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Critical fluctuations in Ni observed with the Mossbauer effects
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Spin correlation times for "Fe atoms in a Ni host are derived from Mossbauer-effect line broadening.
The results agree with those derived from perturbed angular correlations in ¹i' Rh to vnthin a factor
of 2, and suggest that hyperfine correlation times in the critical region are not strongly probe
dependent.

The effect of critical fluctuations in magnetic
systems has been observed above the ordering
temperature by hyperfine techniques and neutron
scattering in both ferro- and antiferromagnetic
materials. For insulating antiferromagnets such
as HbMnF„MnF„and FeF„neutron-scattering
results' ' can be understood in terms of dynami-
cal scaling. By suitable integration over q
space, the neutron results can also be shown to be
equivalent to the observed nuclear-resonance line
broadening. '6 Agreement between theory, neutron
scattering, and hyperfine measurements is par-
ticularly good for the case of FeF,.6

In contrast, for metallic ferromagnets this sat-
isfying state of affairs does not obtain. Neutron
data are of lower quality and farther from T~ for
fundamental reasons; hyperfine data are at this
stage inconsistent with both theory and the neutron
data.

Speciflcallp„ for NI the neutron-scattering data
lie in the range 2x10 '& T/Tc —1 &2x10 ', have
15-30%%uo errors in deduced critical exponents, and
if taken at face value are inconsistent with the pre-
dictions of dynamical scaling. In addition, spin-
correlation times deduced from the neutron data
are inconsistent with hyperfine measurements on¹iiooah made by perturbed angular correlations
(PAC)' in the range 10 '& T/Tc -1 & 10 '. The
disagreement between PAC and neutron data is
in both absolute magnitude and power-law be-
havior. Finally, correlati. on times deduced from
Mossbauer measurements made prior to the
present paper on ¹i"Fe agree in magnitude with
neither the neutron data nor the PAC data,
though they show a power-law behavior that is
consistent with theory. '

(For Fe the situation is somewhat simpler.
Though neutron data are again relatively far from
T~, in the range 10 ' & T/Tc —1 & 10 ', the de-
duced critical exponents axe better defined and
agree reasonably well with theory. ' Hyperfine
measurements probing the region close to T~ are
not yet available. )

It is the purpose of this paper to report new

Mossbauer measurements on ¹i"Fe which show
a factor-of-10-20 reduction at a given temperature
in the line broadening previously reported fox this
system. ' We attribute the reduction to great care
in removing temperature gradients and stray
magnetic fields from the source environment.
The effect of the new results is to eliminate the
discrepancy between ¹~"Fe and Ni "oHh correla-
tion times mentioned above.

Qur experiments were done with a fixed source,
mounted in an oven, and a moving absorber ex-
ternal to the oven. The source was produced by
electroplating 1.3 mC of "Co on a 2-mm square
of 99.998%%up-pure Ni foil, and diffusing this in a
H, atmosphere at 1150 C for 11 h. This produced
a source which was uniformly diffused throughout
the 0.0025-cm-thick foil, as could be seen from
equal Fe x-ray intensities observed on either
side of the foil.

When measured far above T~ the spectrum ex-
hibited a linewidth of 0.3584 t 0.0016 mm/sec
using a K, Fe(CN), 3H,O absorber enriched to 90/0
in "Fe and containing 0.25 mg/cm' of "Fe. The
observed linewidth is precisely what is expected
on the basis of absorber thickness broadening"
when the source emits a line of natural width.

The source was mounted ln a vacuum furnace
in which two separate heater assemblies were
employed. An inner heatex, constructed of BeQ,
sandwiched the source and two thermocouples.
An outer heater, fixed with a BeQ window, pre-
vented radiation contact between the inner heater
and room-temperature furnace walls. Both
heaters were highly regulated, the inner through
a servo system using one of the thermocouples as
sensor. The measured temperature gradient be-
tween the two thermocouples in the source sand-
wich was -0.04 K, and certainly less than 0.08 K.

In addition the soux ce environment was freed of
magnetic fields to a level of less than 0.2 G.
This required care in designing heater windings,
as well as the introduction of mumetal shielding
between the Mossbauer drive and source.

Before measuring line broadening above T
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the Curie point was determined by two self-con-
sistent methods as follows. (i) We measured the
hyperfine field Hh; below Tc and from a plot of
Hhf versus T, with P=0.3'18+0.010, determined
the T intercept by extrapolation. This procedure
is justified by the previous measurement of P in
¹

"Fe by our group. " (ii) We measured the
transmitted intensity at the centroid of the spec-
trum and, like others before us, "' observed a
sharp break in the temperature dependence of the
transmission which we identified as Tc. No

change in isomer shift was observed in the region
of experimental interest. The results of both
methods are illustrated in Fig. 1.

