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The coherent magnetic inelastic scattering of neutrons has been used to measure the dynamic
susceptibility X(q, w) of nickel from low temperatures to well above the ferromagnetic transi-
tion temperature. As the temperature approaches 7 from below, the linewidths of the spin
waves are found to broaden, and in the small wave-vector region the scattering is in general
agreement with dynamic scaling theory. At larger wdve vectors, however, we find that the ob-
served scattering can be more naturally described in terms of spin-wave-like excitations whose
widths AE remain less than the excitation energies £ (AE/E < 1) for T > T-. The *‘dispersion
relation” for these spin waves is only moderately renormalized up to 7~ and then remains con-
stant as the temperature is raised further up to at least twice T, while the widths continue to
broaden slowly above T-. The overall magnitude of the susceptibility decreases with increasing
temperatures, but the abrupt decrease of X(q, w) at high energies, interpreted as the intersec-
tion of the collective excitation spectrum with the Stoner continuum of single-particle excita-
tions, is found to be insensitive to the temperature. These results are compared and contrasted
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with the recent results for iron.

I. INTRODUCTION

It is now generally established that the low-
temperature electronic and magnetic properties of the
3d ferromagnetic metals can be understood in terms
of their band structures. In particular, the neutron
scattering results for iron and nickel at low tempera-
tures are best described by calculations of the gen-
eralized susceptibility X(G, ) based on band struc-
tures in which the electron correlations are handled
as accurately as possible.'™> A proper incorporation
of these electron correlations is of course crucial to
obtaining an accurate description of the collective ex-
citations of the magnetic system, and the overall
agreement between theory and experiment gives us
confidence that this band picture of the excitation
spectrum is generally correct. Extending the theory
to include the general effects of temperature presents
considerable complications. The nature of the band
structure and the electron correlations at elevated
temperatures is not yet fully illuminated, although
considerable theoretical progress has been made re-
cently.*10

The neutron scattering technique can provide de-
tailed microscopic information about a magnetic sys-
tem, and a great deal of information concerning the
spin dynamics of Ni at elevated temperatures has al-
ready been obtained. The long-wavelength spin
dynamics have been studied in detail by Minkiewicz
et al.'! using the triple-axis technique. They found
that in the small-wave-vector.region the spin-wave
dispersion relation renormalizes according to a power
law of the reduced temperature as T¢ is approached,
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and the spin waves become overdamped just below
Tc. Temperature-dependent measurements of
X(G, w) have also been made by Lowde and Wind-
sor,'2 and their results have served as a first step in
an overall determination of X(G, w) for nickel. Our
results have substantiated many of the general
features of the Lowde and Windsor investigation
while adding greatly to the accuracy and resolution of
the measurements. At high temperatures we find
features of X(G, w), particularly the relatively well-
defined spin-wave mode and the abrupt decrease of
the intensity at high energies, which were not observ-
able in their data. i

At room temperature the spin-wave part of
X(TQ, ) has been measured in detail. However,
since the magnon dispersion relations in the 3d met-
als are very steep, at larger wave vectors the magnon
energies become rather high for standard neutron
scattering techniques to measure. Minkiewicz et al.''
measured a portion of the dispersion relation and
found that the spin waves were isotropic in § up to
the highest energy transfers they measured (~ 70
meV). Mook, Nicklow, and collaborators'? extended
the room-temperature spin-wave measurements for
nickel to higher energies, and found that the spin-
wave intensities were roughly constant until about
100 meV, and then dropped suddenly by more than
an order of magnitude, becoming unobservable. The
falloff in intensity occurred at different energies in
different symmetry directions in the crystal, and was
interpreted as the intersection of the spin-wave
modes with the Stoner continuum of excitations.
More recent measurements'* show that the acoustic
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spin wave runs into an optical spin wave in the [100]
direction. Above this intersection well-defined spin
waves are still observable but with reduced intensity.
No such optical mode has been observed in the [111]
direction, however, and the spin waves dying out ap-
pears to be the result of entering the Stoner continu-
um. Similar results have been obtained for iron,'> 16
and this interpretation has been substantiated by de-
tailed calculations'™ of X(§, ).

