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The phase diagram is modified in an important
way when fluctuations'are taken into account.
For a rotationally symmetric liquid the fluctua-
tions in p-„above the transition depend only on the
magnitude of q and thus have a one-dimensional
dispersion. They depend only on

~ q~ —Q. As
shown by Brazovskii, " it follows that the continu-
ous transition (predicted a.t C or in two dimen-
sions) does not occur, because it would imply
diverging fluctuations (p') as the transition is ap-
proached from above. As a result the transition
is shifted downwards and is always first order,
independent of dimensionality, provided that there
is a divergent susceptibility for the field conju-
gate to the order parameter. The possibility of
a liquid-solid critical point is thus eliminated.
We have drawn the shifted phase boundary (I")
schematically as a dash-dotted line in Fig. 1.
Note that the single point C is now replaced by a
segment (along this line I") of weakly first order
I -S transitions. Below this line the bcc phase
is essentially stable, compared to the liquid (but
of course less stable than 8). If the downward
shift is sufficiently large the bcc pockets would

completely disappear as thermodynamically stable
phases. Thus one could have a segment of the
phase boundary where one can nucleate metasta-
ble bcc structures even where there are no sta-
ble bcc phases and without drastic supercooling.
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For isotropic three-dimensional ferromagnets, neutron- scattering and hyperfine-inter-
action experiments yield 2.5 and 2.0, respectively, for the dynamical critical exponents.
This apparent contradiction is removed by two hypotheses. (1) The effective value of z
depends on the wave-vector region sampled, and for small q approaches z =2.0. (2) Hy-
perfine-interaction experiments are asymptotic in q, while present neutron-scatterirg
experiments are not.

Near a magnetic critical point, the spin-spin
correlation function for the ith spin component,
S"(q, &u), depends on three critical exponents,
v, and z. According to current theory, the static
exponents g and v are universal within a class of

systems having the same lattice dimensionality,
d, and spin dimensionality, N; the dynamic expo-
nent, z, depends in addition on the conservation
laws describing the motions of the spins. ' Since
8"(q, u) is proportional to the cross section for
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inelastic neutron scattering, critical fluctuations
in ferromagnets and antiferromagnets were ini-
tially probed by that technique. Results largely
confirm the predicted forms for S"(q, ~) and yield
the universal exponents expected for various
classes. '

More recently critical fluctuations have also
been probed by hyperfine interactions (nuclear
magnetic resonance, perturbed angular correla-
tions, and Mossbauer effect). For antiferromag-
nets, results are consistent with theory and neu-
tron scattering. ' For (d, N) = (3, 3) ferromagnets,
however, the divergence of the spin autocorrela-
tion time, which depends on the exponent n = v(z
—q —1), has consistently yielded n =0.7, whereas
neutron scattering and theory for the Heisenberg
model imply n =1. This means either that hyper-
fine-interaction experiments are flawed or that
the model which successfully describes neutron
scattering does not apply to hyperfine-interaction
measurements.

In this Letter we sketch how scaling-theory
predictions for S"(q, ru) are tested by neutron and
hyperfine-interaction experiments, present new
evidence on the latter's validity, and conclude
that the simple model for ferromagnets must be
modified. Guided by recent developments in theo-
ry, '4 and the fact that the two kinds of experi-
ments sample q space differently, we obtain a
plausible and consistent picture on the assump-
tion that the expoent z crosses from an effective
value of 2.5 to an asymptotic value of 2.0 as q
goes to zero.

Tests of theory —According to scaling theory,
for temperatures T & T„'

S"(q )=2 [ "(a)] 'S"(q)f-„[ /' "(q)),
where in the limits q - 0 and T -T, , S "(g) and

u "(q) are homogeneous functions of q, related
by the same correlation length 1/z:

s"(q) =q ""g"(~/q);

(u"(q) =q n "(~/q).

