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Critical Magnetic Scattering of Neutrons in Iron
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Measurements of the angular and energy distributions of 4.28K neutrons scattered at small angles from
iron at temperatures above the Curie temperature are described. The results are interpreted in terms of
Van Hove's theory of critical magnetic scattering and yield information on the range of spin correlations
and the dynamics of the spin-ordering process. For the dimensionless parameter 2m'/A which describes
the time dependence of the spin fluctuations, we obtain the value 11.0+0.6 at T—T,=2 and 18'C. The
zero-Geld magnetic susceptibility, as determined by the parameters «t and r& (which represent the range and
strength, respectively, of the spin correlations), is found to vary as (T—T,) '~.o'. Near the Curie tempera-
ture there was suf6cient intensity to measure the ratio of the coeKcients of the K~ and X' terms of the
angular distribution. The value of this ratio, 29 A,', is related to the existence of long-range couplings within
the spin system. Details of certain recent modiGcations of the theory of critical systems are discussed and
compared with the experimental results.

netic critical scattering' based on the Ornstein-Zernike
treatment (as extended by Klein and Tisza) of the
critical scattering of light in gases. He showed that there
was a direct relationship between spin correlations in
the scatterer and the angular and energy distribution
of the scattered neutrons and predicted that there would
be intense scattering around Bragg peaks at the ordering
temperature. This scattering was soon observed in iron
by wilkinson, Shull, and Gersch' and by Lowde' and in
antiferromagnetic cobalt oxide by McReynolds and
Riste. ' These measurements, and others which fol-
lowed'~I3 demonstrated that neutron scattering could
give considerable information on the magnetic ordering
process.

In his original formulation of the theory, Van Hove
pointed out that the parameters which describe the
scattering of neutrons can be related to the magnetic
susceptibility of the scattering system by general sta-
tistical-mechanical considerations. Neutron-scattering
measurements thus serve to determine the zero-6eld
magnetic susceptibility of the scatterer in the neighbor-

I. INTRODUCTION

LTHOUGH slow neutrons are now very commonly
used for studies of the structure and dynamics

of magnetic systems, their application to the study of
magnetic phase transitions is fairly recent. Historically,
it had its beginnings when Cassels and Latham inves-
tigated the cross section of iron at high temperatures.
They noted that the cross section was appreciably larger
than could be accounted for by temperature diffuse
scattering alone, and while the evidence was then far
from conclusive, they suggested that the difference was
in some way associated with the magnetic properties of
iron. Later investigations with long-wavelength neu-
trons' ' showed that the cross section actually had a pro-
nounced peak at the Curie temperature, thus establish-
ing that the interaction was clearly of magnetic origin.
The speci6c mechanism responsible was not understood,
however, until Van Hove' pointed out that the large-
scale fluctuations in the density of magnetization, which
occur in the neighborhood of the ordering temperature,
will scatter neutrons in much the same way that light
is scattered by liquids and dense gases under criti
conditions.

Van Hove subsequently developed a theory of m
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hood of the ordering temperature. Recently, Domb and
Sykes" and Gaxnmel, Marshall, and Morgan" have
developed theories of the temperature dependence of the
susceptibility of a Heisenberg ferromagnet at tempera-
tures slightly above the Curie temperature. Both theo-
ries predict that the susceptibility should vary as
(T T,)—~~' rather than (T T,)—' as predicted by the
older molecular-field and Bethe-Peierls-%eiss models.
Although there is some question as to whether the
Heisenberg model completely applies to metals, the
low-6eld susceptibility measurements on iron made by
Noakes and Arrott" and Arajs and Colvin" and the
critical-scattering measurements of Jacrot, Konstan-
tinovic, Parette, and Cribier" both appear to fit the
—; law.