With increasing temperature it was expected that
the splitting between the spin-up and spin-down elec-
tron energy bands would decrease and hence the re-
gion of Stoner excitations which controls the spin-
wave lifetimes would also decrease in energy. This
would then bring the spin-wave—Stoner intersection
into a more favorable energy region to study with
neutrons, and consequently this could be investigated
in greater detail. However, it was found!” that the
energy at which the spin-wave mode disappeared was
insensitive to the temperature, and that in addition,
above the ferromagnetic ordering temperature, rela-
tively well-defined propagating excitations were found
outside the small-wave vector—low-energy region.
Similar behavior was found'® for the magnetic
response of Fe at elevated temperatures. The present
study reports the full details of our investigations into
the temperature dependence of the dynamic suscepti-
bility of nickel.

II. EXPERIMENTAL APPARATUS AND PROCEDURES

The majority of the measurements were taken on
the HB-3 triple-axis neutron spectrometer installed at
the High Flux Isotope Reactor (HFIR) at the Oak
Ridge National Laboratory. The sample was a 123-

g single crystal of the isotope ®“Ni. The use of this
isotope greatly reduced unwanted nuclear cross sec-
tions and thus improved the magnetic signal-to-noise
ratio. Additional high-resolution measurements were
taken on the HB-4A triple-axis neutron spectrometer
also at HFIR. The triple-axis technique has been dis-
cussed at length in the literature,!® and with particular
regard to the present measurements many of the de-
tails of the data analysis have already been presented
in Refs. 15 and 16 and will therefore not be repeated
here. We will refer to these data analysis techniques
as appropriate when the data are presented. There
are, however, a few additional details of particular
relevance to the spin-wave intensity measurements at
high energies which should be mentioned.

We first briefly review the three basic requirements
that dictate the mode of operation of the neutron
spectrometer to measure the spin-wave scattering
from iron and nickel. Since the spin-wave excitations
in iron and nickel extend to high energiés (compared
to kT), all the measurements have been taken with
the incident energy Ey greater than the scattered ener-

gy E’, so that the neutrons create spin waves in the
crystal. This is necessary because the Bose thermal
factor is much less than one for the high-energy spin
waves. The second consideration arises because the
spin-wave dispersion relations in the 34 metals are
very steep. This necessitates measuring the higher-
energy spin waves by fixing the energies of the in-
cident and scattered neutrons that the spectrometer
transmits and by varying the wave-vector transfer K,
which is called a “‘constant-£”’ scan. This type of
scan will cut directly across the dispersion surface,
giving a sharp peak in the scan. The more familiar
“constant-Q’’ scan (or “‘constant-K’’ scan) would al-
most parallel the spin-wave dispersion surface. The
resolution ellipsoid would then ‘‘drag’ along the
dispersion surface over a large energy range, giving a
very broad distribution of scattered intensity. Finally,
although the elementary excitation spectrum in a
periodic lattice is itself periodic [so that fw(q)
=kw(q+7), where 7 is any reciprocal-lattice vec-
tor], the neutron scattering intensity does not have
this same periodicity. An important intensity con-
sideration is related to the magnetic form factor
F(K), which is the Fourier transformation of the
magnetization density in the unit cell. To maximize
the scattered intensity, K must be kept as small as
practical. This has important consequences when
measuring the high-energy spin waves, as demon-
strated in Fig. 1. If we want to measure the scatter-
ing at a large energy transfer, then there must be a
large difference in the lengths of the initial and final
wave vectors Eo and X . However, in order to keep
K(K=7+7) reasonably small and still satisfy the
conservation of energy and momentum, K’ must be
fairly large also. Thus very high incident neutron en-
ergies must be used. For the measurement of spin
waves ~ 100 meV, incident neutron energies ~ 200
meV have to be used. At these energies the flux of
neutrons from the reactor is greatly reduced, so that
the required counting times for the measurement of
these spin waves are very long. Fortunately, because

FIG. 1. Typical scattering diagram for the measurement
of a high-energy spin wave.
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of the design characteristics of the HFIR, the entire
energy spectrum of the neutrons is shifted to some-
what higher energies compared with many other
research reactors, so that the flux of high-energy
neutrons onto the sample is enhanced. Without the
high flux of high-energy neutrons as well as the large
single-crystal samples grown from isotopes which are
particularly favorable for measuring the magnetic
scattering, these measurements of the spin-wave in-
tensities at high energies in nickel (and iron) would
not have been possible.

