A
was found to be anomalous, and this anomaly was
tentatively attributed to a conduction-electron
screening effect.

In addition to these temperature-dependent mea-
surements, the spin-wave part of x(ﬁ, w) has been
measured at room temperature in detail. How-
ever, the spin-wave dispersion relations in the 3d
metals are very steep; so at larger wave vectors
the energies become rather high for neutron-scat-
tering techniques to measure. Collins ef al.® mea-
sured a portion of the dispersion relation and found
that it was isotropic in (-1' up to the highest spin-
wave energies they could measure (~ 70 meV).

This energy corresponds to a q vector which is
about 40% of the way to the zone boundary. Ap-
proximating the dispersion relation in this wave-
vector region by

fwg=D|d| %1 - gld]?), (1)

they obtained values of D =281 meVA? and 8=0. 96
Az, They concluded that for the Heisenberg model
to fit the dispersion relation the exchange interac-
tion would have to be of very long range. Mook
and Nicklow!? were able to extend the room-tem-
perature measurements to higher spin-wave ener-
gies on an 5*Fe (4 at.% Si) sample. The spin-wave
intensities measured as a function of energy were
found to decrease slowly with increasing energy up
to ~ 85 meV and then drop rapidly by more than an
order of magnitude, becoming unobservable. This
rapid decrease in intensity occurred at different
energies in different symmetry directions and was
interpreted in terms of the band model of ferro-
magnetism as the intersection of the spin-wave
spectrum with the Stoner continuum of single-parti-
cle spin-flip excitations.

With increasing temperature it was expected the-
oretically that the splitting between the spin-up and
spin-down electron energy bands would vary in a
manner proportional to the magnetization, and
hence the region of high density of Stoner states
would decrease in energy. In order to check this
conjecture, a study was undertaken of the tempera-
ture dependence of the spin-wave spectrum in nick-
el, in which a similar fall off of the spin-wave in-
tensity at high energies had been observed.!' It
was found'? that not only did well-defined spin-
wave excitations exist above the ferromagnetic
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transition temperature, but also the energy at
which the spin-wave modes disappeared was tem-
perature independent. In fact, except for very
small wave vectors, the whole spin-wave spectrum
changed remarkably little between 4.2 and 715 °K,
which is 86 °K above T.

In view of these results it was clear that a com-
prehensive investigation of the temperature depen-
dence of the spin correlations in the ferromagnetic
3d elements would be interesting. The present
article reports the first general determination of
x(&, w) as a function of temperature for iron, with
particular attention being given to the scattering
outside the critical region. It should be noted that
preliminary accounts of the data have been briefly
reported previously. ®

II. THEORY

The spin-only!* magnetic cross section for un-
polarized neutrons can be written in terms of the
generalized susceptibility of the electrons as'®

d?o _(yez )z N7

dQdw \m,c%) m(gugy k lF(K)!a -W(K)(l 0

x{(1 - k3)Im[x*(q, w)]
+3(1+6ADIm[x (G, w)+x*"@, )]}, (2)

where % and k' are the magnitudes of the incident
and scattered neutron wave vectors, %K =74k -k’
is the momentum the crystal receives from the
neutron, k, is the component of the unit scattering
vector (K/ IKI) along the direction of magnetiza-
tion, 7Zw is the energy gained by the crystal, y is
the gyromagnetic ratio of the neutron, m, and e
are the mass and charge of an electron, f*=[e"“/T
il]'1 Im( ) means take the imaginary part, and
q K- T where q is the reduced wave vector and 7
1s the reciprocal lattice vector necessary to bring
q into the f1rst Brillouin zone. Note that x(q, w) is
periodic in T, since the aperijodic functions of T,
the magnetic form factor F(K) and the Debye-Wal-
ler factor e'z“’“‘) have been factored out of x(K,w).
This factorization is a good approximation for itin-
erant systems, such as iron, where the d bands
are narrow.

There are two types of contributions to the in-
elastic scattering. The X* part of the scattering
does not involve the flip of the neutron spin, and at
low temperatures it is very small compared to the
spin-flip cross section (because the magnet is
saturated). However, it should be kept in mind
that as the temperature is raised the x** part of the
scattering becomes larger, and for an isotropic
ferromagnet above the transition temperature the
xx, vy, and zz correlations are all equal, since
there is no preferred direction remaining in the
crystal. The x*¥ correlations give rise to the spin-
flip scattering, which includes the inelastic scat-
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tering of neutrons by spin waves and Stoner modes.

In order to compare theory with experiment a
calculation of the susceptibility is needed. The
simplest model which contains the essential fea-
tures of the scattering from an itinerant electron
system is based on the random-phase-approxima-
tion (RPA) to the Hubbard!® Hamiltonian. For a
single band in the RPA the imaginary part of the
(spin-flip) susceptibility is given by

Im[x™(q, )]

=Im[ x5*(@, @)]/({1 - IRe[x3*(@, w)]P
+H{Im(x;*@, »)1P), 3)

where I is the Coulomb repulsion between electrons

of opposite spin at the same site. Here x;,*(ﬁ, w)
is the so-called “noninteracting ” susceptibility,
which is related to the single-particle excitation
spectrum via

f%iat _fil
T e®+q)- k) +A—Tw+in’

(4)
where A is the (rigid) splitting between the spin-up
and spin-down energy bands <(E), and the limit as
n— 0" is implied. The imaginary part of XB"@ w)
is proportional to the density of (spin-flip) Stoner
excitations, whose energies are given by

2
Xo'(d, W)=~ <g‘;f)

BWgtoner =€(& +q) — €(K) +A for any K. (5)

For =0, %w=A for every K, and the Stoner states
are restricted to this single energy. As a becomes
nonzero, there is an increasingly larger range of
band energies that satisfy Eq. (5), and the excita-
tion energies fan out from A. The Stoner modes
are rather diffuse in energy and hence difficult to
observe by neutron-scattering techniques.

