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Experiments measuring the dynamical exponent z in the isotropic ferromagnets EuS,
EuO, Ni, Fe, and Co are reviewed. Our recent hyperfine interaction experiments demon-

strating crossover in z are described in detail. In contrast to early neutron experiments on

isotropic ferromagnets it is found that with the exception of Co, pure Heisenberg behavior,

i.e., z =2.5, is not observed in any of the materials surveyed. Instead, when either the wave

number or the reduced temperature is sufficiently small, isotropic ferromagnets exhibit

asymptotic behavior characterized by z=2.0. The most likely theoretical explanation is

that significant spin-nonconserving forces are perturbing the Heisenberg exchange interac-

tion. For ESR and neutron studies of EuS and EuO it has been shown that the observed

behavior can be explained by dipolar forces. For hyperfine interaction experiments on Ni

and Fe, the observed crossover to z=2.0 must be attributed to other, stronger spin-

nonconserving forces. In the exceptional case of Co, where crossover to z =2.0 has not yet
been observed, it is expected that future, more nearly asymptotic experiments, will detect
crossover.

I. INTRODUCTION

At this time there is little doubt that static criti-
cal behavior of simple spin systems is well under-

stood. Thus, for lattice dimension d=3 and spin
dimension n= 1,3, a detailed comparison of the best
experiments with theory indicates agreement for the
static critical exponent P to within -5%.

In contrast, critical dynamics even for simple sys-

tems exhibit considerably greater complexity than
static behavior. Thus, according to the recent re-

view of Hohenberg and Halperin for a given static
university class (n, d), the dynamic exponent z de-

pends on the equation of motion describing the or-

der parameter, as well as the conservation laws that

apply to the spin system. For example, the dynamic
behavior for the isotropic antiferromagnet (e.g.,
RbMnF3) is expected to be different than that for
the isotropic ferromagnet (e.g., EuO). In the first
case, the dynamic exponent is predicted to be
z =d/2= —,; in the second case, the prediction is

z =(d +2—ri )/2= —, .
Beyond this, recent work on high-T, metallic fer-

romagnets Ni, Fe, and Co shows that there may be
two dynamic critical regions in the same material,
one characterized by the Heisenberg model, and one
characteristic of order-parameter non conserving
systems. Heisenberg behavior (z= —,) is observed in

neutron scattering experiments at wave vectors
0

q & 0.05 A '; order-parameter nonconserving

behavior (z=2) occurs in electron-spin-resonance

(ESR) and hyperfine interaction experiments, both
of which have significant contributions from the re-

gion near q=0.
The existence of two critical regions is most

directly confirmed by experiments demonstrating
crossover behavior. Above T„crossover has been
observed in Fe and Ni by the present authors via
the technique of perturbed angular correlations;
below T„crossover has been seen for Fe by Shaham
et al. via nuclear magnetic resonance (NMR).

Because our crossover experiments on Fe and Ni
have been only briefly described, the principal pur-

pose of the present paper is to give a detailed ac-
count of this work, in an appropriate experimental
and theoretical context. %e begin with a statement
of the theory and a review of the experiments which
motivated our search for crossover in dynamical
critical behavior.

II. THEORETICAL FRAMEWORK

For T & T„critical fluctuations are described by
the correlation function for the ith spin com-
ponent,

S"(q,co)=2rr[co,"(q)j 'S"(q)f-[ /coco(q)] .

Here co,"(q) is the linewidth of the fluctuations,
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S"(q)=q +"g"(q/ir), (2)

c0,"(q)=q'Q"(q/a) . (3)

Here g is the universal static exponent, z is the
dynamic exponent on which our discussion is
focused, and g"(q/~) and Q "(q/ir) are nonsingular
functions. The general forms of Eqs. (2) and (3)
have been verified in a number of cases, including
microscopic approximations, renormalization-group
calculations, and a range of neutron scattering ex-
periments.

By the definition of homogeneity Eq. (3) implies

ro,"(q,K) =ir'Qc(q/a ),

S"(q) is the static or equal-time correlation func-
tion, f gives the energy line shape, and q and c0

are the wave vector and energy of the fluctuations
involved.

According to the static and dynamic scaling hy-
pothesis both S"(q) and c0,"(q) depend on the
correlation length g = I/x, which exhibits a power-
law divergence at T„g—t ', where
t =

~

1 —T/T, ~. To express the scaling character
of dynamic correlation function, S"(q) and ro,"(q )

are each written as homogeneous functions of q and

z, having degree —2+g and z, respectively,

where Qc(q/x')=(q/ir)'Q "(q/x) is a nonsingular
function. This means that [ro,"(q)] ', the lifetime
of the fluctuations of wave vector q, is dominated
by a temperature dependence t '", implying diver-
gence as T~T, . Physically this is the well-known
effect of "critical slowing down" which is common
to all forms of critical dynamics. For a given static
universality class (v=const), different values of z
imply different temperature rates of critical slow-
ing.

An alternative theoretical formulation of dynam-
ic scaling is obtained on the assumption that close
to T, for sufficiently large distances r (sufficiently
small q) the dynamic correlation function is a gen-
eralized homogeneous function. This means that
for any A, , and exponents a and b,

S"(A'q, Asni)=AS"(q, co) .

From this, by appropriate identification of a and b,
it is straightforward to show that Eqs. (1)—(3) are
recovered.

In whatever way dynamic scaling theory is for-
mulated, it can give only relations between ex-
ponents, not exponent values themselves. Dynamic
scaling is therefore a framework for describing fluc-
tuations near T, which incorporates some but not
all the physics of the problem. However, the scal-

TABLE I. Exponent z for several model spin systems [adapted from P. C. Hohenberg and B. I. Halperin, Rev. Mod.
Phys. 49, 435 (1977)].

Model spin system

Static
universality
class {n,d)

Possible
examples

Conservation laws'
Conserved Noncon-

served
Scaling law

for z

Approximate
value of z
for d =3

Heisenberg ferromagnet
(model J) (3,d)

EuO, EuS, CrBr3,
Fe, Ni, Co 2(d+2-~) 5

2

Heisenberg antiferromagnet
(model 6)

Anisotropic antiferromagnet
(model C)

Anisotropic ferromagnet
(model C)

(3,d) RbMnF3

(1,d) FeF2, MnFp

(1,d)

d/2

2 —a/v

3

2

Ferromagnets with
significant relaxation
due to phonons, dipolar
interactions
(model A)

(n, d)
High-T, systems,
e.g., Fe, Ni, Co.
Dipolar systems,
e.g., EuS, EuO

2+c'g

c =0.72(1—1.69)

Q is the order parameter; m is an auxiliary conserved density such as the energy.
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ing relations that connect the dynamic exponent z to
static exponents can lead to quite accurate estimates
of z if d, n, and relevant conservation laws are
specified. This is because the combinations of static
exponents that enter dynamic scaling relations for z
are in the form of relatively small corrections (e.g. ,
i) and a/v). To illustrate, we summarize in Table I
the dynamical scaling results for five model spin
systems, as discussed in the review by Hohenberg
and Halperin.

