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Anomalous critical slowing down of spin fluctuations in Gd observed
with '6'Dy Mossbauer effect
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Using sources of ' 'Dyod produced directly by thermal neutron irradiation of ' Gd-enriched Gd
metal, we have observed Mossbauer line broadening in the reduced temperature range
3&10»t »3&(10 above T, . The excess linewidth diverges according to the power law

AI, =at, with u in the range 0.21» lL)»0.28 depending on fitting procedure. On the assump-
tion that the spin Auctuations are isotropic and describable by dynamical scaling theory, we con-
clude that the dynamical exponent z lies in the range 1.3» z» 1.52. This range is anomalously low,
since even with dipolar or pseudodipolar perturbations of isotropic short-range exchange interac-
tions one expects z=2.0.

I. INTRODUCTION

According to general scaling theory, ' critical dynamics
for spins with short-range interactions depends on the
static universality class defined by the lattice dimensional-
ity d and order-parameter dimensionality n. Each static
universality class, however, breaks up into separate
dynamic subclasses, depending on what additional pertur-
bations are present. Different dynamics are expected de-
pending on whether perturbations are long or short range,
whether they conserve order parameter or not. , and wheth-
er they involve anisotropy.

Scaling theory treats the correlation length g=l/tc as
the only relevant length in the proMem, and defines the
dynamical correlation function as

co, (q, tt)

Here, S ( q, tc) is the static correlation function and
co, (q, tc) is the energy linewidth of the critical mode,
given, -respectively, by

S( q, tc) =q +"g( q/a. ),
co, (q,n) =q'Q(q/tc) .

The inverse correlation length w carries the reduced tem-
perature dependence, v-t". The static exponents v an(1 q
dcscrlbc spatial correlations, Rnd RI'c 11nkcd to thc suscep-
tibility exponent y via the static scaling relation (2 —g)v
=y. The dynamical exponent z describes the time corre-
lations. An abbreviated summary of predicted z values
for several model spin systems appears in Table I. One
question thRt can bc asked about dynamics ls what 1s thc
effective value of z'? Another, more detailed question is
what is the form of the dynamic scaling function 0( q/tc)?

TABLE I. Predictions for z. Adapted from P. C. Hohenherg and B. I. Halperin [Rev. Mod. Phys,
49, 435 (I977)]. See also C. Hohenemser, L. Chow, and R. M. Suter [Phys. Rev. 8 $6 5056 (I9S2)].

Model spin
system

Heisenberg
ferromagnet
Heisenberg
antiferromagnet
Anlsotl op1c
ferromagnet
Anisotropic
antiferromagnet
Ferromagnet with
dip olal"

interactions

Static
universal1ty

class

(3, d)

Scaling
law

fof z

2 —a/v

2+ c'g
c = —0.50

Approximate
value for z
fol d =3

30 6277



CHO%DHURY, COLLINS, AND HOHENEMSER 30

As shown in a recent review of spin dynamics in isotro-
pic systems, the first question may be answered by
electron-spin resonance (ESR) which measures the relaxa-
tion rate for the uniform (q =0) mode, and hyperfine-
interaction techniques such as Mossbauer spectroscopy,
perturbed angular correlations, and nuclear magnetic reso-
nance, which measure the spin correlation time averaged
over all q. Both questions may be approached by neutron
scattering —the only method which, in pri. nciple, probes
spin dynamics in a differential manner.

In isotropic ferromagnets (EuS, EuO, Fe, Ni, and Co),
ESR and hyperfine experiments, with the possible excep-
tion of Co, indicate that Heisenberg dynamics fai7s in the
hydrodynamic limit (qg&& 1) near T, . ' This is demon-
strated by crossover from z=2. 5 (Heisenberg value) to
z =2.0 (spin-nonconserved dynamics) in hyperfine experi-
ments, and pure z=2.0 behavior in ESR experiments.
Recent;ly, with new high-resolution neutron experiments
on Fe, it has been shown by Mezei for the first time that
neutron scattering also supports the existence of non-

Heisenberg spin dynamics in the hydrodynamic region,
and that this is consistent with the hyperfine results. '

The question remains as to what causes the observed
crossover and the failure of Heisenberg spin dynamics in

isotropic ferromagnets. Although two recent theoretical
papers address the problem, ' these give only the broadest
guidance on applicability to specific magnetic systems. It
is therefore of interest to extend experimental work
beyond the few systems that have been studied in detail to
date. To this end here we report work on Gd studied via
' 'Dy Mossbauer spectroscopy. In brief, we measure the
excess linewidths just above T„ transform them via

dynamic linewidth theory to spin autocorrelation times,
and fit these times with a critical exponent that is directly
related to the exponent z via a scaling law. Details of our
analysis appear in Sec. IV. A preliminary account of the
work has appeared earlier.