After the linewidth was measured above Tc,
the excess width for 10 ' & T/Tc —1 & 10 ' was
fitted with a power law

AI'=D(T/T —1) ",
in which D, Tc, and n are treated as free param-
eters. This yielded a third independent value of
Tc. The three results for Tc are the same within
statistical error and are summarized in Table I.

Since the third method, using the line-broadening
data above Tc, is the most precise, the first two
methods serve merely as checks of our analysis
above Tc. The results for the constant D and
critical exponent n derived from the fit of the
data to Eq. (1) a.re

D=(0.24+0.12) x10 ' mm/sec, n =0.71+0.24. (2)

The line broadening as a function of temperature
and reduced temperature is given in Table II.
Examples of spectra fitted with a Lorentzian

TABLE I. Experimental Tc values.

Method c{
Hhf (T), T & Tc
Thermal. scan
4r{T), T& Tc

629.44+ 0.10
629.55 + 0.07
629.54+ 0.04

TABLE II. Excess 1inewidth above Tc .

(T Tc)/Tcb
ar

(10 mm/sec) c

line shape are shown in Fig. 2. The latter indi-
cates that Lorentzians fit well to all the data above
Tc, but fail abruptly even a small distance below
Tc. To illustrate the dramatic reduction in the
broadening at a given temperature, the data are
plotted together with the earlier results of
Gumprecht etal. ' in Fig. 3.

To test whether our precautions with the source
environment are in fact responsible for the re-
duced broadening observed, we reintroduced
small applied magnetic fields and temperature
gradients. External fields up to 4 G in magnitude,
applied parallel to the source foil, yielded mea-
surable deviations from shielded-source data only
for T/Tc —1& 10 ', and suggest that small mag-
netic fields did not play a role in the larger broad-
ening observed in earlier work. On the other
hand, results for temperature gradients of 0.7'C,
shown in Fig. 3, suggest that temperature gradi-
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FIG. 1. Determination of Tc by two methods. The

lower curve shows H„f~ vs T for P =0.378, and indi-
cates Tc as the T intercept. The upper curve shows
the centroid-velocity transmission (CUT) vs T, and

indicates Tc by a break in the curve. The values of

Tc obtained in the two cases are given in Table I.

629.62
629.64
629.66
629.68
629.70
629.72
629.74
629.78
629.80
629.85
629.87
629.93
630.00
630.07
630.20
630.45
630.65
632.40
635.57
664.15

]..27x10 '
1.54x 1Q

1.9Qx 10
2.14x 10
2.54x 10 4

2.85x 10 4

3.].7x1O 4

3,73x1O '
4.05x10 4

4.92x 10"
5,24x 10
6.19x 10
7.30x 10 4

8.44x 10
1.05x 10
1.44x 1Q

1.76x 1Q

4.54x10 3

9.58x 10
5.50x 10 '

15.19
13.91
9.63
9.02

11.80
10.09
6.00
8.57
4.42
5.33
4.98
4.28
5,04
3.85
1.98
0.84
2.15

-1.M
0.60
o.oo'

Error is 0.02 K for each point.
b Error is 1.1x 10 4 for each point.
Error is 3.2x10 mm/sec for each point.
b r is defined to be zero for this temperature.
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isotropic. (b) The inequalities v, &u~ «1,
r, LQ'((I, and 61'/&u~«1 hold, where v, is the
correlation time for one component of 5, &u~ is the
nuclear Larmor frequency, and 4I' is the full ex-
cess width expressed in sec '. (c) The correla-
tion function is exponential. Condition (a) has
been demonstrated to be correct by two of the
present authors. ' That the restricting inequali-
ties hold is seen from Table III. Condition (c)
does not apply for critical fluctuations. ' How-
ever, it may be shown that the final formula of
the theory is unaltered if a correlation function of
general form is introduced and the integral defi-
nition of &, is used, i,e.,

' f"——[G"(t)/G"(0)]dt (4)

To first order, Bradford and Marshall obtain a
Lorentzian line shape of full width,

r =r„+~r,
where I'„ is the natural width and LQ' is the excess
width which we have derived from experiment, and
and which is related to the correlation time
through

hr(sec ') =Tg[2S(S+1)/3N'](yA' —~A A + '-A')

(6)

I.6 0.8 0 0.8

Velocity (mm/sec)
FIG. 2. Illustration of Lorentzian fits to the data above

and below Tc Top: T-Tc=046 K; middle: T -Tc
=0.06 K; bottom: T -Tc =-0.52 K. Notice that the
Lorentzian fit fails only for T &Tc, as expected.

