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Mossbauer study of static and dynamic critical behavior in Fe
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In this paper we present the results of detailed experimental studies on the critical behavior of
Fe near its critical temperature T, (here also Curie temperature T~) using the Mossbauer effect.

Using a highly controlled two-stage Mossbauer furnace, we made a careful measurement of the

critical exponent P and the critical exponent z. The value of Puff was obtained in both source

and absorber experiments and was found to be 0.379(4) for the reduced-temperature range

10 ~ t ~2 x10 and 0.371(8) for 10~~ t ~2 x10, respectively, We have used

correction-to-scaling form in the critical region and have obtained the universal P as

P=0.367(5) and the correction amplitude A = —0.458(22), The results on P agree well with

theory, bulk measurements on Fe, and most data on other ferromagnets in the universality

class (n, d) = (3, 3). The value z was measured as z =1.93(19), which is inconsistent with the

theory of short-range exchange interactions and neutron scattering results in Fe, but in agree-

ment with previous hyperfine studies on Ni and Fe, and a recent hypothesis on the dynamic

behavior in the asymptotic critical region. We have also investigated the possible magnetization

dependence of the isomer shift in Fe and obtained negative results, both within 2 K of the Cu-

rie point, and in a wide region above and below the Curie point. These findings, like the P
measurements, are based on both source and absorber experiments. They disagree with

Preston's observations near T, . By studying the Mossbauer line intensities we observed a mag-

netostrictive reorientation of ferromagnetic domains as a function of temperature. This

behavior is similar to that observed in some Fe alloys under the influence of compressive strain

as well as temperature variation.

I. INTRODUCTION

In the last few years there has been intensive ac-
tivity in both theoretical and experimenta1 study of
static and dynamic critical phenomena with special
emphasis on ferromagnets and antiferromagnets. ' "
The critical behavior of the magnetization Mand the
spin fluctuations has been characterized in terms of
critical exponents.

According to the renormalization-group ap-
proach, ' 3 static exponents describing singularities in
thermal average properties depend primarily on
effective-spin dimensionality, n, and lattice dimen-
sionality d. Renormalization-group methods' yield
highly accurate predicted values for several physically
interesting pairs of (n, d). These results agree
reasonably well with previously derived high-
temperature-series results and incorporate fully the
earlier generalizations of universality and scaling. In
the case of dynamics, critical behavior depends in ad-
dition on conservation laws, and leads to the division
of a single static universality class into several
dynamic subclasses. 5

From an experimental point of view one would like
to test theoretical predictions for both static and

TABLE I. Variation of P with the spin dimensionality n

for three-dimensional lattice (d =3) as given by the theory
(Rer. 4),

o.32s(1)
2

O.346(1)
3

o.365(1)

dynamic behavior. The experimental results must be
very precise, since the theoretica1 differences between
classes are small as is illustrated for example in Table
I for the exponent P. In this paper we are concerned
with Fe, an isotropic ferromagnet with (n, d) = (3,3),
for which the isotropic Heisenberg model is thought
to be an adequate description. Using the Mossbauer
effect in "Fe we have made: (a) careful measure-
ments of the critical exponent P; (b) a determination
of the dynamic critical exponent z just above T;, (c)
measurements of the energy shift within a wide range
of temperature around T, ; and (d) an observation of
magnetic domain reorientation with temperature.
Previous reports have given a preliminary account of
some of this work. The present paper contains our
results and interpretations in complete form.

24 2380 C1981 The American Physical Society



24 MOSSBAUER STUDY OF STATIC AND DYNAMIC CRITICAL. . . 2381

II. THEORETICAL PREDICTION

In the magnetic solids the critical behavior of the
magnetization M has been characterized in terms of
the critical exponent P. The individual atomic mo-
ments in these solids fluctuate with frequencies of
10"Hz far above and below the critical temperature
T, , These fluctuations slow down as the temperature
approaches T, from above or below. Hyperfine ex-
periments provide methods of measuring P and may
exhibit signals that reflect the time-dependent
behavior of the spins. Here we summarize salient as-
pects of the theory and indicate what types of observ-
ables exist for various experimental techniques.

A. Static behavior: The static exponent P

For ferromagnets, the temperature dependence of
the spontaneous magnetizations M( T) in the vicinity
of the critical temperature T, can be described by the
asymptotic relation of the form"

where o. is the reduced magnetization, o. =M( T)/
M(0), T is the temperature, B' is a constant, and P,fr

is an effective critical exponent. For measurements
including data far away from T„ the above equation
must be modified. '8 If we assume that the hyperfine
field H( T) is proportional to magnetization, as is
proven in this work (see below), then Eq. (I) can be
written in terms of hyperfine field and must include a
"correction-to-scaling" term as follows"':

Here t =(T, —T)/T, is the reduced temperature,
h =H( T)/H(0) is the reduced hyperfine field, B is a
constant, and A is a "correction-to-scaling" ampli-
tude. P and 4 are universal static critical exponents
of the ferromagnets. For measurements very close to
T, the correction term becomes very small and Eq.
(2) can be approximated by a pure power-law form
as"

h(t) =Bt '"'P

with P,tt given by

(3)

(4)

In this case experimentally determined values of P,ff
from pure power law may differ appreciably from the
universai value P and comparison with theory be-
comes difficult. For the prediction of P and other
static critical exponents, some theories have been put
forward. " For (n, d) = (3,3) the theoretical value of
5 is 0.55. The best theoretical results of P, obtained
by renormalization-group methods, are given in
Table I.

In recent publications, Aharony and Ahlers, ' and
Chang and Houghton have derived theoretical ex-
pressions for the correction amplitudes and their ra-
tios. According to these authors the ratios among the
correction amplitudes of the same material are
universal, but not the amplitudes themselves. For
two critical exponents A, i and XJ and their correspond-
ing correction amplitudes A, Aharony derived the re-
lation

~1 ~l, eff ~i

AJ AJ eff AJ

where Xi, ,ff and ki are the effective and the universal
exponents, respectively. In ferromagnets experimen-
tal information on the ratios in Eq. (5) are scarce.
Thus, when data are fitted to a single power law close
to T, and to correction-to-scaling form in a wide
range of the reduced temperature, the universal ex-
ponent P, P,rt, and the correction amplitude A may
be obtained. Theoretical predictions for the universal
ratios in Eq. (5) can also be tested, provided experi-
mental values on other critical exponents are avail-
able. The range of the asymptotic behavior in Eq.
(3) must be determined experimentaily in order to
determine a single-valued critical exponent P,ff.

