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This paper gives direct measurements of the frequency- and wave-vector-dependent critical scattering of
neutrons from nickel. Extensive measurements have been made around the Curie temperature to study the
critical fluctuations in detail, particular emphasis being placed on the dynamics of these fluctuations. Below
the Curie temperature T, the fluctuations can be described in terms of spin-wave excitations with an ex-
change stiffness constant D that varies with temperature as (1—7"/7) to the power 0.39+0.04. The spin
waves become over-critically damped just below 7. Right at the critical temperature, the energy width of
the scattering is observed to vary as the wave vector ¢ to the power 2.4640.25, in excellent agreement with
the predictions of the dynamic scaling laws. Above T, in the hydrodynamic region, the spin-diffusion
constant is observed to vary as (1—7./T) to the power 0.51£0.05, in marked contrast to theoretical pre-
dictions of a value close to 0.33. Comparison with our recent data for iron suggests that spin diffusion in the
two materials may be occurring with different dominant mechanisms. As in iron, no scattering was observed
from diffusive components of the susceptibility for 7' <T.; this result contrasts strongly with the scattering
observed from the Heisenberg antiferromagnet RbMnF;, where a diffusive mode is clearly seen. Extensive
data have been taken of the spin-wave dispersion relations at room temperature. Interpretation of the data
in terms of a Heisenberg model leads to the conclusion that the exchange is long-range in extent, with
ferromagnetic interactions present over short ranges and antiferromagnetic interactions predominating
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over longer ranges.

I. INTRODUCTION

HE magnetic scattering of thermal neutrons is a
technique of unique value for establishing both
the static and the dynamic properties of magnetic
correlations. It has already been extensively applied
to the study of the static magnetic properties of the 3d
metals. However, only with the advent of more in-
tense slow neutron sources and recent developments in
the experimental technique, has it become possible to
measure the long-wavelength inelastic scattering,
generally. Earlier measurements have either relied on
scattering surface techniques or have depended for their
interpretation on a number of assumptions.!—8 The only
existing critical scattering experiment on nickel, in
particular, is questionable since but a fraction of the
total critical scattering could have been observed.
Many of the over-all features of the long-wavelength
low-frequency scattering at the temperature extremes
T>T. and T=0°K are now becoming apparent. What
is not understood, however, is how the scattering
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changes in the neighborhood of the critical temperature.
In this paper, we seek to present extensive measure-
ments on the scattering in this temperature range. These
measurements can be compared and contrasted with
recent experiments on the simple antiferromagnet
RbMnF;® and with our own recent investigations of
iron.! In general, this earlier work fitted in remarkably
well with the theory of critical phenomena, particularly
with the predictions derived by Halperin and Hohen-
berg! from the dynamic scaling laws. Three features
of the data, however, appeared to raise interesting
new questions that require further investigation both
experimentally and theoretically. These are (i) below
T, the antiferromagnet shows a scattering spectrum
with three peaks; two of these are due to spin waves and
the third is believed to arise from diffusive fluctuations
in the 2 component of the spin. The ferromagnet iron
showed only the two spin-wave peaks and not the third
peak. (ii) The line shape at 7', in iron indicates that
there is some sort of a heavily-damped propagative
component of the spin fluctuations. (iii) The critical
exponent of the spin-diffusion constant in iron was
considerably less than is predicted theoretically.

These three points provided extra motivation for
carrying out the extensive experimental program
necessary to produce the comprehensive data given in
the present work.

In Sec. II, we describe briefly the experimental
technique, and Sec. III gives the detailed experimental
results. This section falls naturally into three parts
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F16. 1. The figure schematically illustrates the three regions in
¢-T space for which the behavior of the scattering is different.
The lines ¢=«; have arbitrarily been taken as the boundaries
between the regions. The figure shows that the spin-wave and
the hydrodynamic regions become vanishingly small for T~T..

corresponding to the three different regions of critical
phenomena, as shown schematically in Fig. 1. The
first region, known as the spin-wave region, corresponds
to I<T, and ¢<ki, where x; is the critical-range
parameter. The second region with ¢>k; is the
transition region and the third, with 7> T, and ¢<x;,
is the hydrodynamic region.