This paper describes an investigation of critical mag-
netic neutron scattering in iron which we have recently
completed. Since we were particularly interested in com-
paring the theoretical predictions mentioned above with
experiment, we made most of our measurements in the
temperature region 0&T—T, &60'C covering both the
temperature range over which the new theories are ex-
pected to hold and the higher temperature transition
region in which the temperature dependence of the sus-
ceptibility is expected to approach the linear behavior
predicted by the earlier models.

II. THE CMTICAL-SCATTEMNG
CROSS SECTION

Excellent reviews of the theory of critical neutron
scattering are available in the articles by de Gennes, "
by Izyumov, " and by Van Hove. ' In Van Hove's for-
mulation the magnetic scattering cross section for a
polycrystal of Ã spins is expressed as the Fourier trans-
form over r and t of the pair distribution in space and
time I (r,l), i.e.,

X expLi(K r—cut)]r'(r, i)drdt. (1)

Here ko and k=ko —K are the initial and final wave
vectors of the neturon, E is the scattered neutron en-
ergy, re=a(kss —k')/2m, p and m are the neutron mag-
netic moment and mass, respectively, and F(K) is the
form factor for magnetic electrons.

"C.Domb and M. F. Sykes, Phys. Rev. 128, 168 {1962)."J.L. Gammel, W. Marshall, and L. Morgan, Proc. Roy. Soc.
(London) A275, 257 (1963).

'~ J. E. Noakes and A. Arrott, J. Appl. Phys. Suppl. 35, 931
(1964)."S.Arajs and R. V. Colvin, J. Appl. Phys. Suppl. 35, 2424
(1964)."P. G. de Gennes, Magnetism, edited by G. T. Rado and
H. Suhl (Academic Press Inc. , New York, 1963), Vol. III p. 115.

» Yu. A. Isyumov, Uspekhi Fis. Nauk 80, 41 (1963) English
transl. : Soviet Phys. —Uspekhi 16, 359 (1963)g.

All of the essential physical description of the scat-
terer is contained in the pair distribution function which
is written in the form

I'(r, t) = Revs(f)Gs(r, l) . (2)

Gs(r, l) represents the pair distribution of two atoms
with equilibrium positions separated by R and. ps(t)
= (Ss(0).Ss(t))r, represents the correlation between
the corresponding pairs of spins. Customarily ys(t) is
expressed as the sum of two terms

The first term, which is the square of the average spin
vector per atom, gives rise to the elastic magnetic Bragg
scattering, while the second term, which represents the
time-dependent deviation of ps(t) from its asymptotic
value, gives an additional inelastic disuse magnetic
scattering. It is this inelastic diffuse scattering which
becomes the intense critical scattering observed in the
neighborhood of the ordering temperature.

If atomic displacements are neglected, Gs(r, t) be-
comes simply h(r —R), in which case the integration
over r in (1) is replaced by a summation over lattice
sites R. Thus, the critical scattering cross section can be
written as

( yP —l~(K) I'
dOdE km~' 3~k ko

exp/i(K R—(A)7ys(t)dt. (4)

VsS(S+1) exp( —srR)
ys'(0) =

4' P R
(6)

Here t/'o is the volume of the crystal cell and the param-
eters x& ' and rj represent, respectively, the range and
strength of the spin correlations. It is important to note
that (6) is an asymptotic expression valid in the limit
of a&

' and R large compared to interatomic distances.
The relationship between the scattering parameters and
the susceptibility can be found by substituting (6) into

If for the moment we ignore the time dependence of
this expression, the ps in (4) is by definition x(K), the
static susceptibility of the spin system for a sinusoidal
perturbation of wave vector K. Thus,

x(K)/xr=—(S(S+1))-rgsv&(0) exp(iK R), (5)

where xr represents Eg'p'S(S+1)/3AT, which is the
susceptibility of a system of noninteracting ions. Above
the Curie temperature all that remains of the correlation
function ys(t) is the fluctuation term which, in its
time-independent form, can be identified with the in-
stantaneous correlation function of the Ornstein-
Zernike theory'
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(5) which leads to the formula

(Klr 1)'=xb/x (o)