Outside the region of Stoner states, Im[x;"(ﬁ, w)]
=0; so Im[x™*(q, w)]=0 unless 1=IRe[x;*(q, w)].
This condition is satisfied only for specific values
of (a, w) and corresponds to the spin-wave modes.
But if the spin-wave spectrum enters the region of
Stoner excitations, then Im[x;*(q, w)] is no longer
zero. Equation (3) therefore no longer has a true
singularity, and an intrinsic width is induced in the
srin wave. The larger Im[x;*(q, w)] is, the larger
the induced width, and if Im[x{,“(&, w)] becomes
large enough, the spin waves will become com-
pletely damped out. This has been interpreted as
the cause of the disappearance of the spin waves in
Fe and Ni at high energies. %1

At low temperatures the band splitting is givenby

A =I(<ng> - <n3>) ) (6)
where (n,) —(n,) is the magnetization per atom.
Thus in the simplest form of a temperature-depen-

dent theory A is assumed proportional to the mag-
netization. As the temperature is raised, we would
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therefore expect the Stoner excitations to lower in
energy as A decreases, and as the temperature is
raised through T the Stoner modes would extend to
w=0. In addition, the spin waves, at least in the
small-wave-vector region, will decrease in energy
with a renormalization that is independent of a and
proportional to the magnetization.

Quantitative calculations of x(q, w) for multiband
systems are generally much more difficult to do,
and the excitation spectrum can be more compli-
cated. In general, however, all isotropic ferro-
magnets have a spin-wave mode at small q with a
dispersion relation!®!8 given by Zw=DIqI%. At ele-
vated temperatures the theoretical problems be-
come even more complicated. Generally, as the
temperature is increased, one expects that the
spin-wave energies should decrease and the line-
widths increase. The Stoner excitations are also
expected to lower in energy as the electron-spin
correlations are reduced at higher temperatures.
At long wavelengths, of course, the spin waves will
become overcritically damped as the long-range
order vanishes. The general behavior of x(&, w) as
a function of temperature, however, is unknown.

III. EXPERIMENTAL PROCEDURES

The measurements were taken on the HB-3 tri-
ple-axis neutron spectrometer installed at the high-
flux isotope reactor.!® The triple-axis technique
has been discussed at length in the literature!®2%2!;
so no detailed explanation will be given here. How-
ever, there are several considerations that are
particularly pertinent to these experiments which
should be mentioned. %

Since the spin-wave excitations in iron extend to
high energies (compared to £7), all the measure-
ments have been taken with the incident neutron en-
ergy greater than the scattered neutron energy; so
the neutrons create excitations in the sample. This
is necessary because the thermal occupation factor
for the high-energy spin waves is very small. A
second consideration arises because the spin-wave
dispersion relations in the 3d metals are very
steep. This necessitates measuring the higher-
energy spin waves by fixing the energies of the in-
cident and scattered neutrons and varying K, which
is called a “constant-E” scan. This type of scan
will cut directly across the dispersion surface,
giving a sharp peak in the scan. The more familiar
“constant-K ” scan would almost parallel the spin-
wave dispersion surface. The resolution “ellip-
soid” would then “drag” along the dispersion sur-
face over a large energy range, giving a very broad
distribution of scattered intensity.

Finally, in order to maximize the scattered in-
tensity the magnetic form factor F(K) needs to b(_é.
kept as large as possible, which means keeping K
small. This has important practical consequences
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when measuring the high-energy spin waves. In
order to satisfy the momentum and energy conser-
vation conditions for neutron scattering and also
keep K small, high scattered-neutron energies
must be employed. Thus very high incident-neutron
energies must be used. Scattered- and incident-
neutron energies as large as 112 and 232 meV were
used. At these incident energies the flux of neu-
trons from the reactor is greatly reduced, so that
the required counting times for measurement of
these spin waves are very long.

A. Equipment details

The monochromator and analyzer were beryllium
crystals with a mosaic spread of 0.25°. To mini-
mize the effects of multiple Bragg reflections in the
monochromator at high incident energies, the (101)
planes were oriented for reflection, whereas the
(002) planes of the analyzer were generally em-
ployed. For the higher-energy spin waves, two-
thirds degree (full width at half-maximum) Soller
slits were used before and after the sample. For
higher-resolution measurements, 3° slits were
used, 2

The samples were each mounted in a high-tem-
perature vacuum furnace. Three calibrated ther-
mocouples [one chromel-alumel and two Pt—Pt (10%
Rh)] were spot-welded to the sample to determine
the temperature. The calibration of these thermo-
couples was checked by increasing the resolution
of the spectrometer and measuring the critical
magnetic scattering as the temperature passed
through the ferromagnetic transition temperature
T.. The temperature gradients across the samples
were found to be less than 2 °K, with a temperature
stability of better than 0.5 °K over a 48-h period.
The temperature control of the samples was found
to be more than adequate.