II. THE CASE OF GADOLINIUM

Gd metal has a Curie temperature of T, -292 K and

should exhibit little single-ion anisotropy since its magne-
tism is produced almost wholly by spherically symmetric

57&2 Gd + ions. Because its large Inagnetic moment is
localized in the small 4f shell, Gd should, in principle, be

better approximated by the Heisenberg model than the
partially itinerant magnets Fe and Ni. A review of the
literature suggests, however, that this view, may be too
simple.

A. Magnetic structure

The crystalline structure of Gd is hexagonal close
packed with a nearly ideal c/a ratio of 1.59. This sug-
gests that Gd will have little magnetocrystalline anisotro-

py. Well above T„ isotropic spin interactions are sup-
ported by the equality of paramagnetic Curie tempera-
tures measured parallel and perpendicular to the c axis. '

Below T, the easy direction of magnetization is strongly
temperature dependent. Up to To-230 K, neutron dif-
fraction" and crystalline anisotropy' ' shows that the
angle between the c axis and the easy axis is about

30 —60'. For To ~ T ~ T, the average spin alignment is
along the c axis. Single-crystal ' Gd Mossbauer studies'
indicate that the anisotropy at 4.2 K depends on the crys-
talline form and impurity content„which leads the au-
thors to speculate that Gd + may not be a pure S7&z ion.

B. Static critical exponents

Many "isotropic" magnetic systems are anisotropic
below T, . Fe and Ni have well-defined easy-mag-
netization directions along (100) and (111),respectively,
and in MnF2 the average spin alignment is along the c
axis. If anisotropy persists near T„as in the case of
MnFz, the magnetic system exhibits static critical
behavior characteristic of the (d, n) =(3,1) Ising model; if,
on the other hand, the anisotropy vanishes near T„as in
the case of Fe and Ni, the magnetic system shows static
critical behavior characteristic of the (d, n) =(3,3) Heisen-

berg model. '

To determine what happens in Gd in the critical region,
we have reviewed available measurements of static critica1
exponents. In compiling the results we were guided by the
empirical finding' that valid asymptotic behavior in
d =3 systems is assured only if the range of reduced tem-
perature is restricted to t ~10 . By this criterion, some
published results are almost certainly nonasymptotic, and
hence uninteresting. The remainder of the measure-
ments' are su.rnmarized in Table II and should be
compared to the best theoretical predictions, given in
Table III. As can be seen from the temperature ranges
quoted in Table II, even these selected measurements con-
tain some data from the nonasymptotic region, and one
should therefore not expect close agreement with the

- theory.
Arguing for 1sotroplc (Heisenberg) behavior ale nega-

tive values of a and values of p that are, with one excep-
tion, near the Heisenberg-model prediction. Arguing for
anisotropic (Ising) behavior are low values of y that lie
close to predictions for.the Ising model. Also indicative
of possible Ising behavior is the observation that the
domain walls appear to transform from Bloch (Heisen-

berg) character far from T, to Ising character close to T, .
When the results of different experiments are com-

bined, the static scaling law a+2p+y=2 is rather badly
violated. This suggests that one or more of the quoted ex-

ponents is a nonasymptotic "effective" value that is sub-

Ject to corrections-to-scaling modlf1catlon. Such. erI or s

are particularly important for y, where a 5—10% scaling
correction can have a major effect. In the case of the two
experiments fitted with scaling equations of state, the de-

duced values of 6 are far different than either the Ising- or
Heisenberg-model predictions. This suggests thai the data
are systematically affected either by an insufficiently close
approach to T„or applied fields that are too large for the
observation of asymptotic critical behavior.