B. Critical fluctuations: The exponent z

Dynamic properties of magnetic critical phenomena
are related to critical spin fluctuations. Above and
close to the critical temperature T, individual spin
fluctuations are correlated to those of neighbors and
regional spin clusters of size g form. As T, is ap-

proached, the lifetime r, and the correlation length g
of the spin clusters diverge. In what follows we will

give a brief summary of the theory on this subject
which is closely related to our work.

The fundamental property of interest in the study
of spin fluctuations is the spin-correlation function
defined by

G(r, t) = (S(r, t) S(0,0)) (6)

This describes the space-time correlation between a
spin S(r, t) situated at r and t, and the spin S(0,0)
situated at the origin r =0, t =0.

In a recent review article Hohenberg and Halperin
have given a detailed discussion on critical dynamics. '
These authors find that, for isotropic spin systems,
Eq. (6) has a Fourier transform given by

S(q, rs) =2vrco '(q)S(q) fqt, (cu/~(q)), (7)

where co and q are the energy and the wave number
of the fluctuations, respectively, S(q) is the static
scaling function, co(q) is the energy linewidth of the
critical mode describing the dynamics of the spin
fluctuations, f,t„represents the shape function of the
energy line, and K is the inverse correlation length of
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the fluctuations. According to static and dynamic
scaling hypotheses, S(q) and cu(q) are assumed to
be homogeneous functions of q and ~, and can be
written therefore as

$(q) =q +"g(q/~)

r«(q) =q'II(q/K)

o)(q) = ~'0'(q/~),

(8)

(9)

(io)

where z is the dynamic critical exponent and 0 and
0' are two different shape functions, and q is a static
exponent whose value is close to zero. The shape
function in Eq. (7) must satisfy the following normal-
ization conditions as

++1

J, f "
«p '(q)d«)= —,

'

co q

co '(q)des=i
«p(q)

The linewidth measurements are then fitted to Eq.
(11) and z can be obtained. The problem with this
method is that in ferromagnets one is limited to a
wave number q ~0.05 A ', in order to avoid the ef-
fects of elastic scattering at q =0. To overcome this
experimental difficulty, hyperfine interaction
methods, which measure fluctuation times for all

values of q, are used. To relate the isotropic spin
autocorrelation time r, to the function $(q, co), we
use Eq. (6) and the definition

'" G(o, r) „,
G(0, 0)

from which it follows that"

r, =8 ' S(q, o)dqC

From the above equations it can be seen that the
shape of S(q, co) does not depend on q and ~

separately but on their ratio q/K.
The determination of the dynamic exponent z can

be achieved by neutron scattering; the energy
linewidth ~(q) is measured at T = T, as a function
of the wave vector q. In this case K 0 and Eq. (9)
follows a power-law form given by

cu(q) =const q' .

Thus the correlation time follows a power-law form
and diverges as T, is approached. For a lattice
dimensionality d =3, we get w = v(z —I —q). Hence
measurements of correlation times via hyperfine in-
teractions allow the determination of w; consequently
the value of z can be obtained if v and q are known.
Kith v= 3, q=0, and the predicted z=2.5, the ex-

ponent w acquires the value w =1.
To test whether these predictions are correct, it is

necessary to relate ~, to Mossbauer observables.
This has been done by a number of authors. 2' 24

Here we make use of the theory of Bradford and
Marshall, "who give an explicit relation between v,
and the excess linewidth ~I . Bradford and Marshall
begin with the Hamiltonian

a=a.i S(r), u=eg,
where e and g denote the excited and ground state,
respectively, and I and S(t) are the nuclear and elec-
tronic spins. A is a coupling constant given by

A =y Hp/S

y is the gyromagnetic ratio, 5 is the atomic spin, and
Ho is the hyperfine field at zero temperature. The
use of this Hamiltonian assumes that the hyperfine
field at the "Fe nucleus is produced entirely by an
electronic spin $(t) and that it is proportional to the
time-averaged spin. That this is at least approximate-
ly true follows from the study of hyperfine-field sys-
tematics in ferromagnetic hosts. "

The basic assumptions that restrict the applicability
of the theory are as follows: (a) the fluctuations are
assumed to be isotropic; (b) the inequalities
r, r«L « I, b rr, « 1, Ar/r«L, « 1 are assumed to
hold, where cuL, is the Larmor frequency; and (c) the
correlation function is taken to be exponential in
time. The validity of the theory subject to these con-
ditions has been shown by Gottlieb and Hohenem-
ser, ' and by us in a previous work" on Ni; we will

also use it in our present work.
With these restrictions the line shape is a Lorentzi-

an of the form

(17)

Here I'„ is the natural linewidth, and

~here V~ is the Brillouin-zone volume. The tem-
perature dependence of ~, can be introduced via the
inverse correlation length sc given by

is the line broadening with

K = Kot", (13) b= (—A2 ——A A +—A2)
4 ~ T «4 (19)

where t = (T—T, )/T, is the reduced temperature
and v is a static exponent. From Eqs. (6)—(13) it
can be shown that"

To relate the line broadening to temperature we use
Eq. (14) with the result

r, =Cpr "; w=v(z+2 —d —q) AI =Et ", (20)
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with AI expressed in units of sec '.

~ 2S(S+I) (15+p 5+ + + 3+2)
3g2 2 & 2 & g 4 (2l)

IQ.I ~l g&l«a)j, gg
AFlt ) ]rg (t w(jj

where 8 is a constant.
Thus, hI' diverges with the exponent e =1, and an

amplitude E that is quantitatively specified by the hy-

perfine interaction strength. This prediction offers an
alternative method of testing the theory of critical
spin dynamics. This method is promising in that it is
not subject to the experimental and physical limita-
tion imposed on neutron scattering in ferromag-
nets '; i.e., we are able in principle to measure ar-
bitrarily close to T, and thus obtain results in a wide
temperature range not accessible to neutron scatter-
ing.

III. EXPERIMENTAL PROCEDURE

T,-T= I-25 K

t

50 200
Cha nnet number

As we have mentioned above, experimental deter-
mination of critical exponents in ferromagnets re-
quires precise measurements so that we may compare
experimental results with highly precise theoretical
values. This demands measurements very close to T,
with good resolution of Mossbauer lines. In addition
the sample in both absorber and source experiments
must be free of thermal gradient. " In source experi-
ments the source must be homogeneous in order to
minimize linewidth broadening. While it is easier to
achieve a source experiment nearly free of thermal
gradient, an absorber experiment has larger sample
area and is therefore more susceptible to small ther-
mal gradients. This may cause unreliable measure-
ments of critical fluctuations just above T„"
although linewidths in this case are narrower and
make regions just below T, more accessible for the
measurement of the critical exponent P. In Fig. I we

compare source and absorber Mossbauer spectra at
almost the same reduced temperature. It can be seen
that the absorber spectrum shows much better
resolved lines.