B. Samples

Pure iron undergoes a bece to fce transformation
at ~ 1180 °K, which makes the growth of large sin-
gle crystals very difficult. However, with the addi-
tion of 2 4 at.% silicon the high-temperature fcc
phase is eliminated. A large single crystal can
then be easily grown from the melt. The majority
of the iron measurements were taken on a single
crystal of **Fe (12 at.% Si) weighing 180 gm. The
crystal was approximately cylindrical in shape with
the [110] crystallographic axis tilted ~ 25° from the
cylinder axis. The nuclear scattering amplitudes
of 5*Fe and Si are equal (b=0.42X10"2 c¢m); so use
of the iron isotope eliminates incoherent scattering
as well as reducing all the coherent nuclear scatter-
ing cross sections by a factor of ~ 5.2 (bp, =0. 96).
Without the large isotopically enriched crystal, ac-
curate measurements of the high-energy spin waves
would have been difficult if not impossible, particu-
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larly at elevated temperatures.

Even though the silicon in Fe(Si) alloys appears
to be magnetically inactive, the dilution of iron
with 12% Si considerably alters the magnetic prop-
erties. The spin-wave stiffness parameter D de-
creases from 280 to 230 meVAz, and the transition
temperature decreases from 1042 to 970 °K. Thus,
in order to ascertain if the magnetic behavior of the
alloy is really indicative of iron, additional mea-
surements were carried out on a single crystal of
pure iron (with the natural distribution of isotopes).
This sample was a cylinder weighing 23 g, with ap-
proximately the same orientation as the alloy crys-
tal. At room temperature, the signal to noise ratio
was more than seven times better for the alloy
(mainly because of sample size), and this ratio in-
creased as the temperature increased. Of course,
no measurements for pure iron could be carried
out above 1180 °K.

IV. DATA COLLECTION AND ANALYSIS

The majority of the measurements were taken
around the 110- and 002-type reciprocal-lattice
points. These reciprocal-lattice points correspond
to the two smallest vectors in the reciprocal lat-
tice, and hence F(K) is most favorable here. It is
not practical to measure the excitations around the
000 reciprocal lattice point because the momentum
and energy conservation relations cannot be satis-
fied for reasonable incident and scattered neutron
energies.

Each scan was fitted by a least-squares proce-
dure to a sum of Gaussian distributions (one for
each peak) plus background. This should be a valid
procedure if the dispersion surfaces do not deviate
appreciably from planar dispersion surfaces over
the extent of the (Gaussian) resolution ellipsoid,
and in fact excellent fits to the data were achieved
with this method. The position, integrated inten-
sity, and width of each peak may then be extracted
from the data. It was found that this was a reliable
and particularly convenient method for cases when
two (or more) peaks were overlapping each other,
which occurred in some of the low-energy scans
because of the presence of both magnons and pho-
nons. The positions, intensities, and widths were
also obtained by hand and checked with the computer
results for consistency. The results agreed within
experimental error. In addition, rather extensive
resolution calculations were performed to deter-
mine the extent of the influence of the finite resolu-
tion of the spectrometer on the results.

A. Spin-wave linewidths

Since the scans performed were constant-E scans
(varying K), the measured widths are in units of K
rather than energy. But if the intrinsic energy
widths are not too large (AE/E <« 1) or if the disper-
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sion surface is approximately planar over the re-
gion of interest, then the energy widths can be ob-
tained directly by

AE=|Vz0|aq, (7)

where Ieaw | is the slope of the dispersion surface.
Above T, however, the intrinsic energy widths are
not small. Nevertheless, Eq. (7) will still give
rough estimates of the energy widths because the
dispersion surface (at least at the higher energies)
does not have a great deal of curvature. More re-
liable linewidths can be obtained by numerically
folding the scattering cross section with the resolu-
tion function and fitting the calculations to the mea-
surements. Rather extensive numerical calcula-
tions of this type have been made. The effects of
the resolution and the specific assumptions used to
extract the intrinsic widths of the excitations will
be discussed when the linewidth data are presented.

B. Spin-wave intensities

Brockhouse et al.?! showed how the interpretation
of the integrated intensities of a series of scans
along a dispersion surface can be greatly simplified
if the scattered neutron energy is not changed dur-
ing the series of measurements and if the flux of
neutrons incident upon the sample is monitored by
a low-efficiency “I/v” detector.?* Mook and Nick-
low!® have discussed in detail the interpretation of
spin-wave intensities for iron taken with this ex-
perimental arrangement and using the constant-E
mode of operation. If within the region where the
resolution ellipsoid intersects the dispersion sur-
face, this surface does not deviate appreciably from
a plane and the variation of the scattering cross
section along the dispersion surface can be ignored,
then the observed integrated intensity I(E) is given
to a good approximation by

co(Ky, E) _(1+f7) IF(K,)I2x,(E)e?¥ o)
[Viwl Viwl

’
. . (8)
where K, is the value of K at the peak position, and
Xs(E) is the spin-wave intensity. c¢ is a complicated
function of the spectrometer parameters, but does
not vary from scan to scan. Mook and Nicklow
found that for the types of triple-axis scans used
in these measurements, Eq. (8) in fact gives a
good description of the operation of the spectrome-
ter. Precise measurements of the magnetic form
factor? have been made, and the Debye-Waller
factor, slope, and thermal factor are known; so
the spin-wave intensities X (E) can be readily ex-
tracted from the data.