To determine the time dependence of ya'(t), Van
Hove assumed that the equation for the density of
magnetization is of the diffusion type. It then follows
that the decay in time of a plane-wave Quctuation of the
magnetization is given by exp( —Aq2«) with q the wave
vector and where A is the diffusion constant (which is
inversely proportional to the magnetic susceptibility).
Thus each Fourier component of ya'(t) will decay as
exp( —Apt) and ya'(t) can be expressed as a Fourier
integral

y a(t) = 42(q) exp(2q R) exp( —Aq't)dq, (8)

where a(q) is determined by the condition that ya'(0)
is the Ornstein-Zernike function (6). With the help of
the Fourier convolution theorem, (8) becomes

V2S(S+1)
y g'(t) =

4 rP(4~AI «()»2

At temperatures near the Curie temperature g is very
large; therefore, under the usual conditions of observa-
tion E 2)) KP and it is apparent from (11) that the cross
section will be nearly proportional to (1/k8)'. Thus the
scattering will be most intense when observed with long-
wavelength neutrons and at small angles.

Equation (10) applies to scattering very close to mag-
netic Bragg peaks (including the forward direction in
the case of a ferromagnet). At larger scattering angles,
as mentioned above, deviations can be expected because
the Ornstein-Zernike expression only describes the as-
ymptotic behavior of the spin-correlation function. A
natural way to extend the angular range of the cross
section is to consider further powers of K' in the trans-
form of ya'(0), i.e., to represent ya'(0) as a sum of in-
creasingly more rapidly damped exponentials

ya'(0) = v,e ~a/R+vbe 'ba/R+v, e "'a/R+

with ft, , a~ .z, ~ .. Hart" has shown how an extension
of the Ornstein-Zernike formula to include at least the
next higher power of E' can be justi6ed on thermody-
namic grounds. His formula for the correlation function
(in slightly modiied form) is

IR—R'I
x

4~~

)dR'
—K,R'

I
. (9)iR ya'(0) = V2S(S+1) exp( —KR) exp( —2«R)-

tv' R R
(12)

Substitution of (9) into (4) gives the magnetic critical
scattering cross section. The result for a polycrystalline
ferromagnet at temperatures above the Curie tempera-
ture and for small angles of scattering is

d~ I ye'~'2ÃS(S+1) k—IF(E) I'
dQ (22«.c2) 32rrp kb

X . (10)
(E'+KP) tt2E4+sP

There are two approximations in the derivation which
restrict (10) to small angles. (a) First, the contributions
to the cross section from other points in the reciprocal
lattice have been neglected. This is a valid approxima-
tion only at angles small enough so that E 22r8/X—
(&22rr; . (b) The second approximation arises because
the 6rst term in the integral (which is the Fourier
transform of the

bernstein-Zernike

asymptotic correla-
tion function) only accurately reproduces the transform
of the actual spin-correlation function for small E.

If the time a neutron spends within the correlation
range is small compared to the lifetime of a fluctuation
of the spin distribution then E will be essentially in-
dependent of co and (10) can be easily integrated. The
result, in this quasi-static approximation, is a I.orentzian
angular distribution

d~ ye' ) ' 2iVS(S+1)
I R(E) I' (11)

do 224.c23 3 rp(E'+Kp)

Here f~: is expected to show a pronounced variation with
temperature while p remains relatively temperature-
independent. The relation between the susceptibility
and the Hart scattering parameters is slightly more
complicated,

(13)n'K'/(n' —') =x /x

while in the expression for the cross section (10), the
term [rb2(E2+K22)p' is replaced by a term of the form

([v2/ (2«2 K 2)j[E4+(2«2+ K2)E2+K22«2] }—1

Recently Fisher'-' has argued that even at small angles
there are theoretical limitations on the use of the
Ornstein-Zernike function in the immediate neighbor-
hood of the Curie temperature. He suggests that the
asymptotic correlation function should be of the form

