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u+'STUDIES OF CRITICAL SPIN FLUCTUATIONS IN Ni* . : -

‘ B. D. Patterson, K. Nagamine**
Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

C. A. Buccit, and A. M. Portis+t =
University of California, Berkeley, California 94720

ABSTRACT

, Critical fluctuations above the Curie'point in
nickel have been studied by observing the relaxation
of the free precession of positive muons. This work

- was prompted by the apparent discrepancy in nickel
spin correlation time as determined by neutron
scattering and by perturbed angular correlation (PAC)
experiments. Up to 20K above the Curie point we ob-
tain a temperature dependence in agreement with that
.determined from PAC. At higher temperatures the
computed nickel spin correlation time becomes inde-
pendent of temperature. The observed high tempera-
ture muon relaxation time of 16 usec is very much
shorter than expected from either the observed con-
tact field at the low temperature muon site or from
classical dipolar coupling to the muon nearest
neighbors. The increased relaxation rate may arise
from an enhanced pseudodipolar interaction

INTRODUCTION

. In this communication, we report the observation
of critical spin fluctuations in nickel using posi-
tive muons. The implanted positive muon, as has been
described in the literature,!’?’? is a convenient
probe of local magnetic fields in solids in general
and in magnetic materials in particular. In MNi at
temperatures just above the Curie temperature
(Tc = §30K), the muon spin is relaxed by spin fluc-

tuations; our experiment consists of measuring the

relaxation time T2 as a function of (T-T ) and ex-

ternally applied magnetic field (see Fig. 1). In

most of what follows, it will be assumed that the site
of the implanted muon is the octahedral interstitial
site in the fcc Ni lattice as 1is 1ndicated from

studies below Tcz’3
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RESULTS AND DISCUSSION

For values of (T—TC) greater than 70K, we find
that 1/T2 is approximately constant and has the value

of '\'105 sec"1 (see Fig. 1). Microwave studies have
established” that at these temperatures effectively
all correlation between Ni spins is destroyed and the

spins fluctuate with a correlation time TV l/w
A~vh/I V2 x 10 -14 sec. Here we is the exchange fre-
qﬁéncy and J is the exchange energy. If each of N
mutually uncorrelated spins produces a mapnetic field

of strength w/Y at the u , fluctuations of correla-
tion time T will relax the u at a rate given approx-

imately by. 1 Nwzr (1)
| T, ¢

for ch_<< 1. Two magnetic interactions responsible

for w suggest themselves immediately: (1) the iso-

tropic contact interaction of the u+ with its screen-
ing cloud of (polarized) electrons, and (2) the class~-
ical dipolar interaction with the neighboring Ni cores.
The strength of the contact interaction may be
inferred from the measured? hyperfine field at the u

~in the ordered state, Bhf ~.66kG. The octahedral

site has N=6 nearest neighbors, and we make the assump-
tion that they share equally in the interaction, each
contributing ~.11kG. Thus, ]
“eont ™ Yulhne = 107 sec!, R ()
N .
where'yu is the gyromagnetic ratio of the muon. This

implies a relaxation rate

P S 2 -1 :
T = gwcont Tc 10 sec ~, | (3)
cont

which is well below the observed rate. Clearly, the
isotropic contact interaction is too weak to account
for the observed relaxation.

Although the dipolar fields from neighboring Ni
cores vanish by symmetry at the octahedral site in the
ordered state, dipolar fields from fluctuating spins
can cause relaxation when cubic symmetry is destroyed
by the disappearance of spin correlation. In this
case, w is given by (for nearest neighbors):



wdip - YEuNis = 108 sec-l, S (4)
(a/2) : '

where Moy = .6 g is the magnetic moment of a Ni core
and a is the lattice constant. Since wiip for neigh-

bors further removed from the U ‘drops off rapidly
with distance, we consider only the nearest neighbor

contributlon

1~-2,~3-1<
T = Nwdip Tc_— 107 sec | (5)

2atp |
which is too small by a factor of V100. This implies
that the dipolar interaction is too weak by a factor
of 10.

It is often the case that in addition to the
isotropic contact interaction between the spins of a
magnetic material, there exists a contact interaction
with dipolar symmetry. This 'pseudo-dipolar" en-
hancement of the classical dipolar field is known" .to
be the source of the ferromagnetic resonance line- ’
width and the magnetic anisotropy in Ni. We believe
that pseudo-dipolar enhancement by a factor of lO may

not be unreasonable for the case of u in Ni.

Figure 2 compares the muon data with existing®
perturbed angular correlation and neutron scattering
data. TFrom each experiment, a spin correlation time
Tc is extracted and plotted versus (T-TC)/Tci For the

PAC and muon techniques, Tc is derived from T2 via the
relation 1/T2_¢UFTC. The known (hyperfine). inter-~
action strength is used for PAC data, and for purposes
of illustration, the dipolar