From Table I we see that dynamic scaling alone
predicts that isotropic Heisenberg ferromagnets like

Fe, Ni, Co, EuO, and EuS should exhibit a value of
5

z close to —,. The fact that some cases, as noted ear-

lier, exhibit asymptotic values close to 2 must mean
that either the anisotropy is sufficiently large
(model C) or that order parameter nonconservation
is sufficiently present (model A) to disturb pure
Heisenberg behavior (model J). It was this basic in-

sight that led us to suggest the existence of cross-

over between two critical regimes, and that
motivated our experimental research in Fe and Ni,
as reported here.

III. PREVIOUS EXPERIMENTAL WORK
ON ISOTROPIC FERROMAGNETS

To provide a context for our experiments, we be-

gin with a review of previous experimental work on

the critical dynamics of isotropic ferromagnets
above T, . We consider neutron scattering,
electron-spin resonance, and hyperfine interactions

in that order. The isotropic character of the sys-

tems studied allows suppression of spin components
in the following. In effect we assume that the

quantities of interest are independent of crystal
orientation. This assumption is actually confirmed
in the work of Shaham et al. which we discuss in

Sec. VIII.

10

5 T

e 0.5- ,25

0.2-

I I

0.02 0.05 0.10 0.20 0.50
q (A')

FIG. 1. Energy linewidth of magnetic neutron scatter-
ing as a function of q at T =T, for the case of Ni, as
measured by Minkiewicz et al. (Ref. 10). The results in-

dicate that z =2.5 for the range of q sampled.

B. Electron-spin resonance

co,(q,a ) =q'0( co ),
and z may be determined directly from a log-log
plot of co, vs q. To avoid the overwhelming effects
of nuclear Bragg scattering near q=O it is necessary
in practice to restrict measurement to q )0.05 A

To illustrate the nature of neutron measurements,
we show in Fig. 1 the results obtained by Mink-
iewicz et al. ' for Ni. Results of neutron scattering
experiments on isotropic ferromagnets are summa-

rized in the top of Table II.' ' It is seen that
apart from EuO, the measurements are consistent
with z= —,, as expected for Heisenberg ferromag-

nets with conserved order parameter (model J). For
Eu0, though the approach to q=O is less close, the
experimental value of z is substantially lower than

A similarly low value z=2.3 (1) has been ob-

served in Fe304, an isotropic ferrimagnet for which
the order parameter is conserved and z= —, is

theoretically expected. '"

A. Neutron scattering

The cross section for inelastic magnetic scattering
of neutrons with momentum and energy transfer q
and co is

0(q, co) ccS(q,co) . (6)

Thus neutron scattering, in principle, defines all as-

pects of spin motion near T, . Experimentally the
dynamic exponent z is found by measuring the ener-

gy linewidth of magnetic scattering as a function of
q for T ='r, . In this case Eq. (3) becomes

Zero-field ESR measures the electronic response
function X( q, co ) directly. However, only the
response at q=O yields an appreciable signal. Heu-

ristically speaking, for finite q, absorption in one

part of the sample is canceled by emission in anoth-
er. In terms of X", the imaginary or absorptive part
of X, the inverse linewidth evaluated at q=0 is

m, '(0) = lim [X"(O,co)/2mcoX, ] .
N~0

In terms of g', the real part of 7, the inverse
linewidth is
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TABLE II. Previous determination of z for Heisenberg ferromagnets.

Material

Neutron scattering
EUO
Ni
Fe
Co

ESR'
EuO
EuS

Hyperfine interactions'
Ni

Fe

2.29(3)
2.46(25)
2.7(2)
2.4(2)

2.04(7)
1.88(6)

2.06(4)
2.07{34)
1.94(18)

Range of q

(A ')

0.12—0.48
0.04—0.2
0.05—0.2
0.04—0.09

q=0
q=0

all values
all values
all values

Range of t

at Tc
at T,
at T.
at T

3 y 10-'—10-'
10-'—10-'

10-4- 10-'
10-4—2 X 10-'
10 —2 &(10

Ref.

a
b
c
d

f,g
h

i,j
k
l

'O. W. Dietrich, J. Als-Nielsen, and L. Passell, Phys. Rev. B 14, 4923 {1976).
V. J. Minkiewicz, M. F. Collins, R. Nathans, and G. Shirane, Phys. Rev. 182, 624 (1969).

'V. J. Minkiewicz, Int. J. Magn. 1, 149 (1971).
C. J. Glinka, V. J. Minkiewicz, and L. Passell, Phys. Rev. B 16, 4084 (1977).

'ESR and hyperfine interaction z values are obtained, respectively, from measurements of vz
and v(z —1 —q ), using theoretical values of v and g.
R. A. Dunlap and A. M. Gottlieb, Phys. Rev. B 22, 3422 (1980).
J. Kotzler, W. Scheithe, R. Blickhan, and E. Kaldis, Solid State Commun. 26, 641 (1978).

"J.Kotzler, G. Kamleiter, and G. Weber, J. Phys. C 9, L361 (1976).
'R. C. Reno and C. Hohenemser, in Proceedings of the Seventeenth Annual Conference on

Magnetism and Magnetic Materials, edited by D. C. Green and J. J. Rhyne (AIP, New York,
1972).
'A. M. Gottlieb and C. Hohenemser, Phys. Rev. Lett. 31, 1222 (1973).
"M. A. Kobeissi, R. M. Suter, A. M. Gottlieb, and C. Hohenemser, Phys. Rev. B 11, 2455
(1975).
'M. A. Kobeissi and C. Hohenemser, Hyperfine Interact. 4, 480 (1978). See also M. A. Ko-
beissi, Phys. Rev. B 24, 2380 (1981).

co, '(0)=X,/I,
where I is the q=O Onsager kinetic coefficient de-
fined by

I =limcoIX, /[X' '(O, co) —X, ']I' . (10)
0)—+0

Here X, is the static susceptibility. The exponent z
may be deduced by measuring the reduced tempera-
ture dependence of to '(0) or I . In the first case
the susceptibility 7" and P, must be determined,
and Eq. (8) is used; in the second case the suscepti-
bilities X' and X, must be measured, and Eqs. (9)
and (10) are used. From Eq. (4) it follows that

co, '(0)=const t

I =const t' (12)
where y is the static exponent describing the static
susceptibility, i.e., 7,—t

Working with EuO, Dunlap and Gottlieb' have
measured X" and X„and obtained to, '(0) vs t, as

illustrated in Fig. 2 (top). For t (10 a fit to Eq.
(11) leads to the result vz=1.42(5); with the use of
v=0.70 (the Heisenberg value), z=2.04(7) is ob-
tained. Similarly, from a measurement of 7' and
+„Dunlap and Gottlieb' and Kotzler et al. ' have
obtained I" vs t, as illustrated in Fig. 2 (bottom).
t&10 this indicates that I =const, or via Eq.
(12), that z =y/v= 2.