V2S(S+1) exp( —K2R)
yK'(0) =

err ' R'+'
(14)

+ E.~. Hart, J. Chem. Phys. 34, 1471 (1961).I M. K. Fisher, J. Math. Phys. 5, 944 (1964).

where e is a small number of the order of 0.1. In this
formulation, r&'~0' is expected to vary as

( 1—a/2) —1

in the neighborhood of the ordering temperature. Sub-
stituting (14) into (4) has the e«Feet of changing the
term (E'+Kp) ' in the expression for the cross section
(10) to (E'yK ) +"

Finally, we want to consider the question of the rela-
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I'IG. 1. Schematic showing arrangement of experimental apparatus. The dotted outline shows the spectrometer position
when analyzing the energy distribution of the scattered neutrons.

tionship between the exchange parameters describing
the microscopic interactions between magnetic ions and
the macroscopic neutron-scattering parameters which
describe the observed angular and energy distributions.
Deoennes' has shown how these relations can be estab-
lished. The inverse of the static susceptibility is Grst
expressed as a Fourier series

xl/X ZRaa exp(iK' R) (15)

where the coefficients nR, which depend only on
~ R~,

are related to the exchange integrals J(R). (At tem-
peratures above T, the coeKcients are scalers. ) Then,
as long as ~K~ is small, the exponential term can be
expanded to give a series in K.

xl/x QB~R [(3I) QsR2~RjE2

+[(5!) 'QsR4as jE4 .-~ . (16)—
The coefficients of the terms in this series are then di-
rectly identined with the neutron-scattering parameters
through Eq. (5) above. For example, the parameters of
the Ornstein-Zernike function are related to the n&'s by
the equations

rP= —(3!) 'Qa R'aa,

aPr, '=x,/x(0) =ps as,
A=Dxg/x(0) =D g ns, (19)

where D is the intrinsic diffusion coeKcient. Equivalent
relations will exist for other forms of the correlation
function.

It remains to express the ng's in terms of the exchange
integrals. This is in general a di6icult problem. The

calculations can be done rather easily in the molecular
Geld approximation, however, and give

(20)

as= —sa(J(R)/EsT)S(S+1) . (21)

Thus in this relatively crude approximation the range
of the as's is indentical to that of the J(R)'s. It is
evident that the appearance of terms beyond the order
E' in the angular distributions is related to the existence
of exchange couplings between more distant neighbors.
The molecular-6eld approximation undoubtedly over-
simpli6es what is actually a very complex situation and
expressions (20) and (21) can only be expected to be
correct in a qualitative sense. Other, more realistic
methods of doing such calculations have been devel-
oped, ~ "but discussion of the details of these calcula-
tions is beyond the scope of this paper.

III. DESCMPTION OF THE EXPEMMENT

A. Apparatus

Measurements were made with a modi6ed triple-axis
crystal spectrometer at the DR-3 reactor which is of
the heavy-water-moderated and -reQected PLUTO type.

~ R. J. Elliott and W. C. Marshall, Rev. Mod. Phys. 30, 75
(1958).

~H. Mori and K. Kawasaki, Progr. Theoret. Phys. (Kyoto)
27, 529 (1962).

~ T. Izuyama, D. Kim, and R. Kubo, J. Phys. Soc. Japan 18,
1025 (1963).

~~ R. A. Tahir-Kheli and H. B. Callen, J. Appl. Phys. 35, 946
(1964)'."J.Kocinski, J. Phys. Chem. Solids (to be published).
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Ter.x I.Values of the spin-correlation range x~ ' obtained using
the Van Hove theory in the static approximation, and with the
time dependence included. The third column shows the effect on
Kg ' of the modi6cation suggested by Fisher.