The various terms in Eq. (8) occur for the fol-
lowing reasons. If we measure an integrated in-
tensity I(E) in a constant-E scan, then to obtain a
quantity which is proportional to the “scattering
strength” of a spin-wave state we need to take into

I(E) =
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account both the density of spin-wgge states which
contribute to the scattering (~1/ IVzwl for a con-
stant-E scan) and the thermal occupagon of these
states. The magnetic form factor F(K) and the
Debye-Waller factor e2%® will vary along the dis-
persion surface from scan to scan, although their
variation is small unless the scans are done around
different reciprocal-lattice points. The effects of
all the other experimental factors which may vary
from scan to scan (e.g., reflectivity of the mono-
chromator and analyzer crystals, counting efficien-
cies of the detectors, etc.) cancel each other be-
cause of the manner in which the spectrometer is
operated.

There are two points that should be clarified con-
cerning the spin-wave intensities x (E) extracted
from the data. First, if_.the density of magnetic
states per unit range of K is a constant, and all of
these states lie on the spin-wave dispersion sur-
face, then the density of spin-wave states per unit
range of energy is proportional to 1/ Ig,;wl, as for
the Heisenberg model. In this case X,(E) would be
constant as a function of energy. The spin-wave
intensities presented are thus compared to this,
and variations in the scattering intensity may be
interpreted either in terms of a variation in the
spin-wave “scattering strength” x,(E), or in terms
of the density of states contributing to the scatter-
ing. Second, when the intensity begins to decrease
rapidly at high energies, then the assumption that
the scattering cross section does not vary within
the resolution of the instrument is not valid, and
only an “average” scattering is measured. At high
spin-wave energies the energy resolution is quite
coarse, and this accounts for most if not all of the
smooth drop off observed. The scattering cross
section itself actually drops off more rapidly than
the observed spin-wave intensities indicate.

As a function of temperature there are several
additional quantities in the cross section which can
vary. The magnetic moment y (analogous to S in
the localized model and not (%)) and the form fac-
tor F(K) may be temperature dependent. However,
measurements show!2° that they have (at most)
only a weak dependence on temperature, and any
temperature dependence has been retained in the
spin-wave intensities presented. The Debye-
Waller factor e ® does vary with temperature,
and this effect will be discussed when the data are
presented.

V. EXPERIMENTAL RESULTS

Since the dispersion relations were expected to
be isotropic in E, the measurements were concen-
trated in the [110] direction. However, enough data
were obtained in the other symmetry directions to
establish that the spin-wave dispersion relations,
as well as the spin-wave linewidths, are isotropic
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FIG. 1. Fe (12 at.% Si) room-temperature spin-wave
dispersion relations at low energies in the principal sym-
metry directions. The dispersion relation is seen to be
isotropic in §. The zone boundary in the [100] direction
corresponds to 2.20 A,

in a over the entire temperature range covered.
The Stoner excitations, on the other hand, are not
isotropic in a Because of the long counting times
required to measure the high-energy spin waves,
the temperature dependence of the spin-wave
Stoner-mode intersection was determined only for
the [110] direction in Fe(Si).

A. Room temperature

Since no triple-axis data have been reported for
Fe (12 at.% Si), the room-temperature spin-wave
dispersion relations were examined thoroughly.
Figure 1 shows the low-energy portion of the dis-
persion relations for the principal symmetry direc-
tions. Measurements were taken in all three sym-
metry directions and around at least two different
reciprocal-lattice points at all the energies shown,
Within experimental error, the dispersion rela-
tions are seen to be isotropic in 4. If Eq. (1) is
fitted to these data, then values of D=230+7
meVA? and 8=0.82+0.20 A2 are obtained. The
errors quoted are the least-squares statistical er-
rors. The solid curve in the figure corresponds to
Eq. (1), whereas the dashed curve is just the qua-
dratic term. These results are in reasonable
agreement with the “diffraction-method” results of
Antonini et al., 2% although their results are for al-
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loys of 7% and 15% Si. Our room-temperature
measurements at higher energies are shown in
Fig. 2.

The spin-wave intensities in the [110] direction
were measured as a function of energy around both
the 110- and 002-type reciprocal-lattice points and
with several different scattered neutron energies.
The spin-wave intensity slowly decreases with in-
creasing energy until ~ 100 meV, and then begins
to decrease more rapidly (Fig. 3). This rapid de-
crease in intensity is interpreted as being due to
damping of the spin waves by the Stoner excitations.
Although exhaustive measurements like those of
Mook and Nicklow!® were not carried out, it is
clear that the intensity decrease occurs at a higher
energy than in Fe (4 at.% Si). With consideration
of the resolution used for these measurements (the
energy resolution at a spin-wave energy of 120
meV is indicated in the figure by the horizontal
bar) we can estimate an intersection point of ~ 115
meV, which is considerably higher than the ~ 95
meV they observed. Note (Fig. 2) that the spin-
wave modes exist only over about half of the Bril-
louin zone (the zone boundary in the [110] direction
is at 1.55 A1),
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FIG. 2. Fe(Si) spin-wave spectra at a series of tem-
peratures. Thespinwaves lower in energy with increasing
temperature up to T¢, but outside the small-wave-vector
region the dispersion relation does not renormalize to
zero as T —T¢, and above T, the spin waves persist as
excitations. No further renormalization is observed
above Tg.
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FIG. 3. Spin-wave intensity vs energy at room tem-
perature and 1,28 T, for the [110] direction of Fe(Si).
The rapid decrease at high energies, interpreted as the
intersection of the spin-wave spectrum with the Stoner
continuum, changes little, if any, with temperature. The
horizontal bar at 120 meV indicates the energy resolution
of the spectrometer employed at that energy.