For t(10 and q=O, EuO therefore shows
asymptotic behavior that is characteristic of model
A or C, not J. No vestige of pure Heisenberg
behavior remains. Similar results have been ob-
tained by Kotzler et al. for EuS (Ref. 17) and
several other low-T, nominally isotropic low-T, fer-
romagnets. '

Available ESR and neutron scattering data on
EuO thus give a reasonable and consistent picture
of crossover in z from a noncritical region to an
order-parameter nonconserving region. As we will
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discuss in Sec. VIII, a consistent picture of these re-
sults may be obtained by invoking dipolar interac-
tions.

What is not clear is whether the same behavior
occurs in high-T, ferromagnets like Ni, Fe, and Co,
where ESR experiments are not available, and neu-

tron results contain no hint of non-Heisenberg
behavior. To approach this question we turn to our
hyperfine interaction studies next.

C. Hyperfine interactions

I

O

10

-9
10

-I 0
IO

Hyperfine interaction experiments involve obser-
vations of nuclear relaxation resulting from fluc-
tuating electronic magnetic moments. The possible
methods include NMR, perturbed angular correla-
tions (PAC), and Mossbauer effect (ME). For iso-
tropic, metallic ferromagnets we assume an interac-
tion lriA I S (nuclear spin I, electronic spin S}.
Under suitable restrictions (see below) this produces
a nuclear relaxation rate ~z ', directly proportional
to the spin-autocorrelation time ~, . For NMR the
measured quantity is the spin —spin-relaxation rate
T2 ', given by'

o oo

~ I ~ ~ ha I
~ + ~ ~

~ ( ~ s ~ ~ s ~ I a a a . I ~ ~ ~ I
~ ~ ~ ~ ~ ~ 0 ~ ~ ~ I

0
l 0 — ~ oo %' oOOo~ oo o

4l

I

f

Q I I I I II I s s

as�tral

~ i ~ I s ~ ~ Il I

re
'

T2
' Ch—f—r,——= —,S(S+1)Agr, . (13)

Q
3 IO io'

For PAC one measures the time attenuation coeffi-
cient A2, of the perturbation factor G2(r) (see

below}, given by

'Tg —A2 —Cgf ~, =2S(S+ 1)A, r, . (14}

For ME one determines the excess velocity
linewidth b, I „,of a y ray of energy E, with the re-
sult that

FIG. 2. Top: Temperature dependence of the inverse
linewidth co '(0) from zero-field ESR experiments on
EuO. Bottom: Temperature dependence of the Onsager
kinetic coefficient from zero-field ESR experiments on
EuO. The open symbols in both cases are data of Dunlap
and Gottlieb (Ref. 14); solid symbols in the bottom graph
are Kotzler et al. (Ref. 15). Both sets of data yield z=2
for t &10

ra ' ——(Ehric)b, I „=C (15a)

Chf = —,S(S+1)IA, I,(I, +1) A,As[(I, +Is+—I) l2 2]+AsIs(Is+1—) J . (15b)

The subscripts e and g refer to excited and ground
nuclear states, respectively.

The isotropy of spin-relaxation times assumed in

Eqs. (13)—(15) is directly demonstrated in NMR
experiments on Ni, Fe, and Co, as discussed in Sec.
VIII. A restriction on Eqs. (13)—(15) is that r,
must be the shortest time in the problem. For all
three methods this means that w, coL &~ 1 and

r, jrJ( « l. In cases involving a finite nuclear life-
time ~z, the additional experimental condition

~, /~~ ~& 1 applies. Together, these conditions are

equivalent to the "notional narrowing" approxima-
tion in NMR, and have been shown to apply for all
cases we shall discuss.

The spin-autocorrelation time ~, is defined as the
time average of the space-time —autocorrelation
function G(r, t) ~, 0 as follows:

dt GO, t

Here G ( r, t) is the Fourier transform of S( q, t0 ) in-
troduced in Eq. (1),
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G(r, t)=V I," (2~)'

d~ ei( q +tttt)S(q ~ )
00

(17)

-
I IIO I I I I I llil I I I I I I ttl t I

IO

= IO

and V& is the volume of the Brillouin zone. Hence
we have

IO

IO

dqS q0= co 'qS qdq.
(18)

The use of the dynamic scaling form for S(q,O) im-

plies

-2+g-z (19)

For a spherical Brillouin zone of radius q this
reduces to

q /a
d —2+g —z ~

d d —3+g —z
C 0

f(x)g(x)
Q(x)

(20)

In the critical region q /t~ &&1, and the upper limit
in the integral may be replaced by ao, from this it is
clear that the integral is temperature independent,
yielding

„d—2+g —z tC

where

(21)

w—:v(z+2 —d —g) . (22)

Thus measurements of r, vs t directly determine w,
from which z is deducible by use of appropriate
static exponents in Eq. (22).

The first hyperfine measurements of critical fluc-
tuations in a ferromagnet were made on Ni by Reno
and Hohenemser, using the PAC technique on the
(84—75)-keV yy cascade of ' Rh. These experi-
ments were later repeated by Gottlieb and
Hohenemser, as illustrated in Fig. 3, and led to the
results w=0.70(3) and z=2.06(4). Subsequently,

Fe Mossbauer spectroscopy work on Ni (Ref. 25)
and Fe (Ref. 26) yielded equivalent, albeit less accu-
rate results (see Table II). All available hyperfine
data thus lead to z values in agreement with ESR
work, but in disagreement with previous neutron
data.

In contrast to neutron scattering and ESR, for
which q is fixed at a given value and zero, respec-
tively, hyperfine interactions involve a weighted

t t ttl t t t t t tttl IO
IO4 Q Q

2

(T-Tc)i Tc

FIG. 3. Temperature dependence of the nuclear relax-
ation time vq from experiments in ' RhXi by Reno and
Hohenemser (open symbols, Ref. 23) and Gottlieb and
Hohenemser (closed symbols, Ref. 24). Also shown is a
scale for spin-autocorrelation time ~„calculated via Eq.
(15a). The results indicate z=2 over the temperature
range sampled.

sum of spin-relaxation times over all q, as expressed
via Eq. (18). Depending on the weighting function

S(q), different regions of q space may be sampled.

Thus, as t +0, S—(q) becomes sharply peaked near
q=O, and hyperfine experiments probe predom-
inantly small q values. As t is increased the in-

tegrand is increasingly weighted by larger q, and hy-
perfine experiments may probe the same region of q
space sampled by neutron scattering.

A reasonable explanation of the apparent con-
tradiction between neutron and hyperfine results in

Fe and Ni is therefore based on the fact that dif-
ferent regions of q space are sampled in each, and
that these regions are dominated by different
dynamical behavior. Based on this observation,
Suter and Hohenemser suggested in 1978 that the
value z=2 seen in then existing hyperfine experi-
ments may cross over to z=2.5 if sufficiently large
values of reduced temperature are sampled. The
crossover experiments described in this paper are
therefore predicated on extending the temperature
range over which r, is measured in hyperfine exper-
iments.

IV. SELECTING A SYSTEM
FOR TESTING CROSSOVER

In our past work we found that hyperfine experi-
ments with radioactive probes are the most ap-
propriate methods for extending the observation of
critical dynamics in high-T, rnetalhc ferromagnets
like Fe and Ni. Our principal reasons for this were
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TABLE III. Sensitivity of various systems.