In addition to the experimental details given in
Refs. 13—17, there are a number of other experimen-
tal factors which may influence the spin-wave intensi-
ty measurements, particularly at high energies, which
we would like to discuss. When the monochromating
and analyzing crystals are set to reflect a wavelength
\, they may also reflect higher-order wavelengths
(recall that Bragg’s law is n A\ =2d sinf). Thus when
the spectrometer is set to measure (Ko, K ELE') it
may also transmit (K, 2Kk ', Eq, 4E'),

(2K, K',4EoE’), etc. These extra processes can
give rise to ‘‘spurious’’ peaks, i.e., to peaks which are
not expected due to the primary scattering configura-
tion. These peaks may occur in scans of any energy
transfer, but they can be particularly bothersome for
the high-energy measurements where the magnetic
scattering is small and the resolution is coarse. How-
ever, the positions of these peaks can be calculated
and often avoided, and the cross section can be mea-
sured under different experimental arrangements and
checked for consistency of results. This is time con-
suming, though, and these spurious-peak processes
are one of the major problems with triple-axis spec-
trometers. A second low-efficiency detector has also
been placed between the sample and analyzer to
detect Bragg scatterings from the sample, which can
also give rise to spurious peaks in the scans, and to
monitor the general background level.

Another potential problem is associated with multi-
ple Bragg reflections in the monochromator crystal.
The intensity of these multiple reflections is generally
much smaller than that of the primary scattered
beam, but at high incident energies multiple reflec-
tions may become significant. In addition to giving
rise to possible ‘‘spurious’’ peaks, this could intro-
duce additional counts into the incident beam moni-
tor and hence the spin-wave scattering cross section
(per unit monitor interval) would appear to be re-
duced. Careful checks have been made to minimize
these effects.

For high incident energies incoherent scattering
processes occurring in the monochromator may also
contribute a significant number of neutrons to the
bYeam incident onto the sample. This may be easily
corrected for by setting the monochromator crystal
off the Bragg peak and counting the number of neu-
trons incoherently scattered. At the highest energies

used the incoherent scattering amounted to no more
than 5% of the incident flux, and the spin-wave in-
tensities have been corrected for this effect.

Finally, Bragg reflections may occur in the sample,
and ‘‘rob’’ the incident beam of neutrons inside the
sample. This effect may become more important for
the higher energies (shorter wavelengths) since more
Bragg reflections can occur. To check the magnitude
of this effect, the beam transmitted through the nick-
el crystal was monitored as a function of energy. No
appreciable effect was observed, and no corrections
have been made for it.

‘III. RESULTS

The ferromagnetic transition temperature for Ni is
631 K, so that room temperature is practically half
the Curie temperature. Consequently, in addition to
taking data above room temperature, measurements
were also carried out at 4.2 K in a liquid-helium cryo-
stat.

The spin-wave dispersion relations, as well as the
intrinsic linewidths at elevated temperatures, were
found to be isotropic in § over the entire tempera-
ture (4.2—1260 K) and energy (< 100 meV) range
explored. We have therefore concentrated our mea-
surements in the [111] direction. The dispersion re-
lation as measured in constant-E£ scans is shown in
Fig. 2 for 0 < T/T<2. As the temperature is in-
creased to T¢, the spin waves are seen to lower in
energy. Above T, the excitations outside the im-
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FIG. 2. Spin-wave dispersion relation for nickel at a series
of temperatures. . Above the transition temperature there is
no change in the position of the scattering as observed in a
constant-energy-transfer scan. The solid curves are the fits
to Eq. (1) as discussed in the text.
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mediate vicinity of I'(G =0) persist up to the highest
temperatures measured (27¢), with no further re-
normalization of the spin-wave dispersion relations
occurring. We have chosen to call this ‘‘spin-wave”’
scattering because of the continuous evolution of the
scattering from low temperatures through 7, and
because we find that above T AE/E <1 at the
higher energies. This behavior contrasts with that at
small wave vectors where the spin waves become
overcritically damped'! just below Tc.