FIG. 3. Compari-
son of incident (solid
line) and scattered
(dashed line) spectra
at T—T,=2'C at a
scattering angle of
2.5'.

aa cg ' ps
PYAVELEh6TH 1N A

T—T in 'C

1.5
2.0
3.5
5.0
7.5

10.0
12.5
15.0
17.5
20.0
30.0
40.0
50.0
60.0

55.2
45.9
37.9
32.7
26.7
23.0
20.1
18.1
16.6
15.2
12.1
10.5
10.0
9.0

40.7
35.5
30.3
26.7
22.0
19.1
16.5
14.8
13.4
12.1
9.1
7.6
7.0
6.0

Spin-correlation range
0rnstein-Zernike

Static
approximation 2m'/4 = 11

in A
Fisher

2m'/A=11
e =0.15

55.6
44.9
36.4
30.8
24.7
21.0
18.0
16.0
14.5
13.0
9.7
8.0
7.4
6.3

Ke therefore repeated the measurement with a slow
chopper which gives electively the distribution inte-
grated over all angles in the beam. It is this spectrum,
shown in Fig. 3, which we used in the subsequent analy-
sis. Since the scattered neutron distributions do not
have so pronounced a variation of wavelength with
angle, we measured the scattered spectra with the
crystal spectrometer, which had better resolution and
gave higher intensity.

butions. These values are listed in the first column of
Table I and are plotted in Fig. 7.

IV. ANALYSIS OF THE DATA

A. Determination of the Scattering Parameters Using
the Ornstein-Zernilre Correlation Function

Figure 3 shows clearly that the scattering is not com-
pletely elastic. Using the static approximation in ana-
lyzing the data is therefore bound to introduce some
systematic error. Nevertheless, it is convenient to have
preliminary values of the range parameter ~i for the
subsequent analysis. In Fig. 4 we have plotted the
reciprocal of the observed intensity against the square
of the scattering angle. It is easy to see from (11) that
extrapolating the linear part of these curves to the 8'
axis gives approximate values of ~~. These approximate
values were then used to calculate corrections to the
observed angular distributions to take account of both
the 6nite divergence of the incident beam and the angu-
lar resolution of the analyzing collimation system. The
angular corrections were mostly associated with the 40-
min vertical divergence of the incident beam necessary
for reasons of intensity at the higher temperatures.
These corrections, while small at temperatures well
above T., became of increasing importance at tempera-
tures near T,.

To determine more accurate values of ~~ we 6tted
curves calculated from the static approximation form
of the cross section to the corrected, observed distri-

0 10 20 30x 10"~
(SCATTERING ANGLE) in RADIANS~

FIG. 4. Reciprocal of the observed scattered intensity plotted
against square of scattering angle to show the Lorentzian-like
form of the angular distributions.
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from (10) but with the term (E'+xP) ' replaced by
(K'+so')-'+&'I'~' We used &=0.10, 0.15, and 0.20 and,
as before, 2m'/A= 11.The calculated curves 6tted the
observed distributions about as well as with the
Ornstein-Zernike function;" however, for ~&0.15 the
strength parameter rj showed a tendency to increase
with increasing temperature contrary to what would be
expected on physical grounds. The results for ~0 ob-
tained with &=0.15 are given in the last column of
Table I.

V. MSCUSSION OF THE RESULTS

A. The Temyerature Deyendence of the
Syin-Correlation Range

I
O~

l~

Og

/0-

Previous to the recent experiments of Jacrot and his
collaborators, measurements of critical neutron scatter-
ing were analyzed in terms of the static approximation.
It would be misleading to compare our results as pres-
ently analyzed with earlier measurements, but it is still
instructive to see to what extent the angular distribu-
tions we observed agree with those obtained by other
groups. Ke therefore compare in Fig. 7 the values we
obtained for ~~ in the static approximation with those
obtained by Jacrot et aL,"and Gersch, Shull, and Wilkin-
son. ' Obviously, there is considerable disagreement on
the magnitude of x~ as determined by diGerent groups al-
though our values appear to be in reasonable agreement
with those obtained by Jacrot and his collaborators.