System

Nuclear properties'

y
(100 6-'s-') 7Q

(ns)

Electronic
properties

(kG}

Coupling constants
A Chf

(10' s-') ( 1018 s
—2)

Rhr'e

Rhi
111CdFe

'"cubi

5

2
5

2

122—15.13

—15.13

Perturbed angular correlation systems

102.4 310 1 —543

102.4 310 —225

1 —348
1 —68
2

5.56

4.617

0.525

0.206

124.0

31.98

1.10

0.06

' FeI'e

Feei

119S~

"Ski

3I =28

1I =—e

3I =—
e

1I =22
3I =—

8

1I =—
2
3I =—
1I =—
2

y, = —4.95

yg
——+8.66

y, = —4.95

yg ——+8.66

y, =+20.6

—337

1

2
—283

25 —90

yg
———100.3

y, =+20.6

yg ———100.3

25
1

2

Mossbauer spectroscopy systems

141 1 A, =0.167

Ag
———0.292

A, =+0.140

Ag
———0.245

A, = —0.185

Ag ——+0.903

A, =+0.039

Ag
———0.191

0.387

0.409

1.54

0.103

'Nisi
' CoCo

' FeEe

3

2
7

2
1

2

Nuclear magnetic resonance systems
—23.95 —76

+ 63.26 1 —226

+ 8.66

0.364

1.36

—2.92

0.066

2.46

0.114

Nuclear properties include the spin I, the magnetogyric ratio y, and the mean life ~~.
Electronic properties include the spin S and the hyperfine field Hh&(0) at 0 K.

as follows.
(i) It is easy to do zero-field experiments above

T, . This is in contrast to NMR, for which zero-
field relaxation is not measurable.

(ii) y-ray detection from radioactivity-doped sam-

ples allows the use of very small samples, and re-

quires no influx of energy as in the case of NMR
and neutron scattering.

(iii) Radioactive impurity probes can be held to
very low concentrations (-1 ppm) and do not in-

volve serious problems with impurity-impurity in-

teractions.
(iv) For appropriate nuclei, nuclear moments,

lifetimes, and hyperfine fields are well matched to
the range of nuclear relaxation times expected in the
critical region.

Despite these advantages, the demands of cross-
over experiments are substantial. A principal prob-
lem is matching probe properties to the range of re-
duced temperature to be investigated. In going to

A =yHhr(0)/S, (23)

where Hhr(0) is the average hyperfine field at T
=0 K and y =IJ,I/IA is the magnetogyric ratio of
the intermediate state. We have calculated coupling

larger and larger values of reduced temperature, as
required by the crossover hypothesis, a given hyper-
fine coupling strength Chr will produce increasingly
longer nuclear relaxation times [see Eqs. (13)—(15)].
Eventually, when ~z appreciably exceeds the nu-
clear lifetime ~~, it will be impossible to measure
~z with either the PAC technique or Mossbauer
spectroscopy. Therefore, except for limitations im-
posed by time resolution in PAC and very broad
lines in Mossbauer spectroscopy, the most favorable
probe nucleus is one with the largest product Ch f'TN.

For isotropic ferromagnetic metals in a local-
moment model of the hyperfine field the constant A
(subscript e and g suppressed) may be approximated
by
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FIG. 4. Limits of reduced temperature constraining
measurements of nuclear relaxation times Tg via "'Cd
and ' Rh PAC experiments. This shows that the ' Rh
probe is well matched to range of ~~ expected while '"Cd
is not.

from the temperature dependence of coL will not be
possible because the nuclear precession will be
"washed out."

The first experiments showing crossover in z near
t =10 above T, were performed with ' RhFe
and ' RhNi in 1979 at Clark University. A full
description of these experiments follows.

V. EXPERIMENTAL METHODS

A. Sample preparation

As in earlier work ' ' 4-day ' Pd was pro-
duced by ' Rh (p, 4n) ' Pd by bombarding 99.9%-
pure natural Rh foil (100% ' Rh) with 45-MeV
protons at the Harvard cyclotron. After chemical
separation of the Pd from the Rh target using a
procedure developed by Evans, Ni and Fe source
foils were made by electroplating from 0.1 N
(NH3)SO4 solution, followed by diffusion in vacua
at 1370 K for 4 h. Typical source foils had
strengths of 3 —5 pCi. Owing to stable Pd isotopes
present as impurities in the Rh cyclotron target the
total Pd concentration in our sources was estimated
to be 300—600 ppm. Spectroscopic analysis per-

Cooling
water

constants Chr [see Eqs. (13)—(15)], for several hy-
perfine probes and hosts, as shown in Table III.
This indicates that the ' Rh probe is the most sens-

itive, and most capable of detecting significant nu-

clear relaxation at large reduced temperature.
To estimate the expected range of accessible re-

duced temperature for various systems we have
used the previous results on FeFe and ' RhNi, to
make a plot of the expected behavior of std vs t. We
assumm1 z=2.0 for r ( 10 and z=2.5 for t & 10
and drew a solid curve only over the region for
which ~~ is detectable. For example, since the in-

strumental time resolution and nuclear lifetime for
' Rh limit ~& to 10&~& &1000 ns, the curves for
'RhFe and ' Rh¹i have been restricted to these
values. We conclude from the results shown in Fig.
4 that the range of accessible reduced temperature is
6)(10 &t&3)&10 ' and 10 &t &6)(10 in
Fe and Ni, respectively. Both should, therefore, al-
low detection of crossover near t&10 2. Also
shown in Fig. 4 is the expected variation of the Lar-
mor period Tl, below T, . This indicates that for

RhFe, TI falls below the instrumental time reso-
lution already at t=3)&10 . Hence for ' RhFe,
unlike ' RMti, an independent determination of T,

inner
heater

vacuum
can

outer
heater

IIw
b v

r

rn~i i

To v Q cuum
pump

FIG. 5. Design of the furnace used in PAC experi-
ments. a, aluminum vacuum can; b, brass bottom plate;
c, rubber 0 ring; d; BN outer heater; e, BN inner heater;
f, sample; g, thermocouple; h, heating element; i, heating
element feedthrough; j, brass can; k, thermocouple
feedthrough; l, fiberglass insulation; m, rubber insulation.
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formed after each experiment yielded Pd concentra-
tions in the range 100—1000 ppm, in agreement
with our estimate.

B. Furnace design

To control the sample temperature near T, we
developed a furnace especially suited to PAC mea-

surements. The furnace design, illustrated in Fig. 5
was adapted from an earlier Mossbauer oven
designed by Kobeissi and Hohenemser. As in the
former, a double heater was used. To avoid exces-
sive cooling requirements and to provide for a
quicker response time of the feedback-controlled
inner heater, the size of the controlled volume was

TABLE IV. Furnace characteristics.