We conclude from our review of static critical behavior
that Gd is probably isotropic. Perhaps the strongest argu-
ment against Ising character is the negative sign of o', ,
which would have to change to support Ising critical
behavior. However, our conclusion is not unqualified, be-

cause large ( —10%) scaling corrections disturb the quoted
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TABLE II. Selected static critical exponent measurements for Gd.

Exponent Range of t

10-'—10-'
10-'—10-'

Value

—0.09(5)
—0.32(5)

Reference Comment

Significant rounding may
account for o,'+o,'.

—0.20(2)
—0.20(2)

Fitted with scaling equa-
tion whi'ch assumes o:=o,'.

1.7 & 10 —6 g 10 Derived from Barkhausen
noise power. Experiment
shows crossover to Ising
like domain walls near T, .

3 ~ 10-'—5 ~ 10-' 0.31(5) 20 Derived from ferromagnetic
transmission resonance in
zero field.

2.7 ~ 10-'—0. 19
~2.7~10-'

0.39
& 0.39

Rounding may account for
increase in g for small t

2 &&
10-'—2 ~ 10-' 1.3(l) 22 Reanalysis of Graham's

data (Ref. 23)

1.24(3)

~t~»X10 ' 0.37(1)
1.25
4.39(10)

Scaling-equation analysis
of Graham's data, which
assumes y =P(6—1).

i
t

i
&4&&10 ' 0.381(15)

1.196
3.615(15)

Scaling-equation analysis
which assumes y =P(5—1).

experimental results and prevent quantitative agreement
with sealing laws.

TABLE III. Theoretical static critical exponents for d =3
magnetic systems. Values of )33 and y are from J. C. Le Guillou
and J. Zinn-Justin [Phys. Rev. Lett. 39, 95 (1977)]. Values of ct

and 5 are calculated from P and y via the scaling relations
a+2P+y =2 and y=g(6 —1).

Exponent Ising model

0.110(2)
0.325(1)
1.240(1)
4.816(3)

Heisenberg model

—0.116(2)
0.365(1)
1.387(1)
4.797(3)

C. Dynamic behavior near T,

Quasielastic neutron scattering on a ' Gd-enriched sin-
gle crystal indicates the presence of anisotropic short-
range order above and belo~ T„but does not probe in-
elastic, small-q diffusive scattering in the critical region.
To date, only the ESR work of Burgardt and Seehra
probes the spin dynamics of Qd near T, . Working at 9
GHz, with applied fields of 0.1—0.3 T, these workers ob-
served broadening of the ESR line as T—+T,+. This may
be interpreted as "critical speeding up" predicted for the

exchange-dominated critical region 4~7 & 1. In con-
trast to experimental work by Kotzler and von
Philipsborn on CdCr2Se4, the power law for the q =0
Onsager coefficient in Gd is much weaker than predicted,
i.e., I -7 compared to I -g . This probably results
from the large applied fields used. Kotzler and Phi-
lipsborn found, for CdCrqSe4, that the predicted 4 power
law occurs only for small fields (low frequency), and that
high fields suppress the divergence of I .

In whatever way the ESR data on Gd is construed, they
cannot be interpreted as asymptotic behavior involving
critical slowing down and a narrow ng of the ESR
linewidth as T~T,+. In this sense the existing data are
irrelevant to the asymptotic critical region. Other work
on the ESR linewidth, for example, on EuO, ' makes
clear that to observe critical slowing down it is necessary
to use zero or small applied fields.

III. EXPERIMENT

The choice of the ' 'Dy Mossbauer probe is based pri-
marily on the very large hyperfine coupling
[2,=y,Hht(0)/5 =1.925)&10 s '; As ygHht(0)/S- —
= —1.540 X 10 s '], which is comparable to the sensitive

Rh perturbed-angular-correlation probe. The large hy-
perfine coupling, in turn, enables Mossbauer measure-
ments over a wide range of reduced temperature, in con-
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trast to studies using the insensitive Fe probe. Previ-
ous work on Gd' '13y shows that the favorable features of
the probe can, in fact, be realized, although there is no
clear-cut evidence in the literature on critical line
broadening near T, .

Sources of ' 'Tb in Gd were made by thermal neutron
irradiation of a 98.7 at. % ' Gd-enriched, 99.99%-pure
Gd-metal fo11s obtained from Oak Ridge National Labo-
ratory. The total neutron dose, provided by the Mas-
sachusetts Institute of Technology Research Reactor, was
approximately 10' n/cm, and produced a source activi-
ty of about 5 mCi. The absorber consisted of 91 at. % en-
riched ' 'Dy in the form of DyP3, prepared as described
by %At.