The paper concludes in Sec. IV with an over-all
discussion of the implications of the experimental data.

II. PRELIMINARY REMARKS
A. Experimental Procedure

The properties of the resolution function of a three-
crystal spectrometer have been treated by Cooper and
Nathans,”? and the application of the theory to low-
energy spin-wave and critical scattering has been
discussed by us' in connection with measurements on
iron. We have followed just the same experimental
procedures as in the iron measurements and will not
repeat a description of them here.

The intensity of the magnetic scattering from
nickel is typically a quarter of that from iron. Further,
the scattering from nickel is more inelastic in the critical
region. The resultant diminished cross sections necessi-
tated the use of a lower instrumental resolution in the
present experiment compared with our previous work
on iron. As a result, smaller values of ¢ (<0.05 A1)
became inaccessible. Access to the hydrodynamic
region above 7', was accomplished by working at
higher values of (I'—T.)/T, where the «; values are
higher.

B. Crystal and Oven

The single crystal used in the experiment was made
from the Ni® isotope by J. Hawkey with the help of
J. J. Hurst, F. Merkert, and D. E. Cox. The reasons
for using the isotopically enriched crystal were that
the isotopic incoherent scattering of natural nickel

" M. J. Cooper and R. Nathans, Acta Cryst. 23, 357 (1967).
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F1e. 2. The figure shows the intensity at ¢=0.0325 A~ and
w=0.0, as the temperature drifts through 7T'.. These data serve as
the calibration of the thermocouple imbedded in the bottom of
the nickel sample. The error with which the transition temperature
was determined is illustrated by the solid line in the figure. The
peak in the scattering shifted toward higher temperatures and
broadened for the higher ¢ values.

(c=4.8b) is eliminated, and that the phonon scattering
is reduced by approximately a factor of 13. The crystal
had a cylindrical shape; the diameter and length were
0.5 and 0.9 in., respectively. The data were taken ex-
clusively in the vicinity of [111] to avoid the problem
of the energy cutoff fwma.=2Fq/k inherent in critical
scattering experiments performed in the forward direc-
tion (i.e., 7=0).

The oven contained a cylindrical heating element
made from molybdenum mesh, surrounded by three
heat shields. A copper cylinder was inserted between
the sample and the heater mesh to maintain tempera-
ture uniformity across the sample. Two chromel-alumel
thermocouples were embedded in the sample. The
long-term temperature stability of the sample was
approximately #40.5°K, and the temperature gradient
across the sample was typically 0.02°K. T, was ob-
tained from the measurement of the elastic diffuse
scattering at small ¢ values as shown in Fig. 2.

III. EXPERIMENTAL RESULTS
A. Spin-Wave Scattering

The data in this region is divided into two parts: (1)
the spin waves observed at room temperture and (2)
the low-energy scattering observed in the vicinity of
the transition region.

Neutron groups of the high-energy spin waves were
taken using a number of different incident neutron
energies; Fig. 3, for example, contains typical profiles
of two groups, one observed with an incident energy
of 110 meV, the other with 75 meV. Most of the data
were collected in this manner, and the results are
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F16. 3. The neutron groups in the figure are representative of
the scattering observed for the high-energy spin waves along [1117.
The constant-£ mode was used to largely eliminate the error that
can be introduced when identifying the peak position as the spin-
wave energy.

