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Measurements have been made of the low-energy spin waves (v <3 THz) in nickel at temperatures
from liquid-helium temperatures up to room temperature. New data-analysis procedures, involving
resolution convolutions on an International Computers Ltd. Distributed Array Processor (DAP)
computer, have allowed the separation of the spin wave from phonon cross sections. The values de-
duced for the spin-wave stiffness (D =96+5 THzA” at T=1.5 K and D=95+3 THz A’ at T=295
K) are seen to be in agreement with some previous estimates and differences from others are ex-
plained. In particular, the low-temperature value agrees with the magnetization results, showing
that the spin waves can account for all of the observed magnetization changes.

I. INTRODUCTION

The ground-state properties of ferromagnetic nickel are
now considered to be well understood.! Detailed band-
structure calculations have been performed? using the
local-spin-density approximation to the spin-density-
functional theory, and these give good agreement with
measured values of the ground-state magnetization, but
overestimate the band splitting.”3 The uncertainties
which remain in the theory of the ground state are
overshadowed by the problems involved in constructing a
theory of the thermodynamic properties of nickel.

The first step in such a procedure is to calculate the ele-
mentary excitations of the system, and a first-principles
calculation, carried out by Cooke et al.* for a realistic
band structure, within the random-phase approximation
(RPA which excludes electron correlation effects), has
produced a remarkably good picture for the magnetic ex-
citations in nickel, even to the extent of predicting an op-
tic mode which has subsequently been observed.” Calla-
way et al.® also extended their band-structure calculations
to include the low-lying magnetic excitations and have
calculated the zero-temperature spin-wave stiffness (coef-
ficient of the quadratic term for the energy as a function
of wave vector). Such calculations, however, are limited
by the accuracy of the ground states they use, so that, for
example, Callaway et al. expect their spin-wave stiffness
to ?e an overestimate, as their band splitting is known to
be. .

Going on from the elementary excitations to a theory .

capable of dealing with the reduction of the magnetization
as the temperature is raised (incorporating the renormali-
zation of the excitation energies) and the destruction of
the long-range order at the Curie temperature T and the
magnetic state above T is not yet possible from first
principles, although much current work, both experimen-
tal and theoretical, is devoted to this last area.”
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Many attempts have been made, however, in a semi-
empirical way, to describe the temperature dependence of
the magnetization in terms of the elementary and renor-
malized excitations.’~!! The basic aim of much of this
study has been to assess whether the reduction of the
magnetization can be accounted for solely in terms of the
spin-wave excitations, or whether some other mechanism
is involved. The most popular candidate has been the
single-particle or Stoner excitations, which are excited
quasiparticles and holes of opposite spin. In Stoner
theory, in its original form, these are the only low-lying
magnetic excitations available to the system, and they lead
to a temperature dependence of the magnetization which
may be quadratic in temperature (T?), exponential
[T3%exp(—®/T)], or like T3/, depending on whether
the ferromagnet is weak (d-like electron states of both po-
larizations present at the Fermi surface), strong (d-like
electron states of only one polarization at the Fermi sur-
face), or at the transition from weak to strong ferromagne-
tism. 1012

The similarity of the temperature dependence of the
magnetization due to spin-wave excitations, where the
leading term is T°/? in simple cases, means that even ex-
tremely precise magnetization data are unable to separate
unambiguously contributions from collective (spin-wave)
and single-particle excitations.">!! One way of making
the separation is to take values of the spin-wave stiffness
from neutron inelastic scattering measurements and com-
pute the magnetization change this would cause and to as-
sign the remaining magnetization change to the Stoner ex-
citations. When Aldred’ pursued this line, he found that
either the quadratic or the exponential Stoner term could
account for the difference, but Riedi,!® with more precise
data, concluded that the T? term was the best description
of the data, implying that the nickel is a weak ferromag-
net or at least is close to being so (i.e., a very small energy
gap separates the top of the full majority spin band and
the Fermi level).