Because the ' 'Dy Mossbauer hne is relatively insensi-
tive to radiation-damage effects, we studied the problem
with '"Cd perturbed y-y angular correlation (PAC).
For this purpose, we diffused 2.7-d "'In into a small piece
of the enriched Gd foil by depositing the activity on the
surface and heating in Uacuo for 4S min at 8SO'C. The
PAC signal consisted of a single, undamped quadrupole
precession, with coupling frequency

coo=(3~/10)e Qq„=23.4(7) Mrad/s

(Fig. 1, top), which we interpreted as substitutional "'In,
previously seen by Bostrom et a/. ' Next, we subjected
the samp1e to the same neutron dose as the enriched
Mossbauer source, with the result that the PAC spectrum
became strongly damped (Fig. 1, bottom). Upon anneal-
ing at 8SO'C for 12 h, the damping disappeared and the

signal returned to the form seen prior to irradiation.
Guided by the extensive literature on lattice defects ob-
served via In PAC, wc conclude that the neutron irra-
diation produces frozen-in lattice defects in the neighbor-
hood of the In. These migrate to sinks when the sam-
ple is heated, leaving the sample essentially free of radia-
tion damage.

In earlier work we used the source foil as it came out
of the reactor. In contrast, all data reported here were ob-
tained with Mossbauer sources that had bccn RIlncRlcd 1n
the same way as the "'In-doped samples. This annealing
produced a small reduction in the linewidth far above T„
from 8.1(1) to 7.2(1) mm js, and a significant reduction in
the linewidth close to T, .

FOI' cr1tlcal-phenomena cxpcr1ITlcnts, thc souI cc tcm-
peratuI e was varied using a two-stage thermoelectric
module mounted in a vacuum can. The temperature was
regulated via a feedback system employing a differential
voltmeter, as in. previous work. Temperature stability
over the experimental range of 273—423 K was better
than O.OS K.

Mossbauer spectra were obtained with a high-speed
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FIG. 1. Perturbed-angular-correlation spectra of a ' Gd
sample measured above T,. Immediately after diffusion of
'"In, the observed quadrupole precessional signal (top) exhibits

nearly full anisotropy, indicating that most In atoms are on
defect-free, substitutional sites. After subsequent neutron irra-
diation, the PAC signal (bottom) is strongly damped, indicating
lattice damage near the In probes. After an additional anneal-

ing treatment, the spectrum (not shown) recovered to a large,
undamped anisotropy, as in the top figure.

FIG. 2. Mossbauer spectra of ' 'Dy in Gd. Far above

T, =292.60 K, the spectra consist of a single temperature-
independent Lorentzian line (423 and 345 K). As T~T,+, the
spectra remain Lorentzian in shape but broaden due to critical
slowing down of the electronic spins (301 and 292.7 K). Below

T, the spectra are non-Lorentzian due to magnetic hyperfine
splitting which is unresolved close to T„at 290.55 K, and partly
resolved at 280 K.
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(+60 cm/s) drive (Elscint model MDF-N-5) used in the
constant-acceleration mode and calibrated via laser inter-
ferometry.

VA'th the source clamped into the oven and the absorber
mounted externally on a vertically driven rod, Mossbauer
spectra were obtained in a temperature range 273
~ T ~ 423 K. Well below T„ in a region 273 ~ T
~290 K, resolved hyperfine structure was observed as
previously reported by Lukashevich et a1. %'ell above

T~~ ln a region 345 (T Q 423 K, a slnglc Lorcntzlan hav-

ing a constant width of 7.2 mm/s was seen. Although
this is 22 times the natural linewidth for Dy, it is nar-
rower than the value —10 mm/s observed in the earlier
woI k.

In the range T T, & —10 K (see Fig. 2), the linewidth
diverges with decreasing temperature, as expected for the
critical slowing of spin Auctuations. As in previous stud-
ies on Ni and Fe employing the Fe Mossbauer effect,
thc llncwldth continues to incI'case as thc sample cntcIs
the region of ferromagnetic ordering because initially the
magnetic hyperfine structure is unresolved. This makes
direct dctcrmlnatlon of T from thc llncwldth data dlffl-
cult. An estimate of T, is possible, however, by noting
the region in which the line shape becomes distinctly
non-Lorentzian, which occurs at the onset of static mag-
netic splitting. For the data reported here, a transition to
non-I. orentzian line shape occurred in the range
290.5 ~ T &292.5 K, in good agreement with published
estimates of T, for Gd.