Vacuum jacket
Dimensions
Material
Cooling

Pressure

Cylinder, 75-mm P, 1.5-mm thick
Aluminum

Water, circulated continuously through 80-1 reservoir
to damp short-term fluctuations in temperature
Less than 10 Torr; pumped by liquid-nitrogen
trapped diffusion pump

Outer heater
Dimensions
Material
Heating element
Power level

Maximum temperature

Cylinder, 25-mm P, 25-mm high
Machinable boron nitride
8 0, iron-chromel 875 wire, ' embedded in Aremco 503 paste
60 W at 1100 K
1300 K.

Inner heater
Dimensions
Material
Heating element
Sample holder

Cylinder, 6-mm P, 6-mm high
Machinable boron nitride
1.5 0, iron-chromel 875 wire, ' embedded in Aremco 503 paste
Beryllium oxide disks, clamped with boron nitride plug

Thermocouples
For 300—1000 K
For 300—1400 K

0.25-mm P chromel-alumel, having 0.04 pV/K at 1000 K
0.13-mm P W26&Re —W5&Re, having 0.018
pV/K at 1500 K

Dynamic characteristics
Stability 0.03 K/h; 0.05 K/24 h
Response at 1000 K 10 s

y-ray transmission 0.80 at 80 keV

'Manufactured by the Hoskins Manufacturing Co.
Manufactured by Aremco Ceramics Inc.

reduced to less than 0.25 cm . In addition the new
furnace provides greater freedom from corrosion, a
considerably higher maximum temperature, good
y-ray transmission in all directions, and a long-term
temperature instability of better than 0.05 K. Dur-
ing our experiments the furnace was operated for
over 20 days without heater or therm ocouple
failure. The principal features of the furnace are
summarized in Table IV and indicate that except in
the area of y-ray transmission, its specifications
equal or exceed those of the earlier design in all

respects. Details of the furnace's design and perfor-
mance will be described elsewhere.

C. PAC spectra

For measuring the temperature dependence of the
nuclear relaxation time, as specified by Eq. (13), we
utilized the {84—75}-keV yy cascade of ' Rh, as
populated by 4-day ' Pd. Detecting the first y ray
of the cascade with one counter, and demanding
coincident detection of the second with another, ef-
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fectively selects a population of nuclei with spin-

polarized intermediate states. As a result, the emis-
sion probability of the second y ray is anisotropic,
and in the absence of extranuclear fields yields a
time-independent correlation function,

W(8) =1+AzPz(cos8)+ (24)

where the ellipsis represents higher-order terms, and
where 8 is the angle between the cascade y rays.
For the (75 —85}-keV cascade of ' Rh used in the
present work, the anisotropy coefficient is

A2 ——0.173(4), and the higher-order terms are negli-

gible.
In the presence of extranuclear perturbations the

angular correlation function becomes dependent on

the delay time ~ between the y rays. In this paper
we are dealing with polycrystalline, nonmagnetized
samples which near T, have hyperfine field fluctua-
tions leading to measurable nuclear relaxation, and
below T, have nonzero average values of the hyper-
fine field. In this case the correlation function is '

W(8, r) = I+A&62(r )Pz(cos8), (25)

with

G2(&) =0.2 exp( re g )(1+2coscoL—~+2 cos2coL r ) .

(26)

In our experiments we used a standard, four-
counter scintillation spectrometer to record pairs of
delayed coincidence spectra C1(8,r } at angles
8=180' and 90'. Here the subscripts i and j refer to
the individual counters involved (i,j= 1,2,3,4). The
measured coincidence spectra are then related to the
correlation function via

C; (8,7.)=C exp( rh/—)W(8, 7 )+B;, , (29)

where tv and B;1 are the intermediate-state lifetime
and the accidental background, respectively.

D. PAC data reduction

To arrive at the desired physical quantities it is
necessary to eliminate irrelevant variables such as

~z, B,J, and Co as well as single-counter and coin-
cidence efficiencies. Especially for long relaxation
times ~~, this is not a trivial problem. As indicated
recently by Arends et al. a general approach is to
form appropriate counting-rate ratios. Under
favorable conditions these reduce to functions of
W(8, t) alone.

For the case of ' RhFe four counters were used
to produce two pairs of coincidence spectra for
counter angles 0=180' and 90', respectively. The
spectra for each angle were electronically added,
stored in two halves of an analyzer memory, and re-

duced via

with

W(8 'r)=1+y, G, (r)P, (cos8), (27)

Here coq ——pIIhf/hI is the Larmor frequency of the
intermediate-state moment p in the time-averaged
hyperfine field IIhr, and rz is the nuclear relaxation
time defined in Eq. (13).

In practice, the idealized form of W(8, r) ex-

pressed in Eqs. (25) and (26) must be altered to re-
flect finite angular and time resolution. Angular
averaging for cylindrical NaI(Tl) scintillation crys-
tals has been treated by Yates and leads to the re-

placement of P2(cos8) by y, P2(cos8), where y, & 1

is an attenuation factor. Time averaging has been
treated by Reno ' among others, and for oscillatory
perturbations leads to separate attenuation factors

yi and y2 for each frequency present. Assuming
that ~& is much larger than the experimental time
resolution, we may write the angle- and time-
averaged correlation function as

2[C+(180,r ) —C+(90,~)
C+(180,r)+2C+(90,&)

(30)

where C+ refers to background-subtracted, summed
spectra normalized to the same number of total
counts. Assuming that the background subtraction
is reliable, and that coincident efficiencies cancel,
this implies

2[ W(180,r ) —W(90, & )R~=
W(180,r )+2K(90,r)

(31)

For the case of ' RhXi, where large values of ~&

require a more reliable treatment of the accidental
background, all four coincidence spectra were
stored separately, and without prior background
subtraction, reduced via

G2(&) =0.2exp( rlra)(1+2yic—oscol r

+2yzcos2col. r) .
2[Ci3(180 r) CXC23(90,r)]8 (r)=
Ci3( 1 80,r ) +2aC23(90,r )

(32)
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with
' 1/2

C,3(180,r)C)4(90,r )

C23 (90,r )C2q(180,r )
(33)

If, as before, cancellation of coincidence efficiencies
is assumed, this form of R (r) also leads to Eq. (31).

Because we cannot be sure that coincidence effi-
ciencies cancel in either of the above reduction
schemes, we expect that Eq. (31) is modified by an
additive constant Ro, consisting of products of
coincidence efficiencies. Combining Eqs. (27),
(28), and (31) then leads to the general form

0.5
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R (r )=Ra+0.2Aty2exp( t lrtt )—

X(1+2y, coscoL, 1 +2y2cos2coL t) . (34)

—OOOO -500
I

500 l000

Equation (34) was used in fitting all of our data. In
these fits Ro, y,A2, rtt, yt, yq, and co& were treated
as free parameters.

VI. RESULTS ON ' RhFe: T & T,

delay time (ns)

FIG. 6. Typical anisotropy relaxation spectra obtained
in experiments on ' RhFe. The temperatures, from top
to bottom, are as follows: 1028.15, 1045.15, 1054.15,
1094.15, and 1148.15 K, respectively. The value T, is
1042(2) K. The top spectrum is therefore well below T„
and exhibits only the hard-core anisotropy for reasons ex-
plained in the text.