This problem, which has acquired the name “the hid-
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den excitation problem” (meaning that there are excita-
tions contributing to the thermodynamic properties which
are not observed in neutron scattering experiments), be-
came very much more acute in the light of various de
Haas—van Alphen studies of the Fermi surface of nickel
over the last decade.'>'*! These show first that nickel is
a strong ferromagnet, in the sense that there is only one
spin state at the Fermi level which is of predominantly d
character (although there is also an s-p-like state with ma-
jority carriers at the Fermi level). Second, they show that
the orbit areas do not change, up to 20 K, nearly enough
to explain the observed “magnetization deficiency” in
terms of single-particle excitations. Thus we are left with
a discrepancy between the magnetization change predicted
from a knowledge of the spin-wave dispersion relation as
measured by neutron inelastic scattering and the measured
magnetization change as a function of temperature.

The great weakness of the argument is that, for reasons .

of considerable technical difficulty, the neutron inelastic
scattering measurements have not been made in the most
convincing way. The principal problem is that the mag-
non energies of interest, say, in determining the magneti-
zation change up to 20 K, are in a region where the mag-
non and phonon energies are very similar. There are three
neutron scattering techniques which have been used to
make measurements of the low-energy spin waves. These
are the diffraction method, the small-angle scattering
method, and triple-axis spectroscopy. A review of the
three methods is given by Shirane et al.'> In principle,
the triple-axis method is superior to the others because it
measures the spin-wave energies directly, and therefore
there is no need to know the functional form of the
dispersion relation in advance. It may be deduced from
the measurements. There seem to be systematic errors
which can creep into the other two methods which are
hard to quantify. For example, applied magnetic fields
are required for both techniques, and this introduces an
energy gap at zero wave vector which complicates the
analysis and may also modify the actual dispersion rela-
tion parameters. By contrast, the triple-axis method in its
simplest form works in zero applied field, when the gap
corrections are due to magnetocrystalline anisotropy and
magnetic interaction effects and are generally quite small.
For these reasons, if there is a difference detected between
the results of different measurements of the excitation en-
ergies at given wave vectors, the triple-axis results are to
be preferred.

However, there are three pronounced difficulties with
the triple-axis technique concerning the low-energy spin
waves in nickel at low temperatures. The first problem is
that, because the spin-wave energies change very rapidly
with wave vector, good resolution must be employed to
ensure that the resolution function is not averaging over
too large a range of wave vectors at once. Second, the
phonon scattering, even in separated isotope ONi, be-
comes comparable in intensity with, and even stronger
than, the spin-wave scattering, because of the term in the
phonon cross section proportional to the reciprocal of the
energy transfer. Finally, when the resolution of the spec-
trometer is good enough to avoid the first problem, and to
mitigate the second (by allowing separation of the magnon

and phonons by line-shape differences), the scattering in-
tensity in the spin waves is extremely low, especially at
low temperatures, where the population factor becomes

“small. Thus the neutron source strength dictates the limit

to the resolution.

For these reasons, all previous measurements of the
spin-wave spectrum at room temperature and below using
triple-axis spectroscopy have concentrated on the region
where the magnon energies are well above the phonon en-
ergies (the magnon and longitudinal phonon cross at
about 1 THz).'*~2° Furthermore, the only published mea-
surement (at room temperature only) below the phonons!’
shows that there are considerable deviations from the
quadratic dispersion relation, even at 2.5 THz. This
means that it is certain at room temperature, and probable
at lower temperatures, that extrapolation from the
higher-energy data to low energies will overestimate the
spin-wave stiffness D. Thus we see that there are no pub-
lished triple-axis measurements which can be relied upon
to estimate D at low temperatures, for comparison with
the magnetization data. The values of D used by Aldred’
and Riedi'® are not taken from neutron scattering data in
the appropriate energy range (less than 0.5 THz for
Riedi’s data up to 20 K), but from much-higher-energy
spin waves, which are not, in fact, populated significantly
in the temperature range of comparison.

The change that has enabled us to make progress on
this difficult problem is the development of a computer
program (SHAMGAR) to run on an International Comput-
ers Ltd. Distributed Array Processor (DAP) computer,
which performs the necessary resolution-convolution in-
tegrals sufficiently quickly to allow rapid simultaneous
fitting of a model scattering law to many scans of an ex-
perimental triple-axis data set.2! Phonon and magnon
separation can be achieved reliably by demanding con-
tinuity of the various cross sections through all the scans.