To determine T, more precisely we again resorted to an

0.5

"'In PAC experiment. We took a small piece of the en-
riched sample, doped it with In as described earlier, and
irradiated and annealed it in a Inanner identical to the
treatment of the Mossbauer source. The resulting PAC
source shows a well-defined quadrupole precession above
T, as before, and exhibits a combined magnetic-
quadrupolc slgIlal below T~ (scc Flg. 3). To dc'tclllllllc Tq

we force-fit all the spectra with the pure quadrupole sig-
nal. As a result, the effective site fraction plotted against
T develops a sharp break, due to misfitting, which we in-
terpret as the onset of ferromagnetism (see Fig. 4). By
performing measurements using the same thermoelectric
heater and thermocouples as in the Mossbauer spectros-
copy, we obtain T, =292.60(5) K. As in most other criti-
cal phenomena studies, the quoted accuracy of this result
is relative to other temperatures measured in our experi-
ment, and should not be construed as accuracy on the ab-
solute Kelvin scale.

IV. RESULTS AND INTERPRETATION

Measured linewidths and reduced temperatures are
given in Table IV. All line shapes above T, could be well
fitted with a single Lorcntzlan. To lIltcI'pI'ct tl1c I'csUlts
wc scparatc noncritical from critical linc broadening and
calculate spin autocorrelation times from the latter, ac-
cording to the following four-step argument.

(1) The experimental linewidth far above T, is written

I"-,t = I"o+~I"

~here I o is the natural linewidth and AI"„,describes non-
critical broadening iq. both source and absorber, believed
to be predominantly due to paramagnetic spin Auctua-
tions. I o+hl „, is found from the average values of I,„~,
far above T, and appears to have no discernible tempera-
tUI c dependence.

(2) As T +T,+ we write th—e experimental linewidth as

I „p,——I o+AI „,+AI, ,

where b I, is produced by critical spin fluctuations. Thus
we assume that noncritical and critical spin fluctuations
produce additive terms ln thc experimental lincwidth.

I

200
t(ns)

O

Il OA

I

/

/
)I

T,=292.6O(5) K.

FIG. 3. Perturbed-angular-correlation spectra of an '"In-
doped Gd foil. Comparison of the spectra illustrates the
dramatic difference between perturbation functions of spectra
measured above and below T, . For T ~ T, (top), spectra exhibit
complex and small root-mean-square amplitude signals caused
by combined magnetic and quadrupole hyperfine interactions;
for T ~ T, (bottom)„spectra involve large rms signals due solely
to quadrupole interaction.

02
29I

I

293
T(K)

FIG. 4. Root-mean-square signal amplitudes of PAC spectra
of the "'In-doped, neutron-irradiated, and annealed Gd foil.
The sharp break in the amplitudes was used to provide the esti-
mate T, =292.60(5) K, independent of the ' 'Dy Mossbauer
measurements.
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TABLE IV. I „p„hI „and ~, values for ' 'DyGd.

292.70
292.80
292.93
293.03
293.13
293.28
293.48
293.75
294.25
294.65
295.15
295.65
296.50
297.65
299.15
301.25
305.20
307.20
310.08
315.10
325.15
345.0
373.0
423.0

t =(T—T, )/T, '
(10 )

3.4
6.8

11.1
14.5
17..9
23.1

29.9
39.3
56.4
70.0
87.1

104
133
'173
224
294
431
499
597
769

1110
1790
2750
4460

I expt

(mm/s)

10.41(14)
9.84(13)
9.90(16)
9.54(13)
9.34(14)
9.35{11)
9.25(13)
9.03(13)
8.96(13)
8.67(11)
8.52(11)
8.39(11)
8.33(11)
8.40(11)
8. 1.3(10)
8.09(9)
7,81(11)
7.65(12}
7.45(9)
7.40(9)
7.54(13)
7.22(11)
7.22(15)
7.20(19)

ar, =r„„,—sr„,—r,
(mm js)