Typical nuclear relaxation spectra for ' RhFe
above T, are shown in Fig. 6. Fitted values of rtt
obtained for 1043.6(T & 1198.15 are listed in Table
V. These were converted to spin-autocorrelation
times via Eq. (14) and Cht as given in Table III.
The value of T, was obtained from the observed
behavior of R(r), as predicted by Eq. (34). Well
below T„because coL

' becomes less than the instru-
mental time resolution, y~ ——y2 ——0, and we expect

R (r )=a exp( r /rtt ) +—b, (37)

TABLE V. ~~ and ~, values for ' Rhr'e.

( T—Tc)/Tc
(10 4)

&R

(ns) (10 ' s)

with a, b, and rtt free, the points shown in Fig. 7
were obtained. This indicates that R (r) behaves as

R (r ) =0.2A, y.exp( r/r„)+Ro . — (35)

In contrast, well above T„with col ——0, y&
——y2

—],

R (r) =A2y, exp( r/rtt )+Ro . — (36)

For the time-dependent portion of R (r) we there-

fore expect a smooth transition from an amplitude
of 0.2A2y, far below T, to an amplitude Azy, just
aboue T, In principle, T. , may therefore be defined
as the temperature where the time-dependent part
of R (r) just reaches maximum amplitude as T, is

approached from below. In practice there is some
rounding in the transition because of the effect of
time resolution in the region of very short nuclear
relaxation just above T, .

By fitting the data near T, to

15.8
25.4
30.2
35.0
37.4
39.8
49.4
68.6

116.6
222.2
308.5
303.4
500.5
606.0
702
855

1018
1498

25(4)
26(4)
29(5)
23(3)
30(6)
33(5}
35(4)
39(4)
53(5)
99(14)

126(14)
151(18)
216{39)
269(45)
3oo(59)
381(110)
449(26)
960(180)

'Error in reduced temperature is 2)& 10

32{5)
31(5}
28{5)
35(5)
27(5)
24(4)
23(3)
21(3)
15(1)
8.1(1.2)
6.4(7)
5.3{6)
3.7(7)
3.0(5)
2.7(5)
2.1(6)
1.8{1)
0.8(2)
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et al. via the renormalization group, this implies
z=2.60(8). Because of the large error in T„ the re-

gion t & 10 could not be reliably fitted.
The experiments on ' RhFe therefore demon-

strate clearcut d =3 Heisenberg dynamical behavior
for t&10, consistent with neutron scattering.
For t &10 they show a tendency toward weaker
singular behavior, consistent with earlier Mossbauer
work that lead to z=2 for t &2X10 . Together
these observations represent strong confirmation of
our crossover hypothesis in the case of Fe.

FIG. 7. Determination of T, from the zero-time aniso-

tropy R (0}as described in the text. VII. RESULTS ON 'Rh¹i FOR T & T,

expected. The actual value of T, was determined

by comparing the shape of the experimental data to
the shape of a computer simulation (Fig. 7, solid
curve) For.the latter, col (t) and rz(t) were estimat-
ed from the results of previous Mossbauer experi-
ments and the experimental time-resolution curve

was explicitly folded in. With the use of the result-

ing estimate of T, =1042(2) K, absolute tempera-
tures were converted to reduced temperatures, as
shown in Table V.

A plot of r~ and r, against r is shown in Fig. 8

(closed symbols). A fit to the region t & 10 with

Previous '~Rh PAC experiments on critical fluc-
tuations in Ni led to the conclusion that z=2.0 for
t &10 . The purpose of the present work was
therefore to extend the temperature region sampled.

Typical nuclear relaxation spectra are shown in

Fig. 9. Fitted numerical values of ~q obtained for
627.65& T &664.25 K are given in Table VI, bot-
tom. Previous results obtained, respectively, by
Gottlieb and Hohenemser and Reno and
Hohenemser are given in Table VI, middle and

top.
The ~z values were converted to ~, values via Eq.

(14) and the value of Chr given in Table III. The
value of T, was obtained separately for each of the

sg ——Dt (38)

Il I I I I I I I Il

10

I I I I I ll)

10-'

yields D=2.3(2) && 10 ' s and tn= 1.08(5). With the
use of the scaling law of Eq. (22) and theoretical
values v=0.70 and q =0.034 obtained by LeGuillou

0
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FIG. 8. Temperature dependence of the nuclear relax-
ation time v~, from experiments on ' RhFe. Also shown
is a scale for the spin-autocorrelation time ~, calculated
via Eq. (15a). The data for t & 10 indicate z=2.5, with
crossover toward a lower value near t =10

-800 -400 400 800

delay t ime (nsj

FIG. 9. Typical anisotropy relaxation spectra obtained
in experiments on ' RhNi. The temperatures from top
to bottom are 628.15, 633.15, 639.15, 645.15, and 662.25
K. The value of T, determined from Larmor precession
measurements below T, is T,=627.5(3) K.
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TABLE VI. w& and ~, values for ' RMJ'i. ~- I Ilo I I I I I I II( I I 1 l I I Ill I I I I I II[

(T —T. )lT.
(10 4)

&R

(ns)
7c

(10-'4 s)

1.58
3.33
4.76
7.30
9.68

12.7
16.0
20.3
26.3
34.4
46.5
71.7

108

Data of Reno and Hohenemser
23(9)
28(5)
34(7)
42(11)
71(17)
67(10)
62(13)
67(14)
96(18)

127(32)
189(47)
143(34)
401{132)

136(35)
112(17)
92(16)
74(15)
44(8)
47(7)
51(9)
47(8)
33(7)
25(5)
17(6)
22{4)
7.8(19)

1.1].
2.23
2.70'
5.90'
6.48
9.00

40.0
105
110
134

Data of Gottlieb and Hohenemser
9(2) 348(63)

2i(3) 149(i8)
21{2) 149(12)
30(5) 104(10)
40(7) 78(11)
48(8) 65(9)

105(25) 30(6)
320(67) 9.8(17)
292(88) 10.7(18)
322(67) 9.7(17)

2.4'
6.4'

10.3
13.5
34
60
90

185
281
378
586

This work
36(9)
45(6)
58{7)
65(8)

124{8)
189{10)
185(7)
430(20)
650(60)

1030(130)
1490(150)

87{17)
70(9)
54(6)
48(5)
25(2)
16.6(9)
16.9(7)
7.3(3)
4.8(4)
3.o(3)
2.1(2)

'Error in (T —T,)/T, is 1.5)&10 . All other points have
an error of 0.9& 10 4.
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FIG. 10. Temperature dependence of nuclear relaxa-
tion time rs from experiments on ' RhNi. The plot
combines the previous data (open symbols, Refs. 23 and
24) and the results of the present experiments (closed
symbols). Also shown is a scale for the spin-
autocorrelation time v, calculated via Eq. (15a). The re-
sults indicate crossover from z=2. 5 to z=2.0 near
t =10

peratures were calculated for each set of data, as
shown in Table VI.