shown in Fig. 4. We studied the spectrum along two
high-symmetry directions, [1117] and [110]. A lack
of directional anlsotropy in the spin-wave energy is
readily apparent in the figure. Along the [1117, the
zone boundary is at 1.54 A~ and so the data extend

t0 ¢/Gmax=0.27.
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F16. 4. The spin-wave dispersion relation along [111] and
[110], The dashed curve is a quadratic dispersion with D=400
meV A2 The figure shows that the coefficient of the quartic term
is negative.
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The dashed curve in Fig. 4 represents a quadratic
dispersion relation E=Dg? with the stiffness constant
D=400 meV A% This stiffness constant is consistent
with the low-¢ data and the small-angle scattering
experiments of Stringfellow.” The most striking feature
of the data is that it lies above the quadratic-dispersion
law, which indicates that the coefficient of the quartic
term in the dispersion law is negative. This result is
consistent with the observations of Pickart ef al.t
who found a quadratic dispersion for nickel when using
the diffraction method. Shirane et al.,® when comparing
the results taken by the two techniques, noted that
the diffraction method systematically shifted the dis-
persion relation to lower energies for higher ¢ values,
which in the case of nickel, is tantamount to canceling
the contribution from the negative quartic term. This
same behavior was observed for iron, however, in this
case, it had the effect of increasing the already positive
value of the quartic-term coefficient. We have attempted
to least-squares fit the data to a series expansion in
even powers of ¢ and found that the convergence was
poor. If such a series expansion is to be useful, then the
contribution to the energy from the terms of higher
order than ¢® must be small; we found that, in fact, the
reverse was generally true for ¢>0.25 A. Nevertheless,
as a means to describe quantitatively the extent of the
departure from a simple quadratic dependence, we have
estimated the coefficient of the quartic term to be
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Fic. 5. Typical high-resolution groups that we observe from
the low-energy spin waves. The scattering to the left-hand side
of the figure is for neutron energy gain; to the rlght energy loss.
The effect of the resolution of the spectrometer is illustrated by
the asymmetric spin-wave groups for ¢=0.05 AL Note that
the energy scale has been changed for ¢=0.1 A~

B G, Shirane, V. J. Minkiewicz, and R. Nathans, J. Appl.
Phys. 39, 383 (1968)
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—4200=41500. The solid line in Fig. 4 represents the
least-squares fit of the data to an expansion out to
g%, and we include it in the figure only as a curve to
represent the data.

We now discuss the scattering from the low-energy
spin waves, in particular its temperature dependence.
Figure 5 contains some representative profiles for
T=T,—29°K. The groups in this region were taken
in the constant-Q mode of operation because the data
could be readily interpreted by the procedure
established by Collins ef al.2%; for ¢=0.05 A2, the effect
of the resolution function of the spectrometer, as
discussed by them, is clearly reflected in the asymmetric
spin-wave line shape. The figure also illustrates that
we have not observed a diffusive component in the
scattering below T,. Such a diffusive component in the
scattering has been observed® in RbMnF; and its
absence in iron and now in nickel is one of the more
perplexing aspects of the data.

Since the wave vectors involved are small, a dis-
persion relation of the form Dg? was used to fit the
data at each temperature. The temperature variation
of the exchange stiffness constant is shown in Fig. 6,
where for comparison we have also included the dashed
curve to represent the data of Collins et al.'® for iron.
We fit the data to the power law Do(1—T/T.)" and
find that the power 7 is 0.3940.04 and D, is 6202100
meV A% Halperin and Hohenberg,* from the scaling
laws, predict that D will go approximately as
(1—=T/T,)"s. Stringfellow,” using the small-angle
scattering technique, found that D decreases smoothly
to ~125meV A? at T=T,. This is in clear disagreement
with our data, since we have observed that D~70
meV A? for (1—7/T.) ~0.004. It is most probable
that the applied field of 1800 Oe that is used in the
small-angle scattering experiment is having a pro-
nounced effect on the spin-wave energy. Similar effects
were noted for iron.!?

300
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Fi1e. 6. The temperature variation of the exchange stiffness
constant D. The dashed curve represents the data taken by Collins
et al. for iron. The data seem to indicate that D is scaling as the
magnetization. The data are given on a log-log plot; the fit to the
straight line would indicate that D — 0 as T'— T.
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Fic. 7. The temperature variation of the inverse of the static
susceptibility through the transition. The data clearly illustrate
the need for the kinematic term (S?) in the cross section by the
absence of a sharp minimum at T'=T..