A source of spurious results might also be the
Mossbauer drive, which must maintain a very good
linearity and high stability so that line broadening and
apparent energy shift can be avoided. The parabolic
motion of the drive also produces a slightly larger un-
certainty in the Mossbauer line positions when an ab-
sorber experiment is employed.

For the above reasons, we found it appropriate in
the present work on Fe to choose a source experi-
ment for the determination of the exponent z. As
for P measurement, in addition to the source experi-
ment, we used also an absorber experiment in order
to assure P determination in pure Fe so that compar-
ison between both cases can be made.

The measurement of critical exponents in Fe is
more difficult than in other ferromagnets with lower

FIG. 1. Close-in Mbssbauer spectra in an (a) absorber ex-
periment and (b) source experiment at the same reduced
temperature. It can be seen that better resolvable spectra
are obtained in the absorber experiment.

T,. First, in Fe, T, =1043 K, making temperature
control and stability a greater challenge to the experi-
mentalist. Secondly, the recoil-free fraction f is re-
duced to about one-third of its room-temperature
value, thus markedly decreasing the signal-to-noise
ratio. Thirdly, Fe oxidizes very easily, and therefore
great care must be taken to keep it in a clean en-
vironment. In the following we will give a descrip-
tion of the experimental procedure by which we
avoided problems in these areas.

A. Mossbauer furnace

Our specially designed vacuum furnace, full details
of which can be found elsewhere, "consisted of a tu-
bular outer heater and a disk-shaped inner heater,
both made of boron nitrate with bifilar windings.
The furnace servo system maintained a rapid
response due to the good thermal conductivity of the
ceramics used and produced a long-term stability
better than 0.02 K per day at the Fe Curie point. At
that temperature, the thermal gradient across the
source was found to be less than 0.05 K. For the ab-
sorber experiment the thermal gradient was less than
0.10 K across the sample as can be shown by the
sharpness of the Curie-point transition obtained in
our Mossbauer data (see below).

To create a clean surface for Fe, the sample was
sandwiched between two thin BeO disks. We
achieved an environment nearly free of magnetic
fields by shielding the furnace with p,—metal. Stray
fields from the Mossbauer drive were thereby re-
duced to less that 0.15 G at the source.
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%e used Chromel-Alumel thermocouples for tem-
perature measurements. %e did not make absolute
calibration of the thermocouples because in our mea-
surements only the reduced temperature enters into
our results. However, the error in the absolute tem-
perature scale is about 2 K. The power consumed by
the furnace at 1100 K was about 60 W. %ith the
help of a forepump and a diffusion pump equipped
with a liquid-nitrogen trap, the vacuum of the fur-
nace was maintained at about 10~ torr throughout
the experiment.

0.398(5) in the source experiment. Thus absorber
experiments produce better Mossbauer line resolution
than source experiments and provide more precise
measurements in regions very close to T„as can be
seen in Fig. 1. The only problem with this method is
that thermal gradients across the sample might be
larger than in the case of source experiments. This
effect is undesirable when measuring magnetic fluc-
tuations above T,." Furthermore, the errors in the
linewidths and positions are slightly larger due to the
parabolic form of the spectrum background.

B. Source and absorber

Unlike the Mossbauer-effect (ME) results of Pres-
ton, ""who did an absorber experiment, our
results were obtained with both an Fe source and Fe
absorber mounted inside a furnace. Our choice of a
source experiment for P and z measurements, as stat-
ed above, was dictated by our judgement that tem-
perature control and uniformity are the most impor-
tant requirements for an improved experiment, and
that success in this could be more easily achieved for
a relatively small source "spot" than for a much
larger absorber surface.

The source was made by electroplating 2.8-m Ci
'Co on a less than 3-mm diameter area of 99.99'/o

pure Fe foil, and diffusing the activity in an ultrapure
H2 atmosphere for 15 h. This produced a nearly uni-
form distribution in the 15 & 10~-cm thick foil with
an estimated fraction of radioactive ' Co of less than
4 X 10~. The homogeneity of the source distribution
was checked by the equal count rate of the x rays as
well as the 14.4-keV gamma rays from both sides of
the Fe foil. The fact that the probe distribution was
homogeneous follows from the absence of line
broadening for t «10 '.

As an absorber for the source experiment we used
a 25-mm-diameter matrix of K4Fe(CN)6 3H20 en-
riched to 90% in ' Fe and containing 0.25 mg/cm of
57Fe

The absorber, which was at room temperature, was
driven by a constant-acceleration drive. For an emis-
sion spectrum of natural width an experimental
linewidth of 0.35 mm/sec is expected. "'" The
difference between this value and our observed
linewidth of 0.398(5) mm/sec at room temperature
can be accounted for by a small amount of resonant
self-absorption in the source.

In the absorber experiment, for an additional mea-
surement of P and the energy shift near T, in pure
iron, a 99.99% pure Fe foil was used. The exposed
area for the transmission was a circle with 7-mm di-
ameter. The moving source was an 18-mCi "Co dif-
fused in paladium foil and maintained at controlled
room temperature. For this arrangement the
transmission Mossbauer spectrum showed an experi-
mental linewidth of 0.266(9) mm/sec as compared to

IV. DATA ANALYSIS

Mossbauer study of Fe near its Curie point was
done first by Preston, who obtained values of
P ff 0.342 (4) and P,rr

=0.37 (2) in the temperature
ranges 10 ~ t «10 ' and 10 ~ t ~10 ', respec-
tively, but no investigation was made on the critical
fluctuations. Shaham et al. ' have recently studied
critical behavior in pure Fe by NMR and determined
p ff 0.320(4) in the range 4 x 10 ' ~ r ~5 x 10
The results of the above works on P,rr are not con-
sistent with other ferromagnets of the (n, d) = (3, 3)
class and are in disagreement with recent theoretical
results in the same class. Shaham studied also the
dynamics of Fe just below T, and found the dynamic
critical exponent w =0.63(12), [z =1.95(18)],
within 4 & 10 ' & t & 1.5 & 10 ', in disagreement
with the theory on dynamics, but consistent with a
recent hypothesis by Suter and Hohenemser" and
with the theoretical treatment of the non-spin-
conserving forces." In a later publication Lee
Chow et al."reported a study on the dynamics in Fe
near T, using the perturbed angular correlation
(PAC) method and a '0 Rh probe. They observed a
crossover of z (z =2.5 z =2.0) thus confirming the
above-mentioned hypothesis. It is of interest to mea-
sure z in probe-free Fe and to compare with NMR
results and theory. In the following we present our
measurements of P,rr, universal P obtained through
correction-to-scaling form, the correction amplitude A

in Eq. (2) and the exponent z in Fe where probe and
sample are the same.