(2)

These relations define q and z. A temperature
dependence is carried by z, which has the asymp-
totic form

(4)

Neutron scattering can, in principle, determine
all exponents and scaling functions. To find z the
energy linewidth at T, is fitted to the power law

(u "(q) = q'n"(0) .

T;=C,'t "J dxx' ' " '[g"(x)/n"(x)],
n = v(z + 2 —d —rj) .

(9)

(10)

Thus, the nature of the divergence of v, at T, in-
volves all three critical exponents but is indepen-
dent of the forms of the scaling functions.

Deduction of n from hyperfine-interaction ex-
periments requires use of nuclear relaxation
theory to relate observed nuclear relaxation ef-
fects to 7, . For an isotropic hyperfine interac-
tion AS ~ I, there is one spin correlation time,
7,= 7, , i:-x,y, z. Mossbauer line broadening,
Ar (for spin 2--,' transitions), and angular corre-
lation or resonance relaxation times 7 „are then
given by"

sr= r, S(S+1)[~A, ' ——,A,A, + —,A, '], .

1/T„= T, 2A'S(S+ 1),

provided T, is the shortest time scale in the
problem. As shown in previous work, ' ' both the
condition of isotropy and the limitations on T,
are well satisfied for accessible reduced tem-
peratures in Fe and Ni. Additional confirmation
of isotropy for Ni comes from recent NMR ex-
periments" which show that T, = T, near T, (us-
ing the usual notation).

ExPerimental results. Experimental—s "and
theoretical"~ " results for (d, N) = (3, 3) ferro-
magnets are compared in Table I. As can be

To find g and v, data for S"(q, u) are integrated
according to

s (g), = —& f d&s (q, &d).

and fitted to the modified Ornstein-Zernike func-
tion

s"(q) =8"q ""[1+(~/q)'] '.
Spectrometer geometry and Bragg-scattering
widths limit experimentally accessible momen-
tum transfer to q & 0.05 A '.'

Hyperf inc-interaction experiments yield the
spin autocorrelation time 7, , defined as the inte-
gral of the space-time correlation function:

T, -=f . [G"(r, t)/G"(0, 0)]dt
= C, $ d"q S"(q, 0)

=c, j d'qq "' 'g"(~/q)/n"(~/q). (8)

Here, C, is a constant and v, is the Brillouin-
zone volume. ~ith Eq. (4), the temperature de-
pendence may be removed from the integral,
yielding
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TABLE I. Theory and experiment for (d,N) =(3,3) ferromagnets.

Ref.

Heisenberg
Heisenberg+ dipole
Heisenberg +dipole

Co
Fe
Ni

Euo
EuS

Ni'Ooah/1 AC
Ni 57Fe/ME

Ni Ni/NMR
Fe 5~Fe/ME

Theory
0.705(1) 2.5
0.69 2.0
0.69 1.0

Neutron scattering
O.65{4) 2.4(2)
0.69(2) 2.7 (2)
0,96(25) 2,46(25)
O.VO(2) 2.29(3)
o.vo{2} ~ ~

Hyperfine interactions
~ ~ ~ 2.03 (3)
~ ~ ~ 2.0(3)'
~ e ~ 2.o(1)'
~ ~ ~ 1.9(2)'

1 03
0.7
00

0.98(15)
1.1(1)
1.o(2)'
0.90(2)'

o.vo(3)
0.71(24)
o.6v(s)
O.62(13)

14, 15
4, 16

16, 17

11
12
12
13
13

7
8

10
9

'Usi gnn = (s —q —1), with q=0 and v =0.7.
Techniques are: PAC, perturbed angular correlations; ME, Mossbau-

er effect; NMR, nuclear magnetic resonance.
Ni NMR data were taken below T~ and may require alternative interpre-

tation to that given in the text.

seen, neutron-scattering results" "agree with
predictions based on the Heisenberg model, while
hyperfine-interaction experiments' ' are con-
sistent with one of the calculations including the
effects of dipole interactions.