Whether D actually goes to zero at T, is impossible
to determine. We observe that the spin waves for
¢<0.125 become over-critically damped just below T,
so that at higher temperatures than this, extraction of
meaningful values of D becomes impossible.

Marshall and Murray have shown that kinematic
effects can have a great influence on the transverse
susceptibility below T.. Stringfellow” has observed this
effect in iron and nickel. Assuming for simplicity that
spin-wave damping is small, the integrated intensity I
varies as* T(S?)/(Dgq?). Figure 7 shows that the
susceptibility is only very weakly dependent on tem-
perature near 7' at finite ¢. This is just the sort of be-
havior to be expected from Marshall and Mruray’s
equation for the susceptibility, since D and (S?) both
tend to zero at T, according to approximately the same
power law.

B. Transition Region

The typical behavior of the scattering that we ob-
serve in the transition region is shown in Fig. 8. The
over-all widths of the distributions are given on the
left-hand side of the figure. The diffusive or the Lorent-
zian distribution that is observed in the hydrodynamic
region above T, anticipates the spin-wave excitations
for T<T, by broadening and “rounding off” the top
of the scattering.!> Again, we note that even at T,
—4.1°K, we see no evidence for a third peak in the
spectrum. That there is no sudden appearance of an
additional scattering near T, is made evident by the
temperature variation of the susceptibility given in
Fig. 7. The scattering changes smoothly from one region
to the next for finite ¢. It is interesting to note that if
the over-all width of the distributions above T, are
compared with the width of a single spin-wave side

4 W, Marshall and G. Murray, J. Appl. Phys. 39, 380 (1968).
156 K. Tomita and T. Kawasaki, J. Phys. Soc. Japan Suppl..
26, 157 (1968).
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F1e. 8. The figure illustrates typical high-resolution distribu-
tions that we observe as the temperature changes from 7'<T to
T>T.. The data were collected for ¢=0.075 A~L A “rounding off”
of the distribution at T'=7T, is apparent. The over-all linewidth
is given by the column on the left.

band below T, they are approximately equal. In other
words, the relaxation rate of the fluctuations or the
“inelasticity,” in addition.to the susceptibility X(g),
varies continuously through 7' for ¢5#0. The change of
the susceptibility and the linewidth through T, are
strongly wave-vector-dependent; we have observed
that the smaller the wave vector, the more rapidly
the quantities vary through the ordering temperature.

There are other aspects of the scattering in the transi-
tion region that we now discuss, and about which
we can be somewhat more-quantitative: (1)-the over-all
linewidth of the distributions and (2) the intensity of
the scattering as a function of ¢. It has been predicted
originally by Halperin and Hohenberg,! using dynamic
scaling theory, that at T, I' < ¢%2~7/2, In Fig. 9, we plot
the half-width of the distributions at half-maximum
as afunction of the wave vector; the data were collected
at T, and has been corrected for resolution effects.
The resolution corrections for the smaller values of ¢
are, of course, large. For example, the observed width
for ¢=0.05 A was 0.33 meV, and the resolution cor-
rected with is 0.2 meV. The dashed line in the figure
represents the data of Collins ef al.’? for iron. We find
that the exponent is 2.4640.25 and is in excellent agree-
ment with what had been predicted.

With reference to the ¢ dependence of the static
susceptibility, our results give X(g) «¢1-949-2, The size
of the uncertainty precludes our determining Fisher’s
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parameter 7 but it does allow us to rule out the ¢~2
dependence for X(¢) suggested by Izuyama.!t

Figure 10 shows the line shape in both iron and nickel
at T'=T., plotted after the data has been resolution
corrected. Data from a number of different wave
vectors. ¢ have been superposed assumed that fre-
quencies scale as ¢%/2. The same solid line has been drawn
through the data points for iron and nickel except that
the frequency scale has been altered by a factor of 2.