If the dispersion relation E = Dq? is fitted to the
data in this energy range, then D is found to decrease
from 550 meV A2 at 4.2 K to 280 meV A? at and
above T¢. It is interesting to note that at room tem-
perature D =420 meV Az’ so that almost half the re-
normalization of the spin-wave energies at high ener-
gies occurs from 7/T-=0 to ~ l, whereas the mag-
netization decreases by only ~ 5%. If a higher-order
term is included, viz.,

E =Dqg*(1-Bq?) (1

then at 4.2 and 295 K we obtain the values of

D =593 meV A2, 8=0.68 A?, and D =505 meV A2,
B=0.98 /&2, respectively. The room-temperature
values are considerably different than the values ob-
tained by Minkiewicz er al.!' The reason for this
difference is because for nickel the spin waves at
small G lie lower in energy than this fitted dispersion
relation would give, so that use of just the higher-
energy data in the fitting procedure affects the fitted
values considerably. It also emphasizes the depen-
dence of D and B8 on one another. Direct comparison
of the measured spin-wave energies where the two
sets of data overlap show that the data themselves
are in good agreement. We emphasize that these fits
should be regarded simply as parameterizations of
the spin-wave spectra and one should be cautioned
against attributing much physical significance to- D
and B, especially at elevated temperatures. In fact
Minkiewicz er al.!! found it necessary to include
terms in Eq. (1) out to ¢'° to obtain an adequate fit
to the dispersion relation at room temperature over
the range of wave vectors they explored.

Since the abrupt decrease of the spin-wave intensi-
ty at room temperature was found to occur at a con-
siderably lower energy in the [111] direction than in
the other symmetry directions,!® detailed measure-
ments of the temperature-dependent spin-wave inten-
sities near the Stoner cutoff were taken only in the
[111] direction. Figure 3 shows the intrinsic spin-
wave intensity X; versus energy at a series of tem-
peratures from 4.2 to 757 K (1.27¢), where X; is ob-
tained from the observed integrated intensity / (E) by
taking into account the thermal occupancy of the
states and the density of states, viz.,

C(1+(n))x,(E)
Ivﬁ"’).‘

Iohs(E) = 2
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FIG. 3. Integrated intensity of the spin-wave (susceptibili-
ty) scattering as a function of energy and temperature for
the [111] symmetry direction.

Here (n) is the thermal population factor, 1/§?w
corrects for the density of spin-wave states at £ (in a
constant-E scan), and C is a constant relating the in-
strumental parameters. The interesting feature of X,
is the rapid decrease which occurs at ~ 85 meV re-
gardless of the temperature. The overall intensity de-
creases at higher temperatures (in a manner similar
to iron), so that these measurements become increas-
ingly more difficult. Since no change in the Stoner
cutoff was observable as high as 1.27, and because
of the very long counting times involved, accurate in-
tensity measurements of the high-energy spin waves
were not extended to higher temperatures. Although
the temperature dependence of the spin-wave—
Stoner-mode intersection was not measured in the
other symmetry directions, measurements to 100
meV were taken both at 4.2 K and above T¢ in the
[100] direction to be certain that there was no quali-
tative difference in the behavior of the scattering in
the other symmetry directions. The spin-wave inten-
sities at room temperature are discussed in detail else-

where. 1314 N
Another feature of the intensity data of Fig. 3 that

deserves explanation is the decrease in X; at elevated
temperatures at all energies. Part of this decrease in
X; is due to a reduction in the observed intensity,
below the expected value, and part is due to the tem-
perature variation in the thermal occupation (n) [Eq.
(2)]. The temperature dependence of (n) is of
course largest at low energies, and this is what pro-
duces the ““hump’’ in X;(E) at the highest tempera-
tures; no such peak occurs in the raw integrated in-
tensities. The temperature variation of the observed
intensities at low energies is therefore considerably
less rapid than might be inferred from Fig. 3. For
comparison we note that in the case of a localized
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spin system X; would be a constant value indepen-
dent of temperature and energy, at least in the re-
gime where linear spin-wave theory is valid.

An example of some spin-wave measurements at a
series of temperatures above and below 7¢ is shown
in Fig. 4. These data are for relatively high energy
transfers and for @ in the [111] direction. ¢ is in re-
duced units and must be multiplied by
2mwv3/a =3.08 A~ to obtain values in A~'. Note
that with increasing temperature the peaks shift to
larger wave vector and broaden somewhat, but are
easily observed above T¢-. The solid curves are a
least-squares fit to a Gaussian distribution plus back-
ground, and this is found to represent the spectra
adequately at all temperatures. The sloping back-
ground in these higher-energy data is the result of
scattering from the incident beam at these relatively
small scattering angles, and was monitored by the
background detector between the sample and
analyzer. This background was also measured under
identical conditions without the sample present.