3.20(16)
2.63(16)
2.69(18)
2.33(16)
2.13{14)
2.14(14)
2.04(16}
1.82(16)
1.75(16)
1.46(14)
1.31(14)
1.18(14)
1.12(14)
1.19(14)
0.92(13)
0.88(13}
0.60(14)
0.44(15)
0.24(13)
0.19(13)
0.33(16)

(0)
(0)
(0)

3.99(21)
3.28(20)
3.35(23)
2.90(20)
2.65(18)
2.67(18)
2.54(20)
2.27(20)
2.18(20)
1.82(18)
1.63(18)
1.47(18)
1.39(18)
1.48(18)
1.14(17)
1.09(16)
0.75(18)
0.55(18)
0.30(16)
0.23(16)
0.41(20)

(0)
(0)
(0)

'Obtained using T, =292.60(5) K. All data have a uniform error of 1.7& 10 due to the uncertainty
ln T~.

(3) Under the assumption that the spin fluctuations are
isotropic, we interpret AI, in terms of the linewidth
theory of Bradford and Marshall,

'

as extended by.
Hartmann-Boutron, according to which the nuclear re-
laxation rate is

rg ——Chr r, =(1.04X 10 ' s )r, ,

where ~, is the spin autocorrelation time and Cz~ is the
dynamic' coupling parameter appropriate for the
Mossbauer effect transition. " In terms of rz ', the
Mossbauer line broadening is b,I,= (Pic /Er )rz
=(8.01X10' mm/s )r, . The results of this analysis
lead to the values of AI, and ~, tabulated in Table IV.

(4) By definition, the spin autocorrelation time is

If the maximum included value of t is successively re-
duced, the fitted exponent and amplitude approach the

asymptotic values

w =0.21(3), D =0.57(6) mm/s=7. 0(7) &&10
' s .

With the theoretical Heisenberg values of v=0. 705(1)
and r)=0.034, this leads to z=1.33(3) and 143(3), de-
pending on whether the "asymptotic" or full range of t is
used, respectively. If the measured susceptibility exponent
for Gd is used to estimate v=y/2=0. 62(2), the corre-
sponding results for z are 1.37(4) and 1.48(4). Taking into

5.0

S, q, 0 dq, (6)
W=O. ZB(Z(

r, =Dt ", w =v(z+2 —d —g) (7)

which, for the dynamic scaling form of S,"(q,co), leads to
a reduced temperature dependence,

0,5'
lO-' &o-'

t ( ( ( ((((I ( t ( ((c&

lo

where d is lattice dimensionality„z and q are defined by
Eqs. (2a) and (2b), and v describes the divergence of the
correlation length.

For the reduced temperature range 3 &(10 "~t
~3&&10, a least-squares fit to Eq. (7) with T, fixed at
292.60 K leads to (see Fig. 5)

w=0. 28(2), D=0.36(3) mm/s=4. 5&10 ' s .

FIG. 5. Critical line broadening EI, above T, =292.60 K as
a function of reduced temperature t. The dashed curve indi-
cates the best fit of AI, to a power-law dependence t over
the range 3 & 10 ~ t g 3 & 10 . The solid curve indicates the
fitted result over a more asymptotic range, 3 g 10 ~ t ~ 5
& 10 . Neither value of m can be explained by theoretical pre-
dictions. Owing to uncertainty in background line broadening,
data points for t ~ 3 & 10 are not plotted here.



account all assumptions and approaches to fitting our es-

timate of z falls into the range 1.30~z & 1.52. This is far
below any of the predictions for ferromagnets summa-
rized in Table I.

V. DISCUSSION

Each of the four steps leading to our interpretation of
the data requires some explanation and qualification, as
follows.

A. Noncritical line broadening

We attribute b, I „,to paramagnetic spin fluctuations for
three reasons. (1) The static electric field gradient arising
floIIl thc noncublc Gd 1Rttlcc leads to Rn estlHlatcd quad-
rupole splitting of +1 mm/s, which is too small to ex-
plain the linewidth. (2) The electric field gradient of the
4f ion leads to estimated splittings of +20 mm/s at low
temperature, but decreases more r'apidly than the hyper-
fine field as T~T, , and should therefore be negligible
above T, . (3) Because we know of no other sources of
broadening, this leaves only noncritical spin fluctuations
as the source of AI „,. Because the contributions from
source and absorber are not separable, an upper limit on
thc spin cor1clatlon t1IBc ln thc source 1s dc11vcd by Rttr'1"

buting all of AI „,to the ' 'Dyod source. This leads to a
sp1n coII'clatloIl time 7~~ (9 Q 10 s.