C. Hydrodynamic Region

In this region, the spin fluctuations are governed by
diffusion processes, and the cross section is given by

286S+1) 1T
S(ll,w)=“ ’
3 K12+q2 I‘2+w2

T 7 12
with I'=A¢? where A is the diffusion constant, and
and 7; represent, respectively, the range and strength
of the spin correlations. In the present experiment, the
range of ¢ that was used in the analysis at a given tem-
perature was restricted so that the above equation
gave an adequate representation of the data in the
least-squares sense. The analysis proceeded in the same
manner as was used. by Collins et al.’® The differential
cross section was convoluted with the resolution func-
tion of the spectrometer by computer calculation, and
the three parameters, the scaling factor (essentially
1/r:2), the inverse range i, and the diffusion constant
were obtained by a least-squares fit to the data at each
temperature. Overall, the quality of the fits was satis-
factory. The F value, the statistical measure of the
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F16. 9. The figure shows the half-width of the scattering at
half-height as a function of wave vector on a log-log plot. The
dashed line represents the data of Collins e al. for iron. The data
agree with the dynamic scaling-law prediction I « ¢5/2,

16 T. Izuyama, J. Phys. Soc. Japan Suppl. 26, 109 (1968).
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quality of fit, was on the average 1.5 (the corresponding
value for iron was 1.2); the fotal range of F was from
0.5 to 2.35. The F values of 1.0 and 1.8 correspond to
as good a fit as can be expected from statistical fluctua-
tions alone, and to a statistical error of two standard
deviations, respectively. Figure 11 shows the data
from one of the poorer statistical fits (F=2.3) with the
solid line giving the least-squares-fitted intensities
from convoluting the resolution function with the cross
section of Eq. (1). Itis difficult to discern any systematic
departures of the data from the expected cross section;
any lack of goodness of fit appears to be due to random
“noise” in the individual data points.

The boundary between the hydrodynamic and the
transition regions, as was evidenced in iron by an
abrupt increase in F as the ¢ range was increased to
higher values, is not as pronounced in nickel. This
breakdown in the form of the cross section given above
at the higher ¢ values is directly related to the “rounding
off”” of the distributions in the transition region; see,
for example, the profile in Fig. 8 for T'=T'.. We conclude
that if there is a propagating component in the fluctua-
tion spectrum of nickel above T, its relative con-
tribution to the scattering is less than in iron. It is
possible that for nickel, the ¢ range for this region can
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F16. 10. Resolution-corrected line shapes at T'; for nickel and
for iron. The data at different wave vectors have all been scaled
to a wave vector of 0.15 A using the dynamic scaling laws. The
same solid line has been drawn through the nickel and the iron
data with the exception that the frequency scale has been changed
by a factor of 2.
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Fi6. 11. Scattering in the hydrodynamic region at 7'.4-52°.
The solid line is the scattering predicted on the basis of the
diffusion equations.

be extended by including terms in ¢* in the relaxation
rate I' and in the denominator of the static term. We
did not use this approach because it would extend the
number of parameters in the least-squares procedure
beyond the point justified by the statistical accuracy of
the data.

The quantities that can be established with some
certainty are the static susceptibility X(0) and the
diffusion constant A.

The temperature variation of X(0) is given in Fig. 12.
The most striking feature of the data is that it suggests
that the susceptibility is falling off faster then (1—7',/
)=, with y=1.3424-0.01, the power law that has been
established by Kouvel, Kouvel, and Comly.”” We do
not feel that this effect is spurious, since neutron
scattering should give reliable information about the
exponent y. In fact, the origin of this apparent con-
tradiction is not hard to find. In deriving a susceptibility
we have assumed that the Lorentzian cross section of
Eq. (1) is valid at all frequencies. The work of a group
at Harwell has shown that there is additional tempera-
ture-independent magnetic scattering at high fre-
quencies. The existence of this magnetic scattering can
qualitatively account for this apparent increase in vy
as observed in this experiment. The effect of not in-