Figure 5 shows the scattering for an energy transfer
of 20.7 meV. At this lower energy considerably
better resolution can be employed, which allows us to
observe the temperature evolution of the scattering
more closely. As the transition temperature (631 K)
is approached from below the width of the spin-wave
peak broadens, but above T little change is ob-
served. Note also that the scattering is symmetric
about the central position, and is again well
represented by a Gaussian. We remark that at high
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FIG. 4. Observed scattering at several temperatures
above and below the Curie temperature for 45.5 and 62
meV. The solid curves are the least-squares fits to a Gauss-
ian distribution plus background. {=1.0 corresponds to the
Brillouin-zone center (111 reciprocal-lattice point).
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FIG. 5. Temperature evolution of the scattering at an en-
ergy transfer of 20.7 meV. With increasing temperature the
scattering broadens and the centroid shifts to larger { (corre-
sponding to renormalization of the spin-wave dispersion).
Little additional change with temperature is found for
T Z_ T(‘.

temperatures the instrumental resolution in this case
is small compared to the breadth of the scattering so
that the observed shape is indicative of the intrinsic
shape of the scattering function.

Figure 6 shows several scans above 7 for a still
lower energy transfer of 12.41 meV around the 111
reciprocal-lattice point. Four peaks are clearly visi-
ble, two broad peaks due to the magnetic scattering at
+ ¢, and two narrow peaks due to the longitudinal
phonons at + g. At room temperature there are four
narrow well-resolved peaks, with the spin wave at +g¢
being twice as intense as the phonon at +¢q. (Above
~20 meV the magnetic scattering is well separated
from the phonons.) Note that the phonon intensity
at — g is considerably less than at +g¢4. This is due to
the fact that the cross section for phonon scattering is
proportional to |K-é|2, where é is the (unit) polariza-
tion vector of the phonon. For this scan, GIK, so
that only the longitudinal (é11§) phonon is visible.
The measured integrated intensities of the phonons
at + ¢ are related by the factor |7 + Gl2. The spin-
wave intensities at + ¢ differ through the variation of
the magnetic form factor F(K), so that the intensity
of the magnon at — g is somewhat greater than the
one at +¢q. The solid curve in the figure is the com-
puter least-squares fit of four Gaussian shaped peaks
plus a linear background term as discussed in Ref.

14. The positions, widths, and intensities for + g ob-
tained from these fits are in good agreement with
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FIG. 6. Measured scattering above T around the 111
reciprocal-lattice point. The broad peaks at + g are due to
the magnetic scattering and the narrow peaks are due to the

phonons. The solid curve is the least-squares fit to a sum of .

four Gaussian distributions plus background as described in
the text. The intensity observed at larger G toward the zone
boundary changes very little with temperature and is due to
instrumental background.

each other once the appropriate variables in the cross
sections and the resolution of the spectrometer are
properly taken into account. As in the case of iron,
there is no indication in these data of any interaction
of the magnons with the phonons.

The scans in Fig. 6 have been extended to the
Brillouin-zone boundary, and it is evident that there
is no appreciable magnetic scattering other than the
spin-wave scattering. Scans of this type have been
carried out from room temperature up to 27¢, and
from 4 to 29 meV. No scattering was observed other
than the scattering due to the magnons and phonons.
In particular we observed no significant temperature
dependence to the scattering at large ¢ (e.g., £ > 0.3)
away from the magnetic and phonon scattering. At
room temperature, for example, we observed
4.2 £ 0.3 counts/min background, originating primari-
ly from fast neutrons, with a spin-wave signal-to-
noise of 21 at 12.4 meV. At T =0.9T, we observed
4.6 counts/min, and within statistics this did not
change up to 27¢.. We would like to emphasize that
for the data below ~ 40 meV the background we
have used to analyze the data is flat, and remperature
independent, as was the case for iron.!® The sloping
background at higher energies is solely an instrumen-
tal effect due to the small scattering angles, and is
also temperature independent in these data.

Several scans at 12.41 meV around the 111
reciprocal-lattice point are shown in Fig. 7 for tem-
peratures up to 27¢. For clarity the data points
which contain a significant phonon contribution have
not been plotted. The magnetic scattering above T¢
can be described in terms of two overlapping peaks
centered at + ¢ which do not change position as a
function of temperature, but slowly broaden. The
peaks at 27¢ are in fact becoming quite broad, but
are still easily discernible.