A plot of rR and r, vs t is shown in Fig. 10. This
includes both new results and those obtained previ-
ously. For 5&10 &t &10 the new data agree
well with the previous results. For
10 & t &6)&10 w, decreases more rapidly, sug-
gesting crossover. As shown in previous work, a fit
to r, =Dt with D and w free yields w=0.70(3),
D=4.7(4)X10' s, and z=2.06(4) for t &10 . For
t & 10 in contrast, we obtain w = 1.0(2),
D= 1.1(2)X 10 ' s, and z= 2.5(2).

The study of ' RhNi, like ' RhFe, thus demon-
strates d=3 Heisenberg dynamical behavior for
t & 10, i.e., z=2.5. For t & 10 there is clearcut
crossover to a lower value of z, which in contrast to
the case of Fe, can be determined to an accuracy of
5%.

~~(T)=B(1 T/T, )~, — (39)

where B and T, are treated as free, and the ex-
ponent P was fixed at 0.385, as found by Reno and
Hohenemser. Given values of T„reduced tem-

three sets of data by fitting measurements of coL (T)
below T, with VIII. A COMPARISON TO NMR EXPERIMENTS

BELOW T,

It is interesting to compare our results on Ni and
Fe to recent NMR data obtained by Shaham,
Barak, El-Hanany, and Warren. Through a com-
bination of well-thoughtout precautions (bulk in-
stead of powder samples to reduce thermal gra-
dients, isotopic enrichment, and toroidal sample
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geometry to improve fill factors) these authors were
able to perform the first NMR investigations of the
critical region of Ni, Co, and Fe. Though their
study includes Knight-shift data above T„ their
critical dynamics data below T, are of the greatest
interest for our present purpose.

Their results may be summarized as follows:
(1) For all three metals, the longitudinal relaxa-

tion time Ti approaches the transverse relaxation
time T2 as the temperature approaches r, from
below, i.e., T~ ——T2 in the critical region.

(2) For each metal, the relaxation rate Ti '

and/or T2
' shows a strong divergence as T, is ap-

proached from below.
(3) The power law describing this divergence

yields dynamic exponent values of z'=2.0 for Ni,
z'=2.5 for Co, and shows crossover from z' & 2.5 to
z'=2.0 for Fe.

The first finding serves as an explicit confirma-
tion of our earlier assumption (Sec. III) that near
T„spin fluctuations are isotropic. The second
finding indicates that, as expected, critical slowing
occurs below as well as above T, . The third finding

suggests that a quantitative comparison of the
NMR data and our PAC and ME data might be
profitable.

%e have therefore used the coupling constants in
Table III and measured ~z values to calculate ~,
values in a consistent manner for all available hy-

perfine data in Ni, Co, and Fe. The results, illus-

trated in Fig. 11, indicate that within a factor of +2
different experiments yield the same r, values at
comparable reduced temperature, and that within
the same factor, ~, values are symmetrical about

Tc
Beyond this remarkable simplicity, there are

some distinct differences in behavior. (1) Crossover

l I

Ni
Fe —--
cp i ~ ~ ~ ~

iO-(3

for Ni, seen above T„ is not repeated below r„and
crossover in Fe, seen below T„ is only roughly indi-
cated in the data above T, . (2) For the same host,
differences in r, appear to be systematically related
to the utilization of different hyperfine probes.
Both effects may reflect experimental limitations,
and not intrinsic properties of critical dynamics.
Thus, the apparent lack of exact crossover symme-
try is probably due to the fact that, with the excep-
tion of the ' RhNi data, individual experiments
cover less than two decades in reduced temperature.
The apparent differences in r, for the same host
could also result from the fact that the hyperfine
Hamiltonian used and the spin assignments made in
Table III are at best an approximation to the more
complex behavior of metallic magnetic systems.

IX. THE CAUSES OF CROSSOVER

According to our theoretical picture crossover in
z results from competition between the short-range
Heisenberg interaction, which conserves spin, and
one or more lang-range, spin-nonconserving interac-
tions. Our review of experimental results has
shown that pure Heisenberg behavior occurs in no
case in which sufficiently small values of q are sam-

pled.
Interestingly, evidence for competition between

different interactions is not limited to critical phe-
nomena. In spin-wave theory an unmodified
Heisenberg exchange interaction leads to small-q
spin-wave dispersion with energy E~q; in con-
trast, addition of noncommuting terms to the Ham-
iltonian implies for small q that E ~ q. Experimen-
tally, corresponding crossover in q has been seen in
neutron scattering experiments on Fe, ' according
to which E =281q —275q for 0.2&q &0.6 A
and E-q for 0.02&q &O.OS A

One question remains: What are the causes of
crossover in dynamics? Hohenberg and Halperin
argue z =2.0 could be produced either by sufficient-

ly large anisotropy in the short-range exchange in-
teraction (model C) or the presence of long-range
spin-nonconserving perturbations (model A).

~o-~ io-' ~o-' io-4 io-~ io-' io-}

A. Spin-nonconserving forces

FIG. 11. Comparison of spin-autocorrelation times ~,
calculated from NMR data below T, {Ref. 5) and PAC
and ME data above T, {Refs.4, 23 —26, and this work).

To explain crossover in z requires perturbations
that are dominant at long range, i.e., small q, and
that do not conserve total spin. Dipolar interac-
tions, pseudodipolar interactions, spin-lattice forces,
and itinerant electron interactions appear to be four
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plausible candidates. Of the four, itinerant electron
interactions can probably be eliminated since it has
been shown by Hertz that z = —, in this case.

True dipolar interactions arise from the interac-
tion between freely orientable spins such as found in
S-state systems like EuO and EuS. Crossover for
this case has been studied by Huber, Maleev,
Teitelbaum, and Raghavan and Huber. Con-
sistent with model A of Hohenberg and Halperin,
all but Maleev predict that z =2 for small q. For
q=0 Huber has obtained a crossover-reduced
temperature td, which is, in effect, the ratio of the
dipolar to the exchange interaction strength,

g Pa«
S(S + 1)kii T,

(40)

Here gpss is the electronic dipole moment, a the
nearest-neighbor distance, and kz Boltzmann's con-
stant.

Pseudodipolar interactions arise from the inter-

play of spin dipoles with orbital angular momen-
tum, and were originally postulated by van
Vleck ' to explain the experimentally observed
anisotropy in Fe and Ni. According to van Vleck's
1937 paper, pseudodipolar forces for Fe and Ni are
about 50 times stronger than true dipolar coupling.
This has been confirmed more recently by Joenk,
who has used measured anisotropy constants for Fe,
Ni, and fcc Co to conclude that the ratio of pseudo-
dipolar to true dipolar coupling is 93, 140, and 98,
respectively. Since the pseudodipolar and true dipo-
lar interactions have the same mathematical form,
it seems reasonable to use Eq. (40) with an ap-
propriately increased coupling constant for estimat-
ing the crossover-reduced temperature.