17 J. S. Kouvel, J. B. Kouvel, and J. B. Comly, Phys. Rev.
Letters 20, 1237 (1968); see also J. E. Noakes and A. Arrott,
J. Appl. Phys. 39, 1235 (1968).
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Fi1c. 12. The figure shows the temperature variation of the
static susceptibility x(0) as determined in this low-energy
scattering experiment. The line with the slope 1.58 represents
the data for this temperature interval. The increase in the ex-
ponent vy from the 4 power law is a result of not observing all of
the scattering at low energy. High-energy scattering that to a
large extent is temperature-independent has been observed for
nickel by the Harwell group.

cluding the high-energy scattering becomes more pro-
nounced as the temperature is increased since for tem-
peratures close to 7', the critical scattering dominates
the susceptibility, but as the temperature is increased,
the intensity of the critical scattering decreases and the
relative contribution of the high-energy scattering be-
comes increasingly more important.
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F16. 13. The temperature variation of the diffusion constant A.
The dashed line represents the data of Collins et al. for iron. It
appears that the diffusion process in nickel and in iron is different.
The data are given on alog-log plot, and the fit to the straight line
indicates that A— 0 as T — T, To obtain the dimensionless
parameter 2mA /%, multiply the value of A 0.483.
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The temperature dependence of the diffusion con-
stant A is given in Fig. 13; the dashed curve represents
the results of Collins et al.'® for iron. It appears from
the data that the spin diffusion process in nickel and in
iron is different. If we fit the data to the power law
Ao(1—T./T)?, the exponent P is 0.5140.05 and A, is
380470 meV A% Kawasaki,® and Halperin and
Hohenberg" have predicted that A should vary ap-
proximately as X~V4, With the exponent for the sus-
ceptibility taken from Kouvel, Kouvel, and Comly,"”
the critical exponent for A should be approximately
0.33. There is a clear disagreement with experiment. It
was not possible to study the relaxation rate in the
immediate vicinity above the transition temperature
because the hydrodynamic region is too severely re-
stricted in extent.

IV. DISCUSSION AND CONCLUSIONS
A. Spin Waves

If the spin-wave dispersion relation at room tem-
perature is interpreted in terms of a Heisenberg
Hamiltonian then, following the general lines of an
argument first propounded by Marshall,'® we conclude

that

> Jg is positive, 2.1)
R
Y. JrR*=40002-250 meV A2, (2.2)
R
3" JrR*=—10 000 000 meV A4, (2.3)
R

(2.4)

2 JrR® is negative,
R

where Jg is the exchange interaction between spins
that are a distance R apart.

Equation (2.1) is a necessary (but not sufficient)
condition_for ferromagnetism. In deriving a numerical
value forjthe right-hand side of Eq. (2.3), spherical
symmetry has been assumed; this is not correct, but,
since the interaction is observed to be long range and
without directional anisotropy, it probably gives a
reasonable estimate of the quantity, involved.

The data implies that the exchange constant Jg
must change sign at least once as a function of R.
The main contribution from the near neighbors must
be ferromagnetic, while antiferromagnetic exchange
dominates for more distant neighbors.

B. Critical Exponents

Table I shows the observed critical exponents for
various properties of nickel and the exponents pre-
dicted on the basis of the scaling laws.!! For complete-

18 K. Kawasaki, J. Phys. Chem. Solids 28, 1277 (1967).

19 W. Marshall, in Proceedings of the Eighth International Con-
ference on Low-Temperature Physics, London, 1962, edited by
R. O). Davies (Butterworths Scientific Publications Ltd., London,
1963).
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TasLe I. Critical exponents in nickel and iron. » and »" ex-
press the temperature dependence of the inverse range parameter
above and below T, 8 the temperature dependence of the magnet-
ization below T, v the temperature dependence of the static
susceptibility above T, and » the deviation of the scattering in
the hydrodynamic region above T, from the ideal O-Z form.