From the measurements of the magnetic scatter-
ing the linewidths in § may be extracted, and Fig. 8
shows the observed widths for an energy of 12.41
meV from liquid-helium temperature up to 27c.
The widths are seen to increase rapidly through the
transition and continue to broaden slowly at the
higher temperatures. This contrasts with the results
for iron,'® where no further increase in the widths
above T¢ was observed. An estimate of the energy
width can be obtained from

AE =9 c0lAg (3)
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FIG. 8. Observed linewidths of the magnetic scattering as
a function of temperature for 12.41 meV. The width at
T =4.2 K is due to the resolution of the spectrometer.

where 6‘,(» is the slope of the dispersion relation and
Agq is the observed width (e.g., half-width at half
maximum) in §. Then at T we find AE/E =0.9.
As the linewidth increases, AE/E becomes greater
than one, so that in this sense the concept of a spin
wave certainly becomes ill defined at this energy. At
2T¢, AE/E =109.

Figure 9 shows the linewidths for an energy
transfer of 24.8 meV. The general behavior is the
same as for 12.41 meV, except that the rate of in-
crease of the linewidths is slower just after T, in-
stead of continuing to increase fairly rapidly above
Tc. (For 12.41 meV, AE/E > 1 before the rate of
increase slows.) ‘At Te, AE/E =0.8, and at 27,
AE/E =1.2. Note that at a fixed temperature above
Tc, AE/E is smaller for the higher energy, and in
general AE/E was found to decrease with increasing
energy. The experimental results indicate that above
an energy transfer of ~35 meV, AE/E <1 up to the
highest temperature measured (27).

In comparing the experimental measurements of
Fe and Ni, it should be noted that in general the
measurements on nickel were more difficult to carry
out for several reasons. First, the Fe sample was
somewhat larger, and the magnetic moment is about
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FIG. 9. Observed linewidths vs temperature for 24.8
meV. o, is defined in terms of the standard deviation of a
Gaussian distribution.

four times greater so that the magnetic scattering was
considerably stronger from the Fe sample. The
spin-wave dispersion relations are also steeper in
nickel, so that the spin-wave scattering in a constant
energy transfer scan is reduced. In addition, because
of the steepness of the dispersion surface, the spin
waves at +¢ in Ni begin to overlap at the higher tem-
peratures, so that they must both be measured in or-
der to separate the contributions from one another.
The resolution of the spectrometer also becomes
more important, and considerably better resolution
had to be employed for the lower-energy measure-
ments in nickel compared with iron. Improving the
resolution reduces the observed scattering intensity,
and hence increases the experimental running time.
For iron the magnetic inelastic scattering at + g did
not overlap appreciably even at an energy transfer

as small as 8 meV. The steep dispersion for the .
scattering in nickel is also what makes it impossible
(at present) to measure the scattering at fixed
momentum transfer. A constam-(—j scan would be
preferable to extract the spin-wave linewidths, and in
particular to demonstrate more directly the propagat-
ing character of the scattering at high energies— large
wave vectors for T > Tc. The results for iron
demonstrated, however, that Eq. (3) does yield accu-
rate values for the energy widths, and the essential
point is that we find for nickel that AE/E < | at the
higher energies. We can also state that at the larger
wave vectors the scattering intensity /ncreases with in-
creasing energy, so there is by necessity a peak at fin-
ite energy above 7. The scattering is too steep,
however, to allow a measurement of the complete
peak, that is, to observe the decrease of the intensity
at high energies. This could be done in the case of
iron'® since the scattering there is considerably less
dispersive.

IV. DISCUSSION

The results for nickel and iron demonstrate that
the scattering above the magnetic phase transition
has a propagating spin-wave-like character outside the
small-wave-vector—low-energy region. This type of
behavior has been observed?®?! in lower-dimensional
systems where the long-wavelength fluctuations
suppress the transition, but it was not anticipated in
magnetically isotropic three-dimensional systems such
as nickel and iron. Similar behavior has recently
been observed in other transition-metal systems2?~2¢
and in Gd.?