How reliable are the hyperfine-interaction re-
sults? The reduced temperature region in which
critical fluctuations are visible via nuclear re-
laxation is limited, and for available probes lies
quite close to T„as shown in Fig. 1. Under
these conditions a spread of T, 's or temperature
gradients can easily mimic nuclear relaxation
and cause erroneous conclusions about the tem-
perature dependence of T,. To rule out signifi-
cant temperature-gradient distrubances we have
in past work shown that relaxation effects are
irreducible, i.e. , they do not get smaller when

improvements in temperature uniformity are
made.

As an additional test, we have conducted a new
and decisive null experiment. As can be seen
from Fig. 1, the system Ni "'Cd has hyperfine
coupling so weak that critical fluctuations in-
duced nuclear relaxation lies too close to T, to
be observable. Hence if Ni "'Cd were to show
"relaxation, " the cause must be temperature
gradients or a spread of T, 's. Other results
based on similar experimental technique would
then be in doubt. However, we have taken data
at t =8& 10 above T, and have observed no

(T—T )/'T

IO --. I- Fee Rh PAC -l

.
I
—NI' Rh PAC

(/Qp.

I Felllcd PAC~ .~ --~P~~ 5XI04
+47~

I
—Fe ~Fe ME

I
—Nl "Cd PAC ~ 3XIO-5

l~ 3XIO
Io

IOx Io-l2

IO I

IO-8
I

Io los
T„„„=I/[2A S(S+l)r,]

IO'
(SEC)

IO"

FIG. 1. Nuclear relaxation time as a function of hy-
perfine-interaction strength for various values of the
spin autocorrelation time or reduced temperature. The
temperature scale was taken from Ref. 7. Horizontal
bars indicate the range that may be studied for various
probe-host combinations, and shows that some cases
lie outside the limit of accessible reduced temperature.

relaxation; we are therefore confident that relax-
ation observed in previous experiments' ' was
due only to critical fluctuations.

IntevPvetation. Why do n—eutron-scattering ex-
periments agree with one model of dynamics
while hyperfine-interaction measurements agree
with another? To begin with, we note that in any
physical system, some spin-nonconserving forces
will be present, for example, dipolar or spin-

IO4
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FIG, 2. Fraction of the integral in Eq. (9) contributed
0

by the wave-vector region q & 0.05 A ', the minimum q
accessible in neutron-scattering experiments. The
calculation is based on Heisenberg scaling functions.
Qualitatively similar behavior is expected in real fer-
romagnets.

lattice forces. Even if these are small, we ex-
pect them to modify the dynamics at long wave-
lengths. ""What is observed in actual experi-
ments will depend on the size of the asymptotic
region in q space. With this insight, we explain
Table I as follows:

(1) Hyperfine-interaction experiments for the
temperature range sampled (10 '&t&10 ') are
dominated by sufficiently small q so as to yield
asymptotic behavior in agreement with the prop-
er treatment of dipolar interactions. '

(2) Neutron scattering experiments for the wave-
length range sampled (0.05&@&0.5 A ') are dom-
inated by nonasymptotic values of q and hence
yield effective values of z that are indicative of
Heisenberg or crossover behavior, i.e. , 2.3 &z

& 2.9,
Hyperfine-interaction results are consistent

with electron-spin-resonance studies of the uni-
form mode (q= 0) relaxation rate. The weak tem-
perature dependence predicted by Teitelbaum4
for small t has been seen in Gdcl„" EuS, "and

EuO. " The predictions due to Maleev" appear
to be incorrect, possibly because of the neglect
of demagnetization effects. 4

Additional support for the above hypotheses
comes from explicit evaluation of the integral in

Eq. (9), using approximate forms for the two

scaling functions for a Heisenberg system. " As
shown in Fig. 2, for the range of t sampled in

hyperfine- interaction experiments the predomi-
nant fraction of the integral lies below the mini-
mum value sampled by neutron scattering experi-
ments.