It should be pointed out that for elevated tem-
peratures and for the multiband case the region of
Stoner states may not be as sharply defined as it is
in the case of the single-band model discussed in
Sec. II. The intrinsic width of the spin-wave mode
is thought to be proportional to the density of Stoner
states, and therefore a gradual rise in the density
of Stoner states with increasing energy could ex-
plain the slow decrease in the observed spin-wave
intensity (up to ~ 100 meV). However, it is not yet
known theoretically how large the Stoner density of
states needs to be in order to induce an appreciable
intrinsic width into the spin waves, or to make them
disappear altogether.

B. Temperature dependent results

The magnetic scattering from the Fe(Si) crystal
was measured from room temperature through the
ferromagnetic transition temperature and up to 1.4
T (1360 °K). Although the furnace could go higher
in temperature, the vapor pressure of the sample
would have become high enough that a significant
portion of the sample would have been lost over a
period of days, and this was undesirable because
the 5‘Fe isotope is very expensive. The scattering
was identified as magnetic in origin both by con-
tinuously following the evolution of the scattering
from low temperatures, and from the dependence
of the scattering intensity on the magnetic form
factor F(E). Spin waves with the same a were
measured around different reciprocal lattice points
and with a variety of experimental arrangements to
detect any spurious scattering effects.
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Figure 2 shows the temperature dependence of
the spin-wave spectra for Fe(Si) in the [110] direc-
tion. As the temperature is increased, the spin
waves lower in energy. Outside the immediate
vicinity of the origin, however, the spin waves
persist as excitations up to and above T, with no
further renormalization of the dispersion relation
occurring for T>T.. This behavior is in contrast
to the behavior observed in the small-wave-vector
region, ®° where the spin waves become overcriti-
cally damped just below T.

If the expression E = Dqg? is fitted to the data,
then D is found to decrease from 230 meVAZ at
room temperature to ~ 140 meV A? above Tc. About
a 15% decrease in D can be expected®® in going ‘
from 7=0°K to room temperature, so that the
overall renormalization is ~50%. However, the
fit to the data above T is not particularly good,
and including g in the fit [Eq. (1)] results in a
small value of D and a large negative value of 8.
An adequate fit to the dispersion relation could not
be achieved without including several higher-order
terms, and the curve in the figure for 7> 7T is
just a fit to a higher-order polynomial expansion
in the wave vector ¢g. The theoretical form of the
dispersion relation is not known, although it was
expected that the long-wavelength spin waves should
become overcritically damped just below T, and
that D(T) should follow a power law of the reduced
temperature [which means that D(T)— 0 as T~ TC].
This behavior has been confirmed experimentally
for both iron®? and nickel, %7

The spin-wave energies for pure iron were found
to be ~ 15% higher in energy (for a given value of q)
than in the Fe(Si), and well defined spin waves were
observed above T,. Only a limited region of ener-
gy was explored, though, and of course no mea-
surements could be taken above the solid-state
transformation. The highest temperature for which
measurements were taken on pure iron was 1150 °K,
which corresponds to T/T,~1.1 (T,=1042 °K).

Figure 3 shows the spin-wave intensity as a func-
tion of energy at room temperature (7/7.=0. 30)
and at 1.28 T, for the [110] direction of Fe(Si). It
is clear that the location of the abrupt spin-wave
intensity decrease at high energy changes little, if
any, with temperature. This is an interesting re-
sult since the simplest theory would predict a sub-
stantial decrease in energy of the Stoner modes as
the band splitting collapses with T— T.. It also
appears that the slow decrease in intensity with in-
creasing energy at room temperature is absent at
high temperatures.

A few high-energy spin-wave measurements are
shown in Fig. 4 for room temperature and 1240 °K.
It can be seen that the spin waves are broadened in
d and reduced in intensity at 1. 28 T, but they are
still easily observable. The solid and dashed
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FIG. 4. Comparison of spin waves with energies of (a)
70.3 meV, (b) 95.1 meV, and (c) 103.4 meV, at room
temperature and 1240°K for @ = (L +¢, 1+¢,0). The spin
waves at high temperatures are reduced in intensity and
broadened, but are still easily observable.

curves are the result of a least-squares fit to a
Gaussian distribution plus sloping background.

The sloping background in these high-energy scans
is a consequence of scattering from the furnace and
from air scattering, which is dependent on the
scattering angle for the small angles used in these
measurements,

The overall spin-wave intensities are reduced at
higher temperatures, and Fig. 5 shows the tem-
perature dependence of the spin-wave intensity for
a fixed energy transfer of 29.0 meV. This tem-
perature dependence is typical of all the spin-wave
intensities, although the intensities at low energies
decrease somewhat more rapidly than those at
higher energies. One contribution to this decrease
is the temperature dependence of the Debye-Waller
factor. To check the magnitude of this effect, the
intensities of a few phonon groups were also mea-
sured. Below T the interpretation of the temper-
ature dependence of the phonon intensities is com-

plicated by the fact that the intensity is partly mag-
netic in origin, owing to magnetovibrational scat-
tering. The phonon intensities were found to fall off
fairly rapidly up tothe transitiontemperature, but at
T the rate of decrease abruptly changed. Above
T, the phonon intensities decreased more slowly,
in accordance with calculations of the temperature
dependence of the Debye-Waller factor, while the
magnon intensities decreased about four times
more rapidly. This difference is most likely due
to a decrease in X (E), although it should be pointed
out that it could partly be due to a difference in the
thermal vibrational amplitudes of the electrons and
nuclei.