In the small wave-vector region the scattering in
nickel was found by Minkiewicz er al.'"% to be in
general agreement with hydrodynamic theory,?” and
our data at small § are in good agreement with their
data. With increasing energy (and wave vector),
however, the scattering progressively departs from
the hydrodynamic predictions until at high energies it
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is in qualitative disagreement. For example a simple
form for the scattering function S (g, w) above T¢ in
the hydrodynamic regime is

1 Aq?
g2+ k2 (AgH)?+w?

S(q, )= 4)
where « is the inverse correlation length and A is the
spin-diffusion constant. For a fixed energy transfer
(i.e., fixed w), we note that

S0, w)=0,
limS(ﬁ,w)m—lj'—‘O ,
g0 q .
so that there will obviously be a peak in the predicted
scattering at some finite g. However, for the mea-
sured parameters of Ni Eq. (4) predicts a very broad
peak which is distinctly asymmetric at high energies,
whereas the observed scattering has a width which is
~% of that calculated, and is symmetric in shape. The

intrinsic shape of the scattering as a function of G is
in fact well represented by a Gaussian function. We
also tried to fit a Lorentzian-shaped scattering func-
tion (convoluted with the instrumental resolution) to
the observed scattering but this did not adequately
represent the data. -

We remark that the scattering expected for a weak
itinerant ferromagnet above T¢, i.e., the Pauli
paramagnet, in no way resembles the magnetic
scattering observed in Ni. This Pauli scattering can
be very easily calculated by evaluating the Stoner
" density of states with the band splitting set to zero
(see Ref. 2). The magnetic excitations in this case
are spread over an energy of the order of the
bandwidth (i.e., ~ several eV). Of course this type
of calculation neglects the electron-spin correlations
above T¢, whereas we know that the inclusion of
these correlations is absolutely essential to under-
standing the spin dynamics of these band ferromag-
nets at any temperature. Our experiments demon-
strate that the nature of the magnetic state above T¢
more closely resembles the ground state than the
Pauli paramagnetic state. The task of theory is then
to properly incorporate these spin correlations—a for-
midable job even at T =0."3 Nevertheless consider-
able progress has been made.*"!® With regard to the
present experiments we remark that the theory of
Korenman and Prange®?® predicts a line shape and
temperature dependence to the widths which are in
agreement with experiment.

The scattering in nickel has also been compared
with the quasi-spin model of Liu.* Unfortunately the
comparison* was made to data whose widths were
dominated by instrumental resolution, and the intrin-
sic widths as determined by high-resolution measure-
ments are considerably narrower than this. In addi-
tion, the instrumental background, which is essential-
ly independent of temperature, was considered to orig-
inate from multimagnon contributions to the theoret-

(5)

ical cross section. Under the circumstances no con-
clusions can be drawn from the comparison.

Finally we remark that no scattering was observed
other than that due to the magnetic scattering and to
phonons. In particular we found no evidence of any
“mixed modes’’ as has been reported by Frikkee.?’
To search for this scattering additional measurements
were carried out on a *®Ni single crystal as well as a
single crystal with the natural distribution of isotopes.
Our conclusion is that the scattering reported?’ is
most likely due to incoherent phonon scattering.
Further details can be found in Ref. 30.

V. SUMMARY

The inelastic scattering of neutrons has been used
to measure the spin dynamics of nickel from low
temperatures to twice the ferromagnetic transition
temperature. In contrast to the behavior observed in
the small-wave-vector region, where the spin waves
were found to become overcritically damped just
below T, we find that the scattering at larger wave
vectors can be described in terms of propagating exci-
tations up to the highest temperatures measured.
The dispersion relation for these higher-energy exci-
tations as measured in a constant-energy-transfer
scan is only moderately renormalized up to T¢ and
then remains constant as the temperature is increased
further. Measurements of the intrinsic linewidths
show that the spin waves do broaden considerably as
the temperature is raised to T, but do not become
overcritically damped at the higher energies. Above
Tc the widths continue to increase slowly, in contrast
to iron where there is no appreciable change in the
widths above T¢. The intrinsic shape of the scatter-
ing as a function of wave vector is well represented
by a Gaussian.

The overall strength of the susceptibility is reduced
at higher temperatures, but the abrupt decrease in
magnitude at high energies, interpreted as due to the
region of high density of Stoner excitations, is found
to be insensitive to the temperature. Aside from this
spin-wave—Stoner-mode intersection, the dynamic
susceptibility X(G, ») is isotropic in G over the entire
temperature and energy ranged explored. No interac-
tion of the spin waves with the phonons was ob-
served, and no evidence of inelastic scattering other
than that due to spin waves and phonons was found.
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