Exponent
Property Heisenberg  Nickel
observed Scaling laws (approx.) (this paper) Iron»
Linewidth 5/2—=2/2 2.46 2.46-+0.25 2.7 +0.3
at T.
Spin-wave v —B 0.33 0.394-0.04 0.370.03
stiffness
Diffusion (w/v") (v —B) 0.33 0.51+0.05 0.144-0.04
constant
Susceptibility v 1.38 1.58-0.15 1.30+0.06
T>T.

a Reference 10.

ness, we have also included in the table the results of
our recent measurements of critical exponents in
iron.1

The scaling of the linewidths at T, as ¢ to the power
£ as shown in Figs. 9 and 10 is a notable success for
the theory, since the prediction was made in advance
of the experimental data. This power law has been the
subject of a number of recent theoretical investiga-
tions'+14:20-22 which are all in substantial agreement to
within additive factors of 3n (or order 0.04) for the
exponents, where 7 expresses the departure of the
scattering in the hydrodynamic region from the ideal
Ornstem-Zernicke (O-Z) form. It is remarkable that
at T>T, and T>>T, the linewidths vary as ¢? for small
g while at T, the variation is ¢%2.

The spin-wave stiffness constant varies generally in
the manner predicted by the scaling laws. However,
there seem to be small but significant discrepancies
between the observed exponents for nickel and for iron
of 0.39 and 0.37, respectively, and the scaling-law
prediction of 0.33. This prediction is based on the
assumption that y=1.38 and n=0.08. The experimental
power law is significantly greater than 0.33. We note
that the magnetization scales with exponent 8 which
is observed!” to be 0.3784-0.004 for nickel and is pre-
dicted to be 0.39 for a Heisenberg system. Thus, the
spin-wave stiffness appears to be scaling according to
the same power law as the magnetization, as noted
earlier.

It is difficult, and probably impossible, to fit the
experimental data above 7. into the framework of
existing theories of critical phenomena. The exponent

20 H. Mori and H. Okamoto, J. Phys. Soc. Japan Suppl. 26,
141 (1968).

2t P, Résibois, J. Phys. Soc. Japan Suppl. 26, 127 (1968).

2 F, Wegner, Z. Physik (to be published).
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for the diffusion constant in nickel is much larger than
would be predicted while that in iron is much lower.
One might expect physically that if these materials
were to depart from the theoretical predictions they
would at least both depart in the same direction. We
can only suggest that the anomalous behavior arises
from contributions to the spin diffusion from another
mechanism over and above that arising from Heisenberg
exchange interactions. It is tempting to speculate that
this mechanism is a result of the metallic nature of iron
and nickel.

The large observed value of v for nickel can be under-
stood in terms of high-frequency components in the
susceptibility® that we have not observed. Such effects
were not apparent in the iron datal® because the mea-
surements were confined more closely to the neighbor-
hood of T where the contribution of the low-frequency
components more effectively dominates the suscepti-
bility. It is noteworthy that the consensus of experi-
mental data for iron and nickel indicates that v is
close to 1.33 in both cases, and certainly less than
predicted on the basis of some investigations of
high-temperature expansions of the Heisenberg
Hamiltonian.?

C. Comparison between Spin Dynamics
of Iron and Nickel

Here we make a brief comparison between the spin
dynamics of nickel as given in this paper and the spin
dynamics of iron,® the only other ferromagnet for
which detailed data are available.

The most readily apparent feature is the qualitative
similarity of the spin dynamics of the two materials.
In particular, the scattering near to the critical tem-
perature has the same characteristics and no diffusive
mode has been observed below T'.. The following general
points of contrast are, however, noteworthy: (i) There
is no evidence that the exchange interaction in iron
changes sign with increasing distance, while this is
clearly the case in nickel. (ii) The exponent of the
temperature variation of the diffusion constant in
nickel and iron are very different (0.51 and 0.14,
respectively). This is not understood.
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