Since the neutron-scattering parameters are directly
related to the zero-6eld magnetic susceptibility, it is
of interest to see to what extent these measurements
con6rm Bomb and Sykes" and Gammel, Marshall, and
Morgan' s" prediction that the susceptibility varies as
(T T,) ~ where —a = q~ in the neighborhood of the Curie
temperature. For T—T,) 5'C we 6nd that T(~,r,)'-,

which is inversely proportional to the susceptibility, is
an excellent 6t to a function of the form (T T,) with-
e= 1.30&0.04 as can be seen in Fig. 10. Using the modi-
6ed theory of Fisher does not change the exponent sig-
ni6cantly. Regardless of whether &=0.10, 0.15, or 0.20
we 6nd a has essentially the same value, 1.29+0.04.

At temperatures close to T, Fig. 10 indicates a de-
parture from the ~4 law. Fisher has predicted that this
would be expected as a consequence of the limitations
of the Ornstein-Zernike theory. In Fisher's formulation
it is the modified function (~or~)' ' which is related to
1/x. Indeed, using his form of the correlation function
does improve the agreement in the neighborhood of T,.
%'e are not certain, however, that this should really be
interpreted as evidence in support of Fisher's ideas.
There are a number of experimental factors, all of them

'9 This in contradiction with our earlier conclusion reported in
J. Appl. Phys. Suppl. 35, 933 (1964). At that time we based our
analysis on angular distributions which were not corrected for
angular divergence. %e are indebted to Dr. T.' Riste for pointing
out that the effect of angular divergence was larger than we had
anticipated.

I I I I I t III I I I I I I I II
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I'IG. 10.Plot of logarithm of Tc~&r1)2 against the logarithm of T-T,.
The slope of the line is j..30.

dificult to assess, which could be equally responsible.
First, as was mentioned above, the eGects of angular
divergence become increasingly important at tempera-
tures near T,. In this temperature region the data
analysis is very sensitive to the angular resolution and
to the 6nite energy spread in the incident beam. It is
not unreasonable to suspect that at least part of the
deviation from the 4 law could be simply a consequence
of approximations used in making these corrections.
Also a small temperature gradient or multiple scattering
in the sample could distort the distributions near the
Curie temperature. Therefore, we do not feel that these
data should be put forward as a de6nitive test of Fisher's
ideas although they are certainly not inconsistent with
his conclusions.

If it is assumed that n= 43, extrapolation of the higher
temperature data indicates a nonzero value of the range
parameter ~& and a 6nite value of the susceptibility at
the Curie temperature (see Ref. 29). This is contrary
to expectations and is in fact simply the result of a
logical inconsistency since our measurements indicate
+=1.30. Extrapolation with this value of the exponent
leads to an in6nite susceptibility as expected. Thus if
there is any experimental evidence of a finite value of
the susceptibility at the Curie temperature it is con-
tained in the data close to T, where, as we have seen,
the interpretation becomes very diScult.

B. Comparison of the Scattering Parameters
with Susceptibility Measurements

Direct comparison of our results with the existing
magnetic-susceptibility data is useM as a test of the
internal consistency of these two very different methods
of measurement. As far as the temperature dependence
is concerned, the recent susceptibility measurements of
Noakes and Arrott" at T& T, give e= 1.37&0.04. Arajs
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and Colvin" also found o.= -', from T, to T,+30 in good
agreement with our results. Unfortunately, other sus-
ceptibility measurements at higher temperatures'~'- do
not provide a very precise indication of the temperature
variation so no comparison is possible.

In order to intercompare the magnitudes of the scat-
tering parameters with the susceptibility, it is necessary
to know both r& and ~& absolutely. While the absolute
value of a~ can be obtained directly from the angular
distributions, this is not the case with r j which can only
be determined relatively unless the magnitude of the
cross section is also measured. Several such cross-section
measurements have been made, however. Gersch et cl.'
obtained for r~ at the Curie temperature 1.05&0.05 A,
while Ericson and Jacrot" found 1.46 A. The reasons
for this large difference do not appear to have been
resolved. In any case we will take the median value,
1.26 A, and use Eq. (7) to make an intercomparison at
for example T—T,=30'. Using Fig. 8 to correct for the
temperature dependence of r~, we obtain r~'aP=0. 018
with an uncertainty of about 20%.