In addition to the spin-wave positions and intensi-
ties, the intrinsic linewidths may also be extracted
from the data when these widths are comparable to
or larger than the resolution of the spectrometer.
Figure 6 shows the observed full width at half-
maximum of the spin waves at 8.27 and 29.0 meV
as a function of temperature. Note that since the
scans were taken with the energy transfer held con-
stant and by varying a, the widths are in q rather
than energy. The resolution of the spectrometer
has not been removed from these widths, and the
widths at room temperature may be taken as a

Fe (Si) hw= 29 meV

SPIN WAVE INTENSITY

!
200 400 600 800 1000 1200 1400
T (°K)

FIG. 5. Temperature dependence of the spin-wave in-
tensity for E=29 meV. The intensity decreases about four
times faster than can be accounted for in terms of the
Debye-Waller factor,
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FIG. 6. Temperature dependence of the observed full
width at half-maximum (in §) for spin waves at 8.27 and
29.0 meV. Theobserved widths at room temperature are
indicative of the resolution of the spectrometer. Solid
curves are just a guide to the eye.

measure of the resolution. Detailed resolution
calculations showed that the intrinsic widths at
room temperature are small. As the temperature
is raised to T, the spin waves broaden consider-
ably, but above T no further broadening occurs.
The solid curves in all the figures of width vs tem-
perature are just guides to the eye. Unfortunately,
theoretical results for the line shapes at large wave
vectors and elevated temperatures are not avail-
able.

The widths were found to be isotropic in E, and
the majority of the measurements were therefore
taken in the [110] direction. Figure 7 shows sev-
eral scans just below and above T for 8.27 meV.
Two peaks are observed in each scan, the sharp
peak being due to the longitudinal phonon and the
broad peak being due to the spin wave. Although
the presence of the phonon in the midst of the mag-
netic scattering is undesirable, it does afford a
ready comparison of the magnetic and nuclear scat-
tering, and it also gives an indication of the resolu-
tion of the spectrometer (the temperature broaden-
ing of the phonons is small, but measurable). Since
the phonons are narrow, they may be easily sepa-
rated from the magnetic scattering. The solid
curves shown were obtained by a least-squares fit-
ting procedure using two Gaussian distributions
(dashed curves) plus background. If a transverse
scan is made (4L Q), the longitudinal phonon can
of course be eliminated from the scan, but then the
transverse phonon appears (at a different position
in Igl). A variety of different scans was per-
formed, and it was found that consistent results
could be obtained by use of the fitting procedures,
with a quality of fit within the statistical errors of
the data. One interesting point that was observed
in the low-energy data is that the positions, widths,
and intensities of the phonons seem to be unaffected
by the presence of the magnons. At the higher en-
ergies, of course, there are no phonons in the
scans.

It should be pointed out that a peak in a constant-
E scan does not necessarily imply that there is a
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corresponding peak in a constant-@ scan (i.e., as
a function of energy). But the width measured in
can be related to the width in energy if the scatter-
ing is known over a sufficiently large region of

(d, w). For this purpose we can define a dispersion
relation by the measured peak in the scattering. If
this relation is approximately linear over an energy
range the size of the energy width, then the energy
widths can be obtained directly by multiplying the q
width by the slope of the dispersion curve [Eq. (7)].
Above T, however, the energy widths are large;
so care must be taken in order to extract more ac-
curate intrinsic widths from the data. Numerical
convolutions of the resolution function of the spec-
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FIG. 7. Several constant-E scans at 8.27 meV above
and just below the Curie temperature (970°K). The narrow
peaks are LA phonons, and the broad peaks are the spin
waves. Note that there does not appear to be any interac-
tion of the spin waves with the phonons., The curvesare
least-squares fits of Gaussian distributions plus back-
ground to the data.
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trometer with the scattering cross section have
been carried out, assuming a Gaussian intrinsic-
energy lineshape for the spin waves. These calcu-
lations indicate that the energy widths obtained via
Eq. (7) should be reduced by no more than 10% in
the worst case. These “resolution effects” are
principally due to the curvature of the dispersion
surface, and consequently the corrections to Eq.
(7) tend to be larger at small values of the wave
vector Ei, where the curvature is greater. The en-
ergy widths presented have been corrected in this
manner for the resolution of the spectrometer.

Since a Gaussian distribution in cT gives a good
fit to the data at high temperatures, this form was
assumed for the intrinsic widths. The intrinsic
widths may then be obtained via o®(intrinsic)
=0%(observed) - o®(resolution), if the curvature of
the dispersion surface can be neglected. If the
natural linewidths in 5 are Lorentzian rather than
Gaussian, then the intrinsic widths extracted from
the measurements will be smaller (by about 15%
for T>T_) than those obtained with the Gaussian
analysis, so that the Gaussian widths represent in
some sense an upper limit, It should be kept in
mind that the quantitative results presented for the
energy widths depend on the assumption of a Gauss-
ian linewidth, and that for the large widths present
above T the energy lineshapes are not necessarily
either Gaussian or symmetric. However, once the
scattering cross section has been measured over a
large region of the Brillouin zone, the energy
widths [and x(q, w)] can be obtained directly, with-
out assuming any particular form for them. When
this was possible, it was found that the widths esti-
mated on the basis of the above analysis were in
reasonable agreement with the actual widths. Un-
fortunately, the theoretical form of the energy line-
shapes is not known.