Unlike dipolar interactions, the spin-lattice in-

teraction has received little attention as a cause of
crossover. It is an attractive candidate because it
does not commute with the total spin, and increases
linearly with temperature. If the crossover tem-

perature t,~
is proportional to the ratio of the per-

turbation to the exchange strength as in Eq. (39),
one should expect that t,&

is approximately indepen-
dent of T, .

the literature, this approach works well.
Thus Dunlap and Gottlieb' have noted that the

boundary of the z =2.0 region for EuO corresponds
well with the estimate of td=SX10 provided by
Eq. (40). Comparable conclusions may be drawn
from the ESR work of Kotzler and collaborators on
EuO, ' EuS, ' and other, nominally isotropic low-

T, ferromagnets. '

Similarly, Dietrich et al. ,
' in measurement of

the neutron scattering linewidth in EuO at T =T„
have explained the anomalous result, z =2.29(3), by
the fact that the range of q sampled just spans

qd
——0. 16 A ', the estimated dipolar crossover wave

vector.
Gottlieb and Dunlap' further point out that

crossover in q observed at T =T, in neutron scatter-
ing is quantitatively consistent with crossover in t
observed at q =0 via ESR. In effect, they argue
that crossover at td defines a particular value of the
inverse correlation length, Kd =Kptd where in gen-
eral a =sot' Given .the homogeneous nature of the
linewidth function [Eqs. (3) and (4)] and the
equivalent roles of q and ~, it is reasonable to as-
sume that the dipolar crossover wave vector is

V
qd =Kd =Kptd ~ (41)

Consider that hyperfine experiments determine

t„(q), a crossover temperature involving an average
over all q. It may be shown that t (q) is a good es-
timate of, though somewhat less than t„(0), the

03

NS

oQI

CP

02 '.

qd

O.I',,

noncritical
region

Using this relation and a value of t~ obtained from
Eq. (40), it is found that qd =0.16 A ', consistent
with the predicated crossover character of the neu-

tron data. The regions of (q, ir) space for EuO sam-

pled by ESR and neutron scattering are illustrated
in Fig. 12.

2. I'eund Ni

B. Application to specific materials

l. Euoand EuS

Since these are S-state systems it is natural to
consider true dipolar interactions as the most likely
explanation of the observed results. As shown in

ESR

O. I
I 0.2 0.5
d

x(A'-')

FIG. 12. Estimated dipolar and noncritical region for
EuO, with indication of locus for neutron scattering data
(NS) and ESR data along the vertical and horizontal
axes, respectively.
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0.3 4. Cubic Fe~04

o.z'', 7
Heisenberg4+ ', region

t7

Spin-nonconserving
region

i

dipolar region
q

l O. l 0.2 0.5
K(~-')

FIG. 13. Estimated dipolar, spin-nonconserving, and
Heisenberg region for Fe, with indication of the locus for
NS experiments along the vertical axis. Hyperfine exper-
iments span all values of q, and depending on the tem-

perature (v) exhibit spin-nonconserving or Heisenberg
behavior.

crossover temperature at zero wave vector. This
permits direct comparison of td as calculated in Eq.
(40) and t, (q) as observed in experiments. For Fe
and Ni t~ =3&& 10 and t„(q)ltd =30. Hence, true
dipolar interactions are too weak to explain the hy-
perfine experiments.

At the same time, the failure to observe crossover
in neutron experiments is consistent with the hyper-
fine results. To illustrate, consider that for Ni, neu-

tron scattering yields the empirical relation ~ =2t
A ', which leads to predicted crossover radii of
qd ——~d ——0.007 A ' and q„=~„=0.08 A '. As
shown in Fig. 13, the neutron data at T, overlap q~
not at all, and q„only to a minor extent. The situa-
tion for Fe is similar.

This leaves the question whether pseudodipolar
interactions can explain the observed crossover.
Since t„(q) must be somewhat less than t„(0},the
result t, (q) le =30 is reasonably consistent with the
estimate t„(0)ltd =100 based on Joenk's calcula-
tions of pseudodipolar strength. Pseudodipolar
forces can therefore explain the data semiquantita-
tively; whether they constitute a unique explanation
is not clear. As already noted, the observed T, in-

dependence of t„(q} is also expected for spin-lattice
forces.

3. fcc Co

In this case neutron experiments show no cross-
over as in the case of Fe and Ni, and hyperfine ex-

periments of sufficiently asymptotic character have
not been done. If the analysis of Fe and Ni is
correct, crossover in fcc Co should occur at
t„(q)=10

0

Here neutron experiments extend to q =0.03 A
and suggest incipient crossover to z =2. Since cu-
bic Fe304 exhibits macroscopic anisotropy compar-
able to that of Fe, it is plausible that pseudodipo-
lar forces are at work here as well. Hyperfine ex-

periments to demonstrate crossover have not been
done.

X. SUMMARY AND CONCLUSION

Our review of crossover phenomena in critical
dynamics in isotropic ferromagnets leads to a plau-
sible and consistent picture within the framework of
dynamical scaling theory, with principal attributes
that may be summarized as follows.

For the low-T, S-state insulating systems EuS
and EuO, no clearcut Heisenberg region has yet
been identified. Instead, ESR experiments indicate
a direct transition at t =10 from a noncritical re-

gion to a critical region with z =2; and neutron ex-
periments, insofar as they are available, indicate an
"intermediate" exponent z between 2 and —,. The
most probable cause of this behavior is true dipolar
interactions between freely orientable electronic
spins, for which crossover temperature and wave
vector are estimated to be td

——5 X 10 and

qd
——0.16 A ', in agreement with experiment.
For the high-T„non-S-state metallic systems Fe

and Ni, hyperfine interaction experiments exhibit
two critical regions. Far from q=0, Heisenberg
behavior with z= —, is seen. Near q„=0.08 A
crossover to z =2 occurs. Whereas dipolar interac-
tions may be ruled out, pseudodipolar interactions
discussed originally by van Vleck can explain the
observed crossover temperature. The observed
crossover in hyperfine experiments is consistent
with the observation of pure Heisenberg behavior in
neutron experiments because these lie largely in the
range q &0.08 A '. If this analysis is correct, fcc
Co and cubic Fe304 should exhibit behavior similar
to that of Fe and Ni.

As plausible as this picture appears, there are
some important questions which remain.

(1) Is the observation of crossover in Fe and Ni
due to the use of hyperfine techniques, or would it
show up in extended neutron experiments as well?

(2) Is there really no Heisenberg region in EuO
and EuS, as suggested by ESR experiments, or
would it appear in hyperfine experiments and ex-
tended neutron experiments?
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(3}Can the observation of crossover in Ni and Fe
be extended to other non-S-state systems, such as
fcc Co and cubic Fe304, as would be suggested by
the hypothesized effect of pseudodipolar interac-
tions, or is crossover in fact due to other causes'?

It seems clear that answers to these questions will

provide interesting experimental tests of our under-

standing. If they have outcomes as expected, they
would go a long way toward removing remaining

puzzles about dynamical critical behavior of isotro-
pic ferromagnets.

Beyond experiments it is, of course, important to
probe further into the theoretical question: What
detailed behavior is expected for each of several

spin-nonconserving interactions? Theoretical work
on the pseudodipolar and the spin-lattice interaction

as perturbations of critical dynamics would be par-
ticularly desirable.
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