There is a considerable spread in the values of the
susceptibility as reported by various investigators. A
rough average of the values of x~/x, measured at T T, —
=30', is 0.015 with an uncertainty of about the same
magnitude. ' This establishes that at least on an order-
of-magnitude basis the neutron measurements are con-
sistent with previous magnetic measurements.

C. Corrections to the Lorentzian Angular
Distribution

Inspection of Figs. 4 and 9 shows that the observed
angular distributions depart noticeably from theI orentz-
ian shape at larger scattering angles. Clearly the fit of
the calculated distributions to the data is greatly im-
proved by including a E4 term in the diGerential cross
section. As we have seen, this is an indication of the
importance of couplings of longer range in the ordering
of the spin system. The existence of long-range couplings
in a metal is not unexpected and in fact a E4 term has
also been observed in the scattering from nickel by
Cribier, Jacrot, and Parette. ~ However, 1/(g'+0),
which is the ratio of the coeKcients of the E4 and E'
terms in the angular distribution, is 29 A'; considerably
smaller than the value of 110 A' reported for nickel.
As far as we could determine this ratio remains constant
from T—T,=O to 10 C.

D. Dyna~~cs of the Fluctuations

There is clear evidence that the scattering is appreci-
ably inelastic both in the immediate neighborhood of

~ W. Sucksmith and R. R. Pearce, Proc. Roy. Soc. (London)
4167, 189 (1938).

~ S. Arajs and S. D. Miller, J. Appl. Phys. 31, 986 {1960).~ H. H. Potter, Proc. Roy. Soc, {London) A146, 362 (1934).~ D. Cribier, B. Jacrot, and G. Parette, J. Phys. Soc. Japan
17, 67 (1962).The value quoted in this reference is 200 L~. A later
re-analysis of the data g3'. Jacrot (unpublished)g gave 110L'.

the Curie temperature and at higher temperatures. In
fact our measurements show that 2m'/h has essentially
the same value, 11.0+0.6, at T—T,= 2 and 18'C. These
results are in excellent agreement with those obtained
by Jacrot and his collaborators" who found 2mA/h
=11.4&1.034 without any significant variation up to
T—T,=30'C.

While the experimental results obtained by diGerent

groups appear to be consistent among themselves, they
are not at all consistent with theoretical expectations.
For if A is inversely proportional to the susceptibility
as Van Hove assumed, it should be zero at the Curie
point and should vary approximately as 1/x in the neigh-
borhood of T,. Mori and Kawasaki" and Deoennes
and Villain ' have re-examined this question but their
conclusions are not substantially diferent from Van
Hove's. Recently, however, Kocinski" has found that
by applying irreversible thermodynamics to the descrip-
tion of the dynamics of the Quctuations he can predict
the observed temperature dependence of A quite well
and even calculate its magnitude with a fair degree of
accuracy.

VE. SUMMARY

The study of slow neutron scattering has given us
considerable insight into the details of the magnetic
ordering process in iron. We have demonstrated that
the expected relationship between the static magnetic
susceptibility and the parameters which describe the
neutron scattering does in fact exist. And, by studying
the temperature variation of the neturon-scattering
parameters, we have been able to show that the zero-
Geld susceptibility varies as (T T,) "'+'" up t—o a
temperature approximately 60'C above the Curie tem-
perature. This is in substantial agreement with recent
predictions for a Heisenberg ferromagnet.

There is evidence, unfortunately, of an integral rather
than differential nature, that magnetic interactions in
iron extend beyond the nearest neighbors. However,
longer range interactions appear to be considerably less
important in iron than in nickel. This is possibly why
a theoretical model which includes only exchange be-
tween nearest neighbors gives results in such good agree-
ment with experiment.