A. Universal P and Pcff

To extract the value of P in our experiment, Moss-
bauer positive and negative velocity spectra were
recorded in halves of a multichannel analyzer, thus
providing a useful consistency check on our results.
Typical spectra appear in the following sections (see
Fig. 14). To fit the spectra a standard multiparame-
ter nonlinear least-squares program was used, in
which line intensity, position, and width were all
treated as free parameters. In this way the hyperfine
field was determined to an accuracy of better than 0.5
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kG for 10 ' « t «0.7, and to an accuracy of better
than 1 kG for 10 « t «10 . Although data in the
source experiments were obtained for t «10 ', spec-
tra from this region were excluded because they
showed no discernible structure other than a single
broad line. The hyperfine-field values in both-source
and absorber experiments were the same as those ob-
tained by Preston at the corresponding temperatures.
Figure 2 summarizes a plot of reduced field h(t) vs
T/T, and is in agreement with previous ME work. "
The solid line in Fig. 2 represents bulk measurements
by Potter37 and confirms the relation h(t) =const o (t),
which justifies Eqs. (2) and (3) in this work.

Hyperfine fields from both source and absorber ex-
periments were fitted separately to a single power
law, Eq. (3), with 8, T„and P,ir as free parameters.
In order to examine the extent of the critical region,
a series of fits was made in which the maximum
value of t was successively reduced. The result is
that for all values of t,„«2 & 10 ', the values of 8,
T„and P,rr obtained as a function of r,„re mian
constant. This is illustrated in Fig. 3 for both experi-
ments. We conclude that the asymptotic region for
Fe is defined by t «2 x 10, in good agreement with
expectation. For this region our best estimate of
all three parameters in the source experiment is:
p ff 0.379(4), 8 = 1.66(3), T, = 1042.91(4) for
10 ' « t «2 & 10 '. For the absorber experiment we
obtained: 13,ff 0.371(8), 8 =1.62(5),
T, =1043.05(8) for 3 x10~~ t ~2 &&10 z.

As a check on the above procedure, T, was also
determined by thermal scanning: i.e., the &ransmis-
sion at the centroid of the spectra was determined in
the neighborhood of the transition, with the result il-

lustrated in Fig. 4. From this it is concluded that T„
for source and absorber experiments, is equal to:

08-
06-
04-
0.2-

0 02 0.4 06 08 l.O

T/T

FIG. 2. Reduced hyperfine field /i (t) =H( T)/H(0) as
measured by ME in Fe Fe below T,. The solid line is the
reduced bulk magnetization as measured by Potter in pure
Fe.
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FIG. 3. peff measurement in Fe Fe. The variation of the
exponent p«f, the constant Band T, in Fe Fe with max-
imum reduced temperature in both (a) source experiment
and (b) absorber experiment. Notice the range of the criti-
cal region where peff B, and T, remain constant.

T, =1043.0(l) and T, =1043.1(1) K, respectively,
and in good agreement with the above. Also shown
in Fig. 4 is a plot of H~ raised to the I/P, rr power,
for P,rr=0.379 and P,rr=0.371. This illustrates
graphically the degree of agreement between the two
T, estimates in each experiment.

A conventional logarithmic plot of h (r) appears in
Fig. 5 showing the range of the critical region in Fe.

To check if linewidth problems affected the present
work, we made a careful determination of the
linewidth predictions for thick absorbers, with the
results I' =0.389(3) mm/sec as shown in Fig. 6. It is
seen that our work is not affected by unexplained
line broadening in the region attained by our resolv-
able spectra in the source experiment. In the ab-
sorber experiment the linewidth was smaller and we
were able to obtain resolvable spectra closer to T,
than in the source experiment as shown in Fig. 1.
Figure 6 shows the small increase in linewidth at
t «10 in the absorber experiment. This is due
mainly to two effects: the first is the spin fluctua-
tions where linewidth increase is very small (see
below) and the second and more influential27 is the
possible small thermal gradient due to the relatively
large transmission area in the iron foil. Therefore
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FIG. 6. Variation of the linewidth with reduced tempera-
ture below T, . (a) The width in the source experiment
remains constant and agrees with I =0.389(3) mm/sec cal-
culated from the theory of Margulies and Ehrmann (Refs.
33 and 34) (dashed line). (b) The increase in the width for
t (10 in the absorber experiment is due to fluctuations
and possible small thermal gradient across the foil (Ref. 27).
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FIG. 4. Determination of T, for the ME spectra via the
single power law and thermal scan in (a) source and (b) ab-
sorber experiment. Each graph shows both the temperature
variation of H'/& and the centroid velocity transmission
(c.v. t.). In each case T, is determined independently. For
each case the corresponding Puff was used.
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FIG. 5. Logarithmic plot of the reduced hyperfine field
for (a) absorber and (b) source experiment. The break-
down of the power law at t =2 &10 can be seen in both
cases. .

source experiments with small active spots are more
appropriate for spin fluctuations than are absorber
experiments.

For the determination of the universal p, our data,

in a wider temperature range, must be fitted to the
correction-to-scaling form of Eq. (2) with 8, p, T„
and A as free parameters and fixed theoretica14

3 =0.55. The results are 8=1.67(3), p=0.367(5),

A = —0.458(22), and T, =1042.43(13) K for
10 ' « t «3.4 & 10 ' with a T, shift of 4 T, =0.5 K
from the independently determined T, in the
thermal-scan method. To prevent this variability in
T, we decrease the number of free parameters by fix-
ing, in addition to ~, the value of A obtained in the
above procedure and we get 8 =1.67(2),
p=0.367(3), T, =l 04 282(2 5) K with T, consistent
with the thermal-scan value but with a larger error.
It should be observed here that the value of the lead-
ing amplitude 8 is in perfect agreement, as it should
be, with that obtained previously from the asymptotic
behavior, where 8 remained constant. This gives
more confidence in our determination of the univer-
sal p value obtained from the correction-to-scaling
form. This value of p is in excellent agreement with
the theory. It is different from p, rr in accordance
with Eq. (4). By using this equation and t = 2 x 10 2

at which p, rr begins to become constant when it ap-
Proaches T„we get P,rr = 0.396(5), which is very
close to p, rr obtained from the single power law near
T, (see Fig. 3). As a further check on our p mea-
surement, we have made a range of fits to Eq. (2)
with fixed A = —0.458 and 5 =0.55, and with t,„
successively reduced. This is similar to what we did
in the case of the single power law. The results are
shown in Fig. 7. It can be seen that p remains con-
stant as long as correction to scaling is appreciable
and tends toward P,rr when corrections become very
small.