In Sec. II the experimental procedure will be described.
Section III presents the results of the present measure-
ments and compares them with previous measurements
and theoretical predictions. Section IV discusses the im-
plications of the results.

II. EXPERIMENTAL PROCEDURE

A. Spectrometer

The experiment was carried out on the triple-axis spec-
trometer IN3, installed on a thermal neutron guide tube at
the Institute Laue-Langevin (ILL), Grenoble. Pyrolytic
graphite was used as both monochromator and analyzer,
and a pyrolytic graphite filter was used between the sam- -
ple and analyzer to filter out order contamination. Vari-
ous horizontal collimation conditions, spectrometer con-
ﬁgurations, scattered wave vectors, and monochromator
and analyzer reflections were employed to optimize the
resolution conditions and counting rates at different ener-
gy transfers.

The magnon measurements were all carried out in the
vicinity of the (111) reciprocal-lattice point and mostly
with the (004) reflections at both monochromator and
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analyzer, using a fixed scattered wave vector kp of 2.662
A~!, corresponding to the use of the filter to eliminate
2kp and 3kp contamination. Horizontal collimation was
typically 20'(guide)-30-30’-40’, although 20'-30'-20’-30’
was used at lower-energy transfers to improve the resolu-
tion. Some of the higher-energy-transfer scans were per-
formed using the (002) reflections from the analyzer or
both monochromator and analyzer, and various senses of
scattering at the sample and analyzer were employed
largely as a result of physical constraint [e.g., at high in-
cident energies (small monochromator take-off angles),
scattering to the left of the sample is not possible because
the guide prevents the analyzer from being used on that
side]. Phonon measurements were made in the vicinity of
the (222) reciprocal-lattice point, where the phonon cross
section is larger and the magnon cross section smaller
than near the (111).

The various conditions were employed after optimiza-
tion of the parameters using the computer program
SHAMGAR (Ref. 21) to generate the form of the scattering
by convolution of a model scattering law with the full
resolution function of the instrument.?? The program is
described in further detail in Sec. II D below.

B. Crystal

The single crystal used in the experiment was on loan »

from Brookhaven National Laboratory and was the ®*Ni
isotope crystal used by Minkiewicz et al.'® The mosaic
structure of the crystal was examined and found to be
nearly Gaussian, with a full width at half maximum of 20
minutes of arc. This was incorporated into the instru-
mental resolution calculation following Werner and
Pynn.??
C. Cryostat

The cryostat used was a standard ILL “orange” cryo-
stat, employing flowing liquid “He to cool a copper block
anchored to the heat shield nearest the sample. The cryo-
stat is top loading with a rhodium-iron resistance ther-
mometer mounted in good thermal contact with the sam-
ple holder, to which the crystal was fixed using Kwikfill
paste. The sample temperature was variable between 1.5
and 300 K. Data were taken at 1.5 K for the measure-
ment of the spin-wave energies at low temperature, 97 K
as an intermediate temperature, and 295 K for compar-
ison with previous measurements which were made using
different techniques.

D. Data-analysis procedure

As described above (Sec. I), the data-analysis procedure
is an important part of this experiment.
represents not a new approach to the problem, but simply
a very much faster method. The intensity observed in the
triple-axis measurement is taken to be the convolution of
the resolution function and the model cross section [Ref.
22, Eq. (10)]. The resolution, function is computed in the
Gaussian approximation of Cooper and Nathans for each
point of each experimental scan, and the scattering inten-
sity is deduced by four-dimensional numerical convolu-
tion of this function with a scattering law representing the

However, it
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phonon branches and a spin-wave branch, with adjustable
parameters to represent the phonon speeds and weights,
the weights of the spin-wave scattering, and the energy
dispersion relation of the spin waves. The magnetic form
factor is accounted for by a term exp(—aQ? with
a@=0.066 A2, The spin-wave energies are represented by a
function of the form

e=€+D|q|*+E|q|*. (1)

A background term is also added to the calculated intensi-
ty. Thus a complete set of data is generated correspond-
ing to all of the experimental scans chosen, and the gen-
erated curve is fitted to the data by a weighted least-
squares procedure.