lo
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K=A„I„S(t), n=e, g (3)

ents can probably account for most of the larger
line broadening seen in the earlier work. '

To compare the new results with neutron scat-
tering' and perturbed-angular-correlation data on
Ni "Rh, ' we have calculated spin-correlation
times according to the theory of Bradford and
Marshall. " These authors treat a hyperfine Hamil-
tonian

10~ ~
E

W

CI 1P')t b

C,
C)

I 0-II

Cl
40

~hl

y
-lo

where e and g denote the excited and ground state,
respectively, and f and 5(t) are the nuclear and
electronic spin. The use of this Hamiltonian im-
plicitly assumes that the hyperfine fieM at the
"Fe nucleus is produced entirely by the localized
electronic spin 5(t), i.e., H„,(t) ~ 5(t). That this is
at least approximately true follows from the study
of hyperfine field systematics in ferromagnetic
hosts. "

The basic assumptions of the Bradford-Marshall
theory are as follows. (a) The fluctuations are

IO

I i s & & I i s&l

io'
IT-T, ) IT,
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FIG. 3. Line broadening and corresponding auto-
correlation times calculated with the theory of Bradford
and Marshall. (a) Ni ~'Fe data of Ref. 9 (error bars
suppressed); (b) this work, with purposely large tempera-
ture gradient of 0.7 K (error bars suppressed); (c) this
work, with temperature gradient of -0.04 K; (d) fit ob-
tained for PAC data onNi Rh, Hef. 8 (right-hand scale
only applies).
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TABLE III. Restricting inequalities.

Inequality Maximum value

v~cu& &&1

7,41 «].
Zr/~~«1

3xla 3

3x]0 '
1x10-'

&,(sec) =2.94x10 "LI'(mm/sec) . (9)

The correlation times calculated with this formula
can be read from Fig. 3 by use of the right-hand
scale. For comparison, correlation times de-
rived for' Ni ' Rh are shown by a broken line.
It is seen that the results for ¹

~Fe and ¹'Bh
now agree to within a factor of 2 in absolute mag-
nitude, and to within statistics in the derived
power -law dependence.

One serious question that remains for both sys-
tems is whether the observed relaxation effects
can be further reduced by additional improve-
ments in source environment. We believe the
effects are indeed irreducible, and we base our
belief on the fact that several runs with some-
what different conditions and, for Ni '"Rh, dif-
ferent sources gave essentially identical results.

Aside from this, it is worth emphasizing the
entirely predictable but little-noticed fact that
weaker hyperfine coupling leads to a smaller re-

To obtain the hyperfine coupling constants we
have used the relations

A„=y„H,/S, o. =e, g

where y, = -0.050 and y, =0.089 are gyromagnetic
ratios and B,= 280 ko is the average hyperfine
field measured at OK. With this we find

b.I'(sec ) =1.49x10"[(K+I)/S]r, .

When this is converted to velocity units
[nI'(sec ') ="I.30&&10'61'(mm/sec)], and with
S =-,', as is appropriate for Fe, we obtain the
useful result

gion in which critical fluctuations are observable.
Whether measured by perturbed angular correla-
tions or Mossbauer effect, the nuclear relaxation
rate (line broadening} depends on (yIIOP. For

¹
"Fe this quantity is 300 times smaller than for¹'Rh, if we ignore for a, moment the small dif-

ference in excited and ground-state moments in
"Fe. It is for this reason that, in comparison to
¹i'"Bh, more care must be taken with the source
environment; and it is only because small line-
width effects are far easier to detect than equiva-
lent perturbed-angular -correlation relaxation that
the ¹i"Fe experiment produces interpretable re-
sults at all.

Finally, and most important, the present re-
sults reinforce the discrepancy between neutron-
scattering data and hyperfine results that were
noted in the work on Ni" Rh. The explanation of
the discrepancy remains unclear, though it is
fairly certain that one or more of the following
apply.

(i) The form of the Van Hove scattering function,
S(j, &u), used to fit the neutron data is not valid
near the origin of (q, &u) space, which is the region
predominantly sampled by hyperfine experiments.

(ii) The neutron results, which were assumed
to be hydrodynamic in character' and were fitted
with the hydrodynamic form of S(q, &u), were in
fact not. This is possible because of the con-
siderable scatter of the data in these rather dif-
ficult experiments.

(iii} There is something fundamentally wrong
with the interpretation of the hyperfine data using
a local-moment picture for the probe spin.

A fourth possibility, namely, that hyperfine
results are strongly probe dependent, seems to
be unlikely in view of the agreement between de-
rived correlation times for ¹i'"Rhand ¹

"Fe.
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