From an experimental point of view, it would

be interesting to observe crossover in n or z di-
rectly. For hyperfine-interaction experiments,
this can be achieved if a broader range of t is
available (Fig. 2), as in Fs"'Rh (Fig. 1), or if
non-Heisenberg distribances are smaller, as
may be the case in some Heusler alloys. " For
neutron scattering, crossover might be seen if
strongly dipolar materials such as Eus (T, = 17
K) are carefully studied. It appears, however,
that there are serious resolution problems in-
volved in such experiments. '

From a theoretical point of view, calculations
that describe S"(q, 0) in the crossover region are
highly desirable. Such information would allow
quantitative comparison of the wave-vector
ranges sampled in neutron and hyperfine-interac-
tion work.
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Accurate measurements of de Haas-van Alphen effect amplitudes in mercury show,
for the first time, departures from guasiparticle behavior. The departures arise from
the influence of the electron-phonon interaction.

The controversy relating to the influence of the
electron-phonon interaction on the de Haas-van
Alphen (dHvA) effect has an interesting history.
%ilkins and Woo' first demonstrated that the
cyclotron effective mass which appears in the
thermal damping factor will be renormalized by
the electron-phonon interaction. In addition to
this, however, Palin' anticipated that the Dingle
factor, ' which embraces the effect of electron
collisions, might also contain a term proportion-
al to 1', such as affects the line shape in Azbel-
Kaner cyclotron resonance, ' and that such a term
would lead to significant departures from the
origina. l theory of Lifshitz and Kosevich' (LK) in
the amplitude of dHvA-effect oscillations. Sur-
prisingly, however, even for the most favorable
metal in this respect, namely mercury with its
low-lying phonon mode(OD-21 K) and strong
electron-phonon coupling, no such departures
were observed. ' This unexpected result was ex-
plained by Engelsberg and Simpson' (ES), who
showed that the effect of electron-phonon interac-
tions could be incorporated in the oscillatory part
of the thermodynamic potential by replacing, at
a certain state, the noninteracting single-particle
electron energies by the noninteracting ener gy
plus full electron-phonon self-energy. Their re-
sult, which is an extension of earlier work by
Fowler and Prange, ' indicates that, with regard
to the amplitude of the dHvA effect under acces-
sible laboratory conditions, the departures from
the LK theory are expected to be small, even
for mercury, and are not inconsistent with the
experiments of Palin. ' This result is sometimes
interpreted as being due to a cancellation between

changes in the mass-renormalization and elec-
tron-phonon scattering rate. However, Engels-
berg' has shown that this description is not com-
pletely valid and has interpreted departures from
LK as being the result of a failure of the quasi-
particle approximation. The same problem, how-
ever, has also been discussed by Gantmakher'
who claims that Palin's apparently null result
follows from a "classical" calculation of elec-
tron scattering in a magnetic field in the pres-
ence of electron-phonon interactions. The pur-
pose of this Letter is to present new experi-
ments on dHvA amplitudes in mercury, under
conditions rather more favorable than those of
Palin, in which, for the first time, we have ob-
served departures from quasiparticle behavior.
Aside from underpinning the theory of the elec-
tron-phonon interaction, these results, we be-
lieve, have implications for the experimental in-
vestigation of other many-body effects in metals
using the dHvA effect.

Prior to discussing the experimental results
we shall comment briefly on the theory of ES in
order that the optimum experimental conditions
for observing the effects might be appreciated
and also that, in what follows, we may compare
theory and experiment. According to ES, the en-
tire effect of electron-phonon interactions is con-
tained in a term, A„, for the amplitude of the
rth harmonic of the dHvA effect so that

A„= &exp((- 2nr/h(u, )[u)„+ t;((u„)g,

in which ~, is the cyclotron frequency (= eB/m, ),
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