Figure 8 shows the ratio of the energy width to
the excitation energy as a function of temperature
for E=37.2 meV. The error depicted is the rela-
tive error of the energy widths and does not take
into account any possible systematic errors due to

10 !
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FIG. 8. Intrinsic energy width AE divided by energy
E for E=37.2 meV as a function of temperature. The
energy widths rapidly increase up to T, but above T no
further broadening is observed. Note that for T> T,
AE/E <1, which has been used as the criterion for the
definition of a spin-wave excitation,
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FIG. 9. Measured susceptibility x(d, w) for T> T, over
the region where the “spin waves” exist (AE/E<1), Be-
low ~8 meV, AE/E>1, and at high energies the sus-
ceptibility falls off because of the Stoner excitations.

the assumptions made in the analysis. The AE is
defined in terms of the standard deviation of a
Gaussian distribution. As the temperature is
raised, a large intrinsic width is induced in the
spin wave. Nevertheless, AE/E<1, which has
been used as the criterion for the definition of a
spin-wave excitation. Clearly these excitations do
not fall into the category of overcritically damped
(AE > E) excitations, since for 7>T, AE/E is less
than 1 when E2 8 meV, and this ratio decreases as
E increases. Just below the spin-intensity cutoff,
AE/E~0.33.

Above T, the intrinsic width in ¢ (or ¢ itself) at
the energy where AE/E = 1 shouldgive an indication of
the maximum wavelength excitations that are under-
damped, i.e., thedynamic correlationrange. Using
the (minimum) Heisenberg uncertainty relation (Aq A7
=%), we find that A»~5 A, which can be interpreted
as a “sphere of correlation” with a diameter of
~10 A. The volume of this sphere is ~ 500 A% so
there are indeed rather long-range spin correla-
tions above T.. It is interesting that this range of
correlation is insensitive to the temperature.

If the scattering is measured over an extended
region of (4, w), then the susceptibility can be ob-
tained directly from the measurements, without
assuming any particular form for it. Figure 9
shows a “three-dimensional” plot of the measured
susceptibility x(q, w) above T over the region
where the spin waves exist (8 &FE <115 meV). The
fall off of x(q, w) at ~ 115 meV is thought to be due
to damping by the Stoner excitations, and the scat-
tering at higher energies is too small to be mea-
sured at any temperature. For E <8 meV, on the
other hand, the linewidth analysis showed that AE/
E >1, and thus this scattering is predominately dif-
fusive in nature. This “hump” of scattering (a
constant-E scan still shows a peak) evolves smooth-
ly into the critical scattering in the hydrodynamic
region. The susceptibility therefore transforms
continuously from the purely diffusive behavior
around T to the propagating character at higher en-
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FIG. 10. Measured scattering function S@, w) corre-
sponding to a constant-Q scan, showing the lineshape of
the spin-wave peak for T=1.28T.

ergies and wave vectors, and we have used the
criterion of AE/E =1 to define the “boundary” be-
tween these two regions. We have chosen to call
these peaks in X(g, w) at higher energies “spin
waves” since the scattering closely resembles the
scattering below T, and because of its continuous
evolution in temperature with no apparent indica-
tion of T, itself. Of course, these “spin waves”
above T, are quite broad in energy, as shown ex-
plicitly in the constant-Q scan®® of Fig. 10, This
plot has been obtained directly from a series ot
constant-E scans which contained the same points
Q, and shows an unmistakable “spin-wave” peak
above T,..

Finally, since the Fe(Si) alloy crystal has a con-
siderable amount of silicon in it, the question
arises whether the linewidths are seriously affected
by the silicon. Figure 11 shows a comparison of
the intrinsic linewidths for the alloy and for pure
iron at an energy of 29.0 meV. The Aq is defined
in terms of the standard deviation of a Gaussian
distribution. Clearly, the same behavior is found
for both samples, the measured linewidths being
slightly smaller for the pure iron. However, the
slope of the dispersion curve in pure iron is slight-
ly larger; so the energy widths (and hence AE/E)
are essentially identical.

VI. DISCUSSION

The neutron-scattering results at low tempera-
tures are best described by calculations of the gen-
eralized susceptibility based on band structures in
which the electron correlations are treated as ac-
curately as possible. The most extensive calcula-
tions to date are those of Cooke et al.,?® who in-
clude a momentum-dependent spin splitting of the
electronic energy bands as well as multiband ef-
fects. These calculations yield an isotropic spin-
wave dispersion relation which is in quantitative
agreement with the measured dispersion curve and
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correctly show that the spin-wave scattering inten-
sity abruptly dies out at ~100 meV. This overall
agreement gives us confidence that the description
of the low-temperature excitation spectrum ob-
tained from calculations of x(q, w) based on band
structure is generally correct.

Temperature-dependent calculations of x(&, w)
are much more difficult to do. The only tempera-
ture-dependent calculations available are those for
nickel by Lowde and Windsor, ** who use the RPA
“enhanced-susceptibility” expression for x(q, )
and employ a rigid (E—independent) spin splitting of
the electronic energy bands which is proportional
to the magnetization. Their calculations do cor-
rectly show that away from the immediate vicinity
of the critical region the susceptibility evolves
smoothly through 7. But the detailed agreement
between their calculations and the experimental re-
sults for nickel®s13:3! js not very good. It is not
really too surprising that this type of theory, which
is based on a molecular-field approximation to the
band structure, does not give the correct spin dy-
namics above 7. This type of theory does not
properly describe the strong spin fluctuations which
persist above T.. It is encouraging to see that
more theoretical work is going on. %