Because of the architecture of the DAP computer on
which the program runs (64 X 64 array of processor units),
it is convenient, and sufficiently accurate, to perform the
convolution integral on a grid of 16X 16X 16 points
which is set up in reciprocal space in the frame in which
the resolution function, projected down the energy axis, is
diagonal. The energy integral is performed analytically
for each point thus selected in reciprocal space, using the
6 function appearing in the phonon and magnon cross sec-
tions. The range of integration in each dimension is
chosen such that all contributions from parts of the reso-
lution function less than exp(—3) of the maximum are set
to zero.

The time taken for an interactive session analyzing six
scans each of 20 points, allowing five parameters to vary
in the fit, with one spin wave and one phonon branch in-
cluded, was typically ten minutes, varying slightly with
the weight of use on the Edinburgh EMAS system. This
is sufficiently fast for a number of different ways of
analyzing the data to be tried out and to select appropriate
sets of scans to determine €;, D, and E at the various tem-
peratures.

III. RESULTS

Data were taken in the nominal energy ranges
0.25<v<3 THz at T=1.5 and 295K and 0.5 <v < 1.25
THz at T=97 K. The phonon velocities were fixed at

- their measured values and the spin-wave energies deduced

from the fitting procedure described above.

The results for the parameters €y, D, and E at T=1.5
and 295 K and D at T=97 K are shown in Table I. Be-
cause of the nature of the data, not much information is
contained in one scan. We therefore illustrate the results
in Fig. 1, showing six scans at T=1.5 K (four constant-
energy scans and two constant-wave-vector scans), with
the measured data points, the fitted simulated intensities,
the background function (flat background plus phonon
scattering), and the spin-wave contribution to the total
scattering. We emphasize that, although this data is not
very good statistically, point for point, largely because at
these low temperatures the scattering intensities are very
low, yet the required information may be obtained from
it. At higher temperatures, the data quality improves be-
cause of the increase in the population factor in the inten-
sity, and this is reflected in smaller error estimates for the
fitted parameters (Table I). The agreement is statistically
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FIG. 1. Observed neutron counts and best (weighted least-squares) computed fits to the data for 20'-30’-30-40’ horizontal collima-
tion, PG(004)-PG(004) (PG denotes pyrolytic graphite). The solid line is the calculated curve, the dashed curve is the spin-wave con-
tribution, and the dotted curve is the background and phonon contributions. There were approximately 10000 monitor counts per
minute, varying slightly as k; was changed. Monitor counts were 300000 per point, except for (c) 600000 and (f) 750000. The oscil-
lations in the calculated spin-wave cross section are due to the coarseness of the mesh in the integration procedure, but are not impor-
tant compared to the data errors. )
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FIG. 2. Reconstructed spin-wave dispersion relation for nick-
el at (a) T=1.5 K and (b) T=295 K. Dashed line is longitudi-
nal acoustic phonon; dotted line is spin-wave energy without the
quartic term; -+, peaks observed in constant-wave-vector scans;
X, peaks observed in constant-energy scans. These figures
show first the importance of making the resolution corrections
carefully, as the significant shifts from the observed peaks to the
calculated dispersion relations show, and second the importance
of including the quartic term to account for data above 1.0 THz,
or conversely, the impossibility of deducing D from measure-
ments at energies higher than 1.0 THz alone.

satisfactory in all cases. Figure 2 shows the spin-wave
dispersion relation reconstructed from the parameters
[Eq. (D]

The present results are compared in Table II with re-
sults obtained by other methods and earlier triple-axis
measurements. Two first-principles theoretical estimates
are also included in the table. Two important features
may be seen from this comparison. First, the present
value for the spin-wave stiffness at low temperature is in
good agreement with other measurements at low tempera-

P. W. MITCHELL AND D. McK. PAUL 32

TABLE I. Results of the present measurement. For the defi-
nitions of €y, D, and E, see Eq. (1). Numbers in parentheses are
estimated errors as derived from the fitting procedure (the
change in the parameter which if made, and all the other pa-
rameters adjusted to minimize X2, would increase Y? by one
standard deviation of the X2 distribution).