A comparison of the p value in this work to theory
and of p, rr to other (n, d) = (3,3) ferromagnets4c~s
appears in Table II. In constructing the table we
have selected only those results with significant data
in the region t «10 . The exclusion of results
based only on data in t ~10 is justified by the
strong likelihood that asymptotic power-law behavior
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then fails as we have shown above. Under the
constraint applied in constructing Table II, we con-
clude that our value of P,rr in Fe is in good agree-
ment with other (n, d) = (3,3) ferromagnets, with the
exception of EuS. The consistency of our IB values
obtained from the single power law and the

FIG. 7. The variation of the critical exponent P (triangle
points) with maximum reduced temperature tm» as ob-
tained from the correction-to-scaling form compared with
the variation of peff (circle points) with tm, „as obtained
from single power law. Notice how p converges toward peff
as the correction term starts to become very small at t =10 ~.

correction-to-scaling form also indicates the correct-
ness of our method of analysis. The significance of
the difference between our result and bulk measure-
ments of Arrot et al. is difficult to evaluate since no
error is given for the bulk value. The disagreement
between our results and recent NMR measurements
by Shaham et at. 'o (see Table II) in pure Fe is due to
the fact that NMR measurements are not close
enough to T, and that the data were fitted to a single
power law outside the asymptotic region. To show
this we have fitted our data to a single power law

within the same range used by Shaham et al. and we
obtained P,rr=0.320(4), B=1.35(S) for 4.5 x 10 3

~ t ~ 5.3 & 10 ' as compared to Shaham's results
P=0.320(4), B =1.35(5) for 4 &&10 3 ~t ~5 X10 2.

This illustrates the fact that spurious results occur
when one overlooks the appropriate use of the single
power law and the correction-to-scaling form when
investigations of critical phenomena in magnetic
solids are made. The discrepancy between our results
and Preston's can be explained within the same con-
text.

For the determination of the universal ratios
among the correction amplitudes in Fe, one needs, in

TABLE II. Peff values for (n, d) =Heisenberg ferromagnets.

Material Method '/probe Range in t
10 10 10-'

Peff Reference

EuO

CrBr3
EuS

Ni

Fe

Theory

NS/bulk
Kp/bulk
FR/SES
FR/SES

ME/57Fe

PAC/' Rh

PAC/'i iCd

NMR/ 'Ni
Bulk/SES

ME/~7Fe

ME/~7Fe

NMR/57Fe
Bulk

ME/57Fe

ME/~7Fe

ME/~7Fe

0.36(1)
0.368(5)
0,368(5)
0.335(10)

0.378 (10)

0.385(5)

0.383 (4)

0.354 (14)
0.378(4)

0.342(4)

0.37(2)

0.320(4)
0.368

0.371(8)b

0.379(4)'

0.367(5)4

0.365 (1)

40
41
42
43

44

45

38

46
47

10
48

This work

This work

This work
4

' Abbreviations: bulk/SES =bulk measurements analyzed by equation of state, FR/SES =Faraday
rotation of light analyzed by scaling equation of state, KP =kink point measurements,
ME =Mossbauer effect, NMR =nuclear magnetic resonance, PAC = perturbed angular correlation
of gamma rays, NS =neutron scattering.

Obtained from absorber experiment.' Obtained from source experiment.
4 Obtained from source experiment and correction-to-scaling form [see Eq. (2)].
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addition to our present results, further work on
another critical exponent A) ff and X, in Fe with the
corresponding correction amplitude A~. %e have
shown that P,rr in Fe is single valued with
10~ ~ t ~ 2 x 10 ' and is probe independent as was
reported in recent theoretical work. 9 Hence mea-
surements of critical fluctuations in our source exper-
iment can be made with no effect on the dynamic
critical exponent z.

B. Measurement of the exponent z

In previous experiments on Ni conducted in our
laboratory at Clark University, ' "it was shown that
PAC relaxation in Ni' Rh and ME line broadening
in Ni"Fe both satisfy the preconditions of Eti. (20)
for t & 10 above T,. It was also shown that 7,
values deduced via explicit forms of Eq. (18) agree
well in the two cases, but yield a temperature depen-
dence describable by ~ =0.7 instead of ~ =1
(z =2.5). The latter value is predicted by the theory
and supported experimentally by neutron scattering
measurements as shown in Table III. In a recent
work at Clark University by Lee Chow et al. in Ni
and Fe, a crossover of z from 2.5 to 2.0 has been ob-
served as T . T,. These findings have naturally cast

doubt on the applicability of the theory leading to Eq.
(20). This discrepancy was resolved by a recent hy-
pothesis by Suter and Hohenemser stating that the
exponent z crosses from 2.5 to 2.0 as the wave
number q of the fluctuations goes to zero. In this
case the interactions in different ranges of q are dif-
ferent, thus producing different z values. Additional
doubt on the results might be raised also by the fact
that the above hyperfine interaction experiments
have used impurity probes in the host materials.
Measurements of z in pure Fe have been done re-
cently by Shaham et al. , "who used NMR methods,
and obtained z =1.95(18) in the temperature range
4 x 10 ~ t «1.5 x 10 2 below T, and in agreement
with other hyperfine measurements. Furthermore,
for the dynamic critical exponent in Fe, experiments
have been done using neutron scattering and results
do not agree either with theory or with values ob-
tained for other ferromagnets 9 '3 (see Table III). In
order to address the above concerns and to compare
with previous results for z, we have studied the fluc-
tuations in the Fe"Fe system where probe and host
are the same.

Despite many previous ME studies of Fe this is the
first case in which evidence of critical fluctuations is
seen and interpreted via ME method, perhaps be-

TABLE III. The critical exponent z as measured in different ferromagnets.

Material Method'/probe Range in t Range in q Reference

EuO

Ni

Fe

Co

Theory

ME/'"Eu
NS/bulk

ESR/bulk
NS/bulk
ME/57Fe

PAC/1 ORh

ME/57Fe

PAC/'OORh

NMR/6'Ni
NS/bulk

ME/57Fe

PAC/~OORh

NMR/57Fe
NS/bulk

NMR/59Co

2.8o(4s)
2.29(3)

2.O4(7)
2.46(2S)
2.so(is)

2.os(io)

2.06(30)

20—25c

2.O1(i2)
2,7(2)

1.93(18)

2.0—2,5'

1.9S(i8)
2.4(2)

2.44(11)
2.0
2.5

2x10 2—10 '

0

3 x10~—10 '

0
5 x 10~—5 x10 3

10~-10-'
10~—5 xio-'
10~-10-'

2x10 '-10 '

0

10~—5 x10
io-'-io-'

4x 10 3—10 2

0

7 x 10 3—6 x10

0.12—0.48

0
0.04—0.2

0.05—0.2

0.04—0.09

49
50

51
29
52

36

10,46
30

This work

36

10
31

10,53
5,35

5

' ME.=Mossbauer effect, NS =neutron scattering, ESR =electron spin resonance, PAC = perturbed
angular correlation, NMR =nuclear magnetic resonance.
b Methods measure an integral over all values of the wave vector q.' Crossover was observed.
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cause ' Fe has small nuclear g factors and in terms of
Eq. (18) is a relatively insensitive probe. For fluc-
tuation measurements we used a source experiment
with activity in Fe in the order of 1.5 mCi. The
source and the absorber arrangement for this experi-
ment are the same as described above.