B. Additivlty of 11Ile b1oademng

The additivity of line broadening expressed in Eq. (4) is
equivalent to assuming the additivity of the corresponding
nuclear relaxation rates rII ", this follows. from the as-
sumption that the total correlation function is additively
separable into terms describing cri.tical and noncritical
fluctuations:

(10) is certainly satisfied: For the longest value of
r„r,coL(0) -6X 10

For an anisotropic hyperfine interaction,

A =BI,S,+8(I„S„+ITS@),
thc RIIRlog of Eq. (5) IIlvolvcs longltudlnal. Rnd t1'RIlsvcl"sc

correlation times, r,' and r, . If these have different tem-
perature dependences (e.g. , only I," becomes singular near
T, ), the resulting Mossbauer spectrum consists of a sum
of Lorentzians with different temperature dependences for
the line b'roadening. Such a spectrum would develop a

1stlnctly non Lol cntz1an linc shape Rbovc Tc with RIl
"effective" broadening that may not accurately follow the
temperature dependence of the critical correlation time.
The fact that we do not detect non-Lorentzian broadening
suggests that the spin fluctuations are isotropic; but this
conclusion is valid only within the limits of the statistical
quality of our spectra, illustrated in Fig. 2.

D. Dynamic scaling tlleory

By definition, the experimentally measured correlation
time is an integral property of the correlation function, as
IIIdlcatcd III Eq. (6). Tllc pa1'tlculRr scallllg law (7) Is,
however, the specific consequence of the assumed form of
the correlation function in the critical region, given by
Eqs. (1) and (2). The deduced value of z therefore de-
pends on this assumption. Should the correlation func-
tion deviate from the assumed scaling form, any con-
clUslons about z bccoITlc 1Tlcan1nglcss. VAth the coI'I'cia"
tion function as stated in Eqs. (1) and (2), the integral of
Eq. (6) is weighted toward a/q —1. This is a constraint
on the Mossbauer results that must be remembered if they
are compared in the future to other measurements of criti-
cal Auctuations, such as ESR or neutron scattering.

S (q,co)=S, (q,co)+S„,(q, co) .

This assumption seems reasonable because the q depen-
dence of each term is quite different. S, ( q, co) is dominat-
ed by long-range (small- q) fluctuations, ' whereas
S„,(q, Io) is weighted strongly by short-range (large-q)
fluctuations.

C. I.ine-broademng theory

The use of the Bradford-Marshall and/or Hartmann-
Boutron expressions for the line broadening assumes an
isotropic hyperfine interactior of the form

between the nuclear and electronic spin I and S. It also
assumes that thc 1IlcqUR11ty

r, oIL, (0) &(1

is satisfied, where the nuclear Larmor frequency,

col (0)=pIHhr(0)/ITS,

pl is the nuclear moment, and Hhr(0) is the zero-
temperature hyperfine field. Given Eq. (9), the inequality

We have observed critical slowing of spin fluctuations
in Gd via line broadening of ' 'DyGd Mossbauer spectra
above T, . Our interpretation of the observed line
broadening indicates that the divergence of the q-averaged
spin correlation time is weaker than expected for several
dynamic universality classes (summarized in Table III).
On the assumption that the dynamical scaling form of the
correlation function is correct, our estimate for the value
of thc dynamical cxponcnt z 11cs 1n thc I'RIlgc 1.30
&Z &1.52.

Although we do riot believe it to be the case, it is possi-
ble that thc anomalous value of z OI'1glnatcs 1I1 incorrect
assumptions made in interpreting the Mossbauer line
broadening. The most serious potential source of concern
1s thRt sp1I1 Auctuations may become Rn1sotI'oplc Rs
T—+T, , with different temperature dependences for the
longitudinal and transverse correlation times. ERR
and/or neutron-scattering measurements on single crystals
can, ln pl lnc1plc» rcsolvc this 1ssUc, RIld Rl c stI'ongly
Iccommcndcd.
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