In comparing theory with experiment, one must
keep in mind that as the temperature increases
from T=0, the x** and x*~ contributions to the scat-
tering increase, and in fact above T all three
components of the susceptibility are equal for an
isotropic ferromagnet. Since there are propagating
modes above T, there must be a propagating com-
ponent of x** as well as X **. Thus as the suscepti-
bility evolves from low temperatures, where the
X"~ * part of the susceptibility dominates the scatter-
ing, the x** part of the propagating mode must grow
continuously into the spin-wave mode. Just below
T, on the other hand, the scattering is usually
divided into scattering which is predominantly spin-
wave scattering (¥ **) and scattering which is pre-
dominately diffusive in nature (x%?). This diffusive
scattering was expected to show up as a peak cen-
tered at w=0, and this was clearly demonstrated
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FIG. 11, Comparison of the spin-wave linewidths as
a function of temperature for Fe (12 at.% Si) and pure
iron, Tgq is the Curie temperature of the alloy, Tg, is
the Curie temperature of pure iron, and Tj., indicates
the bce-to-fee phase transformation of pure iron,
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experimentally®® for RbMnF;, which is considered
to be an “ideal” Heisenberg antiferromagnet. For
iron®® and nickel, 2" however, no central mode was
observed.

These short-range spin correlations may also be
important in the interpretation of other types of
measurements, for example, photoemission ex-
periments.®* The measured energy distributions
of photoemitted electrons at low temperatures and
above T have been compared to the joint density
of states calculated from ferromagnetic and para-
magnetic band structures. This procedure elimi-
nates from the calculations any spin correlations
above T, which may not be justified, particularly
if many-body effects are indeed crucial to the in-
terpretation of these types of experiments. %

In comparing the present results with other ex-
periments, it should be noted that spin waves have
been observed above T, in a number of antiferro-
magnetic materials, 3% many of which are highly
anisotropic and therefore have magnetic properties
of a lower dimensionality. Experiments on ferro-
magnets such as EuO®" and Gd, *® however, do not
indicate the presence of propagating modes®® above
T.. It has been suggested that perhaps the mag-
netic properties of iron and nickel can be explained
in terms of a Heisenberg ferromagnet if the ex-
change interaction were extended to more distant
neighbors. It would seem to be physically more
appealing, though, to discuss such a long-range
exchange interaction in terms of the itineracy of
the magnetic electrons. In any case, it is clear
that the Heisenberg model by itself cannot describe
the sharp fall off of the spin-wave intensity at any
temperature.

VII. SUMMARY

The neutron inelastic-scattering technique has
been used to study the temperature dependence of
the magnetic excitations in iron from low tempera-
tures to well above the ferromagnetic transition
temperature. Previous measurements in the
small-wave-vector region showed that the spin-
wave dispersion relations renormalize to zero as
T— T, with the spin waves becoming overcritical-
ly damped just below T . In contrast to this be-
havior, the present investigation revealed that the
spin waves at larger values of q are only moderate-
ly renormalized up to T, and persist as excitations
to the highest temperature measured (1.4 7T;). No
further renormalization is observed above 7.

The spin-wave intensity as a function of energy
has been measured for Fe(Si) along the [110] direc-
tion. At room temperature the intensity decreases
slowly with increasing energy until 100 meV, and
then begins to rapidly decrease. The cause of this
rapid decrease can be interpreted in terms of the
band model of ferromagnetism as the intersection

of the spin-wave spectrum with the Stoner continu-
um of spin-flip excitations. It was expected theo-
retically that with increasing temperature the
Stoner continuum would lower in energy, but mea-
surements up to 1.4 T, show that, within experi-
mental error, there is no change in the location of
the spin-wave intensity cutoff. The overall spin-
wave intensities, however, are reduced at high
temperatures. These results are in disagreement
with present theoretical estimates of the generalized
susceptibility at elevated temperatures.

In addition to the spin-wave energies and intensi-
ties, the linewidths were also measured. With in-
creasing temperature, the widths of the excitations
rapidly increase up to T, but above T no further
broadening occurs. For EZ2 8 meV the ratios of the
energy widths above T, to the excitation energies
were found to be less than 1 (AE/E< 1), which has
been used as the criterion for the definition of a
spin-wave excitation. The dynamic correlation
range corresponds to a sphere with a diameter of
~10 A, and this correlation range is independent of
temperature over the temperature range covered
above T.. With decreasing energy the scattering
evolves continuously into the critical scattering
around the origin, and with increasing energy AE/E
decreases. At energies just below the cutoff in in-
tensity, AE/E~0.33. The spin-wave energies and
linewidths were found to be isotropic in g over the
entire temperature range covered, and no interac-
tion of the spin waves with the phonons was ob-
served.

The overall agreement between theory and ex-
periment at low temperatures gives us confidence
that the picture of the excitation spectrum based on
band structures is generally correct. Calculations
of the generalized susceptibility at elevated tem-
peratures are much more difficult to do accurately.
One of the major problems with the theory stems
from the use of the RPA and assuming in addition
that the band splitting is proportional to the mag-
netization. This forces the renormalization of the
dispersion relations with temperature (at least at
small E) to be independent of q and substantially
lowers the region of Stoner excitations, which is
contrary to experiment. The electron correlations
at elevated temperatures will need to be incorpo-
rated into the theory in a more realistic manner in
order to produce the strong short-range spin cor-
relations necessary to support collective excita-
tions above the ferromagnetic transition tempera-
ture. Clearly more theoretical effort will be needec
in order to bring theory into agreement with ex-
periment at elevated temperatures.
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