The critical temperature was determined by a fit to
the hyperfine field in the ferromagnetic region and by
thermal scanning, both as discussed above. Results
for 8, T„and P,rr averaged over both halves of the
MCA were P,rr=0.376(5), 8 =1.65(4), and
T, = 1041.04 K, and T, =1041.0(l) K from the
thermal-scan method. As in our previous work" on
Ni' Fe, the phase transition was also signaled by the
non-Lorentzian character of the line as T passes
through T, from above as seen in Fig. 8. The agree-
ment between P,rr and 8 with the results of the
above section as well as the agreement between the
two determinations of T, gives confidence in our
temperature-control technique. The absolute differ-
ence in T, value is due to the use of different ther-
mocouples in the two cases.

Above T, we defined the line broadening by

(22)

where I'0 is the linewidth. measured 10 K or more
above T,. From the average of several observations
we obtained I'0=0.391(3) mm/sec; this compares

well with I'o =0.389(3) mm/sec calculated from
resonant thickness broadening theory. '

Results for hl vs t are plotted in Fig. 9. A least-
squares fit to

bF =Dt " (23)

with T, fixed at T, =1041.04 and where
r = ( T T,)/—T„and D is a constant, yields the
results shown in Table III. As a check we removed
points from both extremes of reduced temperature as
well as points with large scatter and observed no sig-
nificant change in e. Our final results are:
w =0.62+0.13, D =(7.8+8.8) &&10 ' mm/sec. For
three-dimensional Heisenberg ferromagnets, d =3,
v = —, , and q =0, and from Eq. (14), we arrive at
z =1.93(19) which is in good agreement with NMR
results in pure Fe and Ni by Shaham et al. ,

'0 and
the PAC measurements in Fe and Ni by Lee Chow,
Suter, and Hohenemser, 6 who used ' Rh as a probe.
z agrees well also with our previous ME work on Ni
using Fe probe. In Table III we list available
values of the critical exponent z as measured and
predicted in various cases, along with the correspond-
ing. temperature range of investigation. To obtain
quantitative conversion to correlation time we have
used the Brandford-Marshall theory, which in the
case of Fe"Fe, implies

v, =2.19 x10 '0~1 (24)

.i ~ .kJ
2 f tQyr y v+y g. wife%

with v, in units of sec and hl in mm/sec. Here we
used H(0) =340 kG for the Fe system. With this
the results for Fe may be compared to results for

2.T'-

B F4 tea ~ -ft A~a . . s sI.
~ ~ Q ~ 1 Oy % ~

lO I I I I I I I I' I I s ~ ~ ~ 4

O
I .7~

~t
c&~ oV~~to'+~~~1 g~F

36-

O

E
-2~lO

0

4
~l

0

52.6
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l03.2 I 53 B 204.4
C hannel s

tO

fO

~ I I l I I I

fO

(T-Tc)/ Tc

I I I I

fO

FIG. 8. Typical single-line spectra near T, in Fe Fe. All
three lines were fitted with Lorentzians. Top: T —T, =0.41
K. Middle: T —T, =0.06 K. Bottom: T —T, = —0.29 K.
Observe the failure of the Lorentzian fit below T, .

FIG. 9. (a) Line broadening in the Fe Fe system ob-
tained in this work and (b) line broadening measured in the
Ni Fe system by ME in our previous work (Ref. 27).
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+ Fe
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io'
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FIG. 10. Autocorrelation times calculated via the theory
of Bradford-Marshall. (a) Fe Fe data (cross points) as ob-
tained in this work; (b) Correlation times (circles) obtained
from {ME) in Ni 7Fe system (Ref. 27). (c) Dashed line

represents the data measured in the Ni' Rh system via
PAC (Ref. 26).

Ni' Rh and Ni 7Fe as shown in Fig. 10. We notice
that the correlation times obtained by ME for both
ferromagnets are in good agreement within the error
range. On physical grounds this is to be expected be-
cause the coupling constants for both systems are
very close.

From the above results we conclude that the criti-
cal exponent z obtained for Fe via ME is consistent
with previous hyperfine exponents measured in Ni
and Fe and that autocorrelation times at a given re-
duced temperature are remarkably close for these
cases. This means that deviation of experimental
values of z from the theoretically expected result
z =2.5 is unlikely to be caused by probe disturbance.
From Table III we see that only one of the experi-
mental results obtained by ME in Ni with close-in
measurements appear to agree with theory; this mea-
surement was seriously disturbed by temperature gra-
dient. The ME value in EuO was measured far
from T, and is strongly affected by inhomogeneous
broadening just below T,. Thus the hyperfine
results give z =2.0 which is in disagreement with

neutron results in Ni, Fe, and Co. From Table III
we notice that hyperfine results are sampled in the
region 10 ' « t «10 ', while neutron results are
sampled in the region 10 ' « t «10 '. The Co
results by NMR are also not sufficiently close to T, .

To remove the contradiction in the above values
for z, Suter and Hohenemser" suggested that the ob-
servation of z will depend on the size of the asymp-

totic region in q space as we have mentioned above.
Thus the hyperfine interaction sampled in the tem-
perature range 10~« t «10 ' is dominated by suffi-
ciently small q and yields asymptotic behavior in ac-
cordance with the modified theory on dynamics,
where non-spin-conserving forces are included, in ad-
dition to the isotropic Heisenberg coupling. Further-
more, neutron scattering experiments for the
wavelength range sampled (0.05 ~ q ~0.5 A ') are
dominated by nonasymptotic values of q and thus
give effective values of z that are an indication of
Heisenberg or crossover behavior. This hypothesis
was confirmed by a recent PAC experiment on Fc
and Ni at Clark University and, as in Shaham's
NMR measurement in Fe, a crossover was observed.

C. Energy shift in Fe

Prior to the present work, experimental informa-
tion on the energy shift in Fe has been obtained by
several authors. We have given a detailed report on
the shift in Fe in a previous publication. ' In the fol-
lowing we will give a brief account on our findings
with additional quantitative information on the data
obtained.