T (K) & (THz) D (THz A? E (THz A%
1.5 0.015(10) 96(5) 630(50)
97 96(4)

295 0.015(6) 95(3) 655(35)

tures (magnetization and hyperfine field). There are no
other values derived from low-temperature neutron
scattering experiments at all to our knowledge. The
closest is the value extrapolated from higher temperatures
estimated by the small-angle cutoff method by Hatherly
et al.?® Previous triple-axis measurements at low tem-
peratures have involved extrapolation from high energies
and give rise to a much larger value of D.

Second, the room-temperature value of the stiffness is
the same as the low-temperature value, to within the es-
timated error. This stands in agreement with the estimate
of Minkiewicz et al.!® from their room-temperature data,
but in stark contrast to the values derived from magneti-
zation and hyperfine field data. The agreement with oth-
er neutron techniques (small-angle scattering and diffrac-
tion method) is good for the stiffness, but note that the
tendency of the diffraction method to underestimate the
spin-wave energy at larger wave vectors'>!® gives rise to
the wrong sign for the quartic term E. The other triple-
axis measurements give a very much lower estimate for
the stiffness at room temperature than at low tempera-
ture, but they still give larger values than the present re-
sult.

IV. DISCUSSION AND CONCLUSIONS

The present results provide confirmation that, at least
at low temperatures, there are no hidden excitations in
nickel. That is to say, the decrease in the magnetization
can be accounted for completely by the thermal popula-
tion of the spin waves. This, along with the Fermi surface
measurements of Lonzarich,' confirms that thermal popu-
lation of the Stoner modes is insignificant at low tempera-
tures.

Discrepancies between these results and previous
triple-axis estimates of the stiffness at low temperatures
may be understood in terms of the large deviations from
the initial quadratic dispersion relation, even at quite
small wave vectors. This is in agreement with the mea-
surements of Minkiewicz ef al.'® at room temperature
and confirms that similar deviations are also important at
low temperatures.

The estimated renormalization of the stiffness up to
room temperature is less than the estimated errors and
suggests that the fractional change in the stiffness is no
greater (it may even be less) than the fractional change in
the magnetization over the same temperature range
(~6%).
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TABLE II. Coomparison with previous results. Values of D in THz A2 Values in square brackets
are for E in THz A*. Numbers in parentheses are estimated errors, as in Table I.

Technique Reference T<5K T=295 K
Neutron 16 97 -
triple-axis 17 105
18 134 .
20 127(4) 1114)
19 133 102
19 143[—98] 122[—120]
This work 96(5)[630(50)] 95(3)[655(35)]
Neutron 24 99(3)
small-angle 25 102(7)*
scattering
Neutron 26 90(5)
diffraction 26 94[—96]
method
Magnetization 8 95.3(1.7)
27 93(9)
9 95.5(1.2)
9 87.5(0.2) 65.5
Hyperfine field 10 96.1(1.0) 62.9
Theory 4 203
: 6 136

2Not measured at low T, but extrapolated from high 7.

Theoretical first-principles estimates of the ground-
state spin-wave stiffness have been overestimates. That of
Callaway et al.® was expected to be, as their band-
structure calculation overestimated the exchange splitting
energy, but that of Cooke et al.* appears to be out by a
factor of 2. [The value we quote is deduced from their
Fig. 8, at the smallest wave vector (0.0625,0,0).] The same
calculation gives very good agreement with data at higher
energies, but can perhaps be expected to be less reliable at
low energies, since the energies involved in the band-
structure calculation are typically three orders of magni-
tude larger than the relevant spin-wave energies. (This re-
sult may also be affected by the size of the k mesh used in
the calculations, which is possibly not fine enough to
make reliable deductions from such small g values.)

Thin film resonance has also been used to estimate
spin-wave parameters in nickel?® but these results have not
been included in the detailed comparison above because

there seem to be severe problems in the interpretation of
such data, with values of D at room temperature varying
from 39 to 112 THz A? from different experiments (Ref.
28 and references therein).

The room-temperature values of D estimated from
magnetization and hyperfine field measurements are in
severe disagreement with the present results, but since
they are averaging over a wide energy range, at that tem-
perature, we believe the neutron value, which is consistent
among all three neutron techniques used at room tempera-
ture, is to be preferred.
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