Unexpectedly, the time constant associated with the
decay of the spin Quctuations is found to be independent
of the temperature in the neighborhood of the Curie
temperature. Whether this can be reconciled with the
existing theories does not seem clear at the moment.

Our attempts to look for certain small departures

I' The value originally quoted in Ref. 13 was 2', /A= 7, based
on an approximate treatment of the data. We have recently been
advised by G. Parette that a more exact numerical analysis of
their data gives the value 2nsA/4=11. 4.

I~ H. Mori and K. Kawasaki, Progr. Theoret. Phys. (Kyoto)
27, 529 (1962)."P. D. DeGennes and J. Villain, J. Phys. Chem. Solids 13,
10 (1960)."J.Kocinski, Acta Phys. Polon. 24, 273 (1963).
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from the Ornstein-Zernike theory in the neighborhood
of the Curie temperature were of limited success. %bile
we did observe anomalies in the data in this temperature
region, we were not able to establish that they were the
expected eGects. This question certainly warrants fur-
ther investigation if apparatus of improved resolution
becomes feasible in the future.
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Magnetoacoustic measurements near 1 Gc/sec have been made in very pure rhenium. The resulting
extremal dimensions are compared with the Fermi surface model deduced from low-field de Haas —van Alphen
data. Reasonable agreement is found for the dumbbells of the model, but there appears to be some diSculty
with respect to the ellipsoids. Possible reasons for this discrepancy are considered. Dimensions corresponding
to large pieces of the Fermi surface are also observed and are tentatively correlated with the results of
pulsed-Geld de Haas-van Alphen data.

I. INTRODUCTION

HERE is a considerable body of theoretical and
experimental work concerning many of the cubic

transition metals. Relatively little information, how-
ever, is available about the transition elements of
hexagonal symmetry. Band calculations exist only for
titanium' and zirconium, ' and experimental data relat-
ing directly to the nature of the Fermi surfaces of
hexagonal transition metals is quite sparse. In this
respect rhenium is somewhat exceptional in that both
high- and low-field de Haas —van Alphen" as well as
magnetoresistance' data are available, and that crystals
of high purity are readily obtainable. In this paper, we
report magnetoacoustic measurements up to 930 Mc/sec
on single-crystal rhenium having a resistance ratio in

* Supported in part by the National Science Foundation.' S.L. Altmann and ¹ V. Cohen, Proc. Phys. Soc. (London) 71,
383 (1958).' S.L. Altmann and C. J.Bradley, Phys. Letters 1,336 (1962).

3 A. C. Thorsen and T. G. Berlincourt, Phys. Rev. Letters 7,
244 (1961).' A. S.Joseph and A. C. Thorsen, Phys. Rev. 133, A1547 (1964).

'W. A. Reed, E. Fawcett, and R. R. Soden, Phys. Rev. 139,
A1557 (1965).

excess of 20 000 to 1. In the absence of any theoretical
band structure, a comparison of the extremal dimensions
is made with the model deduced from de Haas —van
Alphen (dHvA) data.

II. EXPERIMENTAL TECHNIQUE

The rhenium crystal used in this work was grown in
an electron-beam furnace by H. Sell of the%'estinghouse
Lamp Division, Bloomfield, N. J. An accurate 6gure
for the resistance ratio of the resulting monocrystal is
not available, but it is believed to be in excess of 20 000
to 1. Samples suitable for ultrasonic measurements,
oriented with faces perpendicular to L0001], L1010j,
and. L1210j, were spark cut from the crystaL The op-
posite ends of each sample were subsequently lapped for
parallelism to within 0.0001 cm and flatness to within a
fringe over their entire surfaces. The samples were then
indium bonded to s-cut quartz delay lines, approxi-
mately one inch in length.

Magnetoacoustic measurements up to 930 Mc/sec
were made on these composite specimens, using the