The first quantitative study was done by Pres-
ton' ' who measured the shift from zero tempera-
tute to the Fe y-phase structura1 transition. He ob-
served a 0.04-mm/sec step anomaly" at T, and a
0.03-mm/sec discontinuity at the y-phase transition,
The anomaly observed at T, suggests that the transi-
tion is of the first order, which would be at variance
with the usual characterization of the Curie point of
Fe. Kovats and Walker~4 repeated Preston's mea-
surements in a subsequent experiment and extended
the measurements to the 5-phase transition at
T =1673 K where a discontinuity of 0.07 mm/sec
was observed. Kovats and Walker's work was insuf-
ficiently detailed to determine whether a shift anoma-
ly exists at T,. To date, several qualitative efforts
have been made to explain the Preston shift anomaly
in terms of band changes which in turn affect the iso-
mer shift. 5 5. Prior to this work, attempts to observe
the effect of magnetic ordering in Fe on the isomer
shift were made by Housely and Hess" and subse-
quently by Nandwani and Puri. " The approach in
both cases was to calculate theoretically the second-
order Doppler shift, subtract it from the total mea-
sured shift, and obtain the temperature dependence
of the isomer shift. Both works relied on the experi-
mental data of Preston et al. ' In both cases the
results were inconclusive because of apparent small-
ness of the effect and the scatter of the data near T,.

To investigate the effect of the magnetization on
the isomer shift in a wide range of temperature,
separate values for the isomer-shift dependence on T
must be obtained. The energy shift consists of two
parts, ' the second-order Doppler shift (SOD) and
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Ag)(T) = 3ks T 1 (8')2
2m' 20 T2

(25)

where 8' is the effective Debye temperature given
by60

the isomer shift (IS). Purely on experimental
grounds it is impossible to deduce values for each
separately. One has to rely on theory to obtain either
part from experiment.

For high temperature, as in our measurements,
and in the Debye model, the theory gives an expres-
sion of SOD as'

with a Ni'7Fe source during the experiment. By this
method it was shown that the drive system was linear
to 0.5%. In Fig. 11 we show results for energy shift
as obtained by Preston in absorber experiments, and
by us in source and absorber experiments. The vari-
able plotted in this figure represents the shift with
respect to room temperature. It is obvious from Fig.
11 that the variation of 5( T) near T, can be ex-
plained by the slow variation of b ( T) over a wide
range above and below T,. %e conclude, therefore,
that the Preston anomaly cannot be reproduced in ei-
ther source or absorber experiments.

If the energy shift depends to any extent on the
8' = 80( I +Bo(r ) ' (26) magnetization, it is possible that this dependence is

observable over a wide range of temperature and not
and depends on the magnetization of the system. Bo
in the above equation is a constant, 0 & Bo ( 1, 80 is
the Debye temperature, and a- is the reduced mag-
netization. Thus the SOD should vary more rapidly
with magnetic ordering near T,. From Eti. (25) it can
be seen that for T & 8', a condition that is reasonable
in our case, the effect of the second-order term on
hD(T) is too small to detect We . conclude therefore
that any observable effect of the magnetization on
the energy shift must come from the isomer shift.

To check on the shift anomaly observed by Preston
in the vicinity of T„we carefully made measure-
ments with both source and absorber experiments.
T, was determined as in previous sections of this
work. %e analyzed our data in terms of line posi-
tions. The data of the source experiment included
two runs with the same foil. Both gave the same
results. Values of 5( T) near T, are listed in Table
IV. To check on instrumental drifts in the
Mossbauer spectrometer, we monitored the drive

4P'"( T) = (7.29 &&10~T —0.2135) (27)

with AD in units of (mm/sec) and Tin K, with
results shown in Fig. 12. To test whether the high-
temperature approximation is correct, we have made
least-squares fits to our data below and above T, us-

---- 0 Preston—-—~ This work
This work 0

0

just at T,. Although this possibility has been investi-
gated previously with negative results, ""our more
extensive (source) data, shown in Table V, permits a
new look at the problem.

At high temperature (T )8') the SOD is calcul-
able from the first term of Eq. 25. In this way we
deduce

TABLE IV. Energy shift 5( T) near T, =1042.9 K in

Fe Fe source experiment.

1040.15
1041.15
1041.65
1042.15
1042.27
1042.65
1042.77
1042.85
1042.90 Tc
1043.10
1043.40
1043.65
1045.15

Shift
(mm/sec)

0.524(»)
0.524(11)
0.522(11)
0.524(5)
0.525(5)
0.523 (5)
0.524(5)
0.527(S)
0.531(5)
0.528(5)
0.531(5)
0.522(5)
0.528 (5)

0.5 I—

0.50—

I I l I

Te 2 Tc l Tc Tc+I

TEMPERATURE ( K)

I

Tc+2

FIG. 11. ME energy-shift measurements near T, as ob-
served by Preston and in this work. Square points are
source experiment results using a K4 Fe (CN)6 3H20 ab-

sorber at 293 K. Circle points are the results of the ab-

sorber experiment using Co pd source at 293 K.. The sys-
tematic uncertainty in absolute shifts is around 0.015
mm/sec. Near-horizontal lines indicate shift variation over
100 K on either side of T,. The'dashed line through
Preston's data is for visual clarity.
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ing the form

S, =aT+b (2g)
0.55—

The results obtained for T ( T, and T & T, were
very close. Thus for 820 (T & 1096 K we obtain

5, = (7.06+0.18) x 10~T (0.2—1 +0.02), (29)

with 8& in units of mm/sec, which is very close to
Eq. (27). Our confidence in Eq. (27) allows point by
point subtraction of hP'"(T) from 5( T) to obtain
the value of the isomer shift shown in Fig. 13. %e

0.50
U
tD

E
E

0.45

This work Preston's work'

T(K) h(T) (mm/sec) T(K) A(T) (mm/sec)

TABLE V. Energy shift in Fe. The shift is given for
293 «T «1096 K. The results are compared with those ob-
tained in absorber experiments by Preston.

r
0 55 I I I I I i I I I I I I I I I I . I I I i I I I

800 850 900 950 I 000 I050

TFMPERATURE ( K )

FIG. 12. Energy shift in Fe Fe in the neighborhood of
T, . Curve (a) indicates the theoretical SOD calculated via

the first term of Eq. (27). Curve (b) illustrates a linear fit
to total shift. measured. The dashed lines show the sys-
tematic error.

I IOO

293.0
684.9

820.77
867.52

947.77
978.40
986.90
994.40

1000.15
1010.15
1016.73
1020.15
1031.15
1038.15
1038.55
1038.95
1041.15
1041.55
1042.15
1042.65
1043.10
1043.40
1043.65

1048.15
1053.00
1059.15
1060.27
1066.15
1073.15
1079.89

0
O.271(7)

O.367(7)
o,4ol(7)

0.455 (7)
0.475(7)
0.486(7)
0.489(7)
0.494(7)
o.soo(s)
0.496(5)
o.so9(s)
o.s16(s)
o,s16(s)
o.s22(7)
0.519(7)
0.524(5)
0.524(5)
0,522(5)
0.525(s)
0.528(5)
0.531(5)
0.522(5)

0.525 (3)
0.527(3)
o.s32(3)
o.s34(3)
0.536(3)
o.s4s(3)
o.ss2(3)

293.0

717.6
816.0

912.5

1019

1039.4

1042.1
1042.8
1042.4

1046.1

1054.6

0.285
0.363

0.429

0.511

0.523

0.524
0.531
0.520

0.535

conclude from this that the effect of magnetic order-
ing on the isomer shift is unobservable, and that it
must be smaller than deducible from similar previous
analyses. "' Also we notice from Fig. 12 that the
isomer shift is opposite in sign to the SOD. This in-
dicates an increase in charge density at the "Fe nu-
cleus as the temperature increases. This might result
from decreased screening of 4s electrons when 3d
electrons transfer to the 4s band via phonon excita-
tion.

Our conclusion is that:
(a) No Preston-like energy shift anomaly can be

observed within 2 K of T„either via source or ab-
sorber experiments.

(b) Using the high-temperature approximation for
the second-order Doppler shift we obtain a predicted
temperature dependence that is independent of mag-
netization to within better than 10~ near T,.

25Or

E
~0

g
l5

I-
IO

O, S63(3)
1084.6

1104.7

0.566

0.580

' Average error in Preston's work is given as 0.003 mm/sec.

800 850 900 950 l000 I 050 I IOO

TEMPERATURE ( K )

FIG. 13. Isomer shift variation with temperature as ob-
tained by subtraction of the second-order Doppler shift
(SOD) from the total shift measured.
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TABLE VI. Line intensity ratios It/I2 and average

domain orientations 8 for an Fe source as a function of tem-
perature.

684.90
820.77
867.52
947.77
986.90
994.40

1000.02
1010.15
1016.73
1020.27
1024.15
1026.15
1029,15
1030.15
1031.15
1032.15
1033.15
1034.15
1035.15
1036.15
1037.15
1038.15
1039.15
1040.15
1041.65

0.94(4)
2.42(4)
2.54(4)
2.43(4)
2.62(4)
0.95(5)
0.93(5)
0.98(5)
1.»(5)
1.14(7)
1.42(7)
1.57(7)
1.36(7)
1.47(7)
1.50(7)
1.44(7)
1.53(7)
1.58(7)
1.62(7)
1.57(7)
1.66(7)
1.61(10)
1.62(14)
1.40(23)
0.83(50)

72
43
42
43
41
72
72
70
66
65
56
53
57
56
55
56
54
53
53
53
52
52
52
57

section of this work. Clearly an observed value of
I~/I2 does not uniquely specify the domain configura-
tion. On the other hand changes in domain config-
uration are observable as changes in 8 or It/I2.

In this work we have observed variation of I~/I2
with temperature as indicated in Figs. 14 and 15.
Numerical results for It/I2 and t) are given in Table
VI. The remarkable thing is not that I~/I2 varies, but
that it appears to change abruptly at about 984 K
although the foil was annealed before starting the ex-
periment.

This phenomenon is similar to the one observed by
Chien in Fe8p820 alloy. In our work we did not apply
stress on the sample as was done by Dwynn Lafleur
in Fe80B20. The domain orientation change at
T & 820 and T & 994 K is still puzzling. One plausi-
ble explanation of the effect is that the entire source
is spanned by one or a very small number of
domains, or it may have been subject to an internal
stress and that effect involves a sudden reorientation
of a single domain or sudden change in the internal
stress involving magnetization in the sample. Why
internal stress or domain orientation should behave
in the manner shown in Fig. 15 remains unexplained.

V. CONCLUSION

%e have studied the static and dynamic critical
behavior of iron near its Curie temperature and have
measured the energy shift over a wide range of tem-
perature. In addition we have observed magnetic-
domain reorientation with temperature. Our con-
clusions are as follows:

(i) The effective critical exponent P,rr in the source
experiment was found from a single power law to be

p ff 0.379(4) for 10 ' ~ I ~ 2 && 10, which agrees
very well with the value obtained in the absorber ex-
periment as P,ff 0.371(8) for 10 ~ t ~2 x 10 2, in
a wider range of reduced temperature. The ampli-
tude B in both cases was also extracted and found to
have the same value 8=1.66(3). The above results
show that the small "Co impurity introduced in the
source experiment has no effect on our measure-
ments. The difference between our value for P,rr and
Preston's results and those of Shaham eI: al. is due to
our careful determination of the asymptotic critical
region near T,.

%e have used in addition the correction-to-scaling
form for the reduced magnetization near T, and ob-
tained the universal exponent P, the leading ampli-
tude B, and the correction amplitude A as
P =0.367(5), 8 = 1.67(2), A = -0.458(22) for
10 ' ~ t ~3.4 & 10 '. The fact that B is the same in
both cases provides high confidence in the correct-
ness of our results. The values of P,rr and P are in
excellent agreement with the renormalization-group
predictions for (n, d) = (3,3) as well as high-quality
experiments on other materials in this class.

(ii) tVe observed critical fluctuations above T, and
measured the dynamic critical exponent z as
z =1.93(19),which agrees very well with Shaham's
NMR results in Fe and Ni and the PAC results of
Chow, Suter, and Hohenemser in Fe and Ni and our
work on Ni using ME and '7Fe. The agreement in
the latter case extends beyond the value of z to nu-
merical values of correlation times as a function of
temperature. Our results do not agree with neutron
data nor with the theory on dynamics with conserved
order parameters, but agree with the modified theory
where nonconserving forces are included in the spin
interactions, and with recent hypothesis by Suter
and Hohenemser. "

(iii) No energy shift discontinuity can be observed
within 2 K of T, either via source or absorber experi-
ments.

Explicit values of the isomer shift were obtained
and for a broad region around T, show no effect of
the magnetization to within 0.005 mm/sec. The
search for a magnetization dependence of the
Mossbauer energy shift in Fe therefore yields nega-
tive results in all respects.

(iv) The domain-reorientation dependence on the
temperature showed a jump behavior at T =684 K
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and at around T =994 K. This jump behavior may
be attributed to an internal strain in the sample
(magnetostrictive behavior). Just below T, the
domains remained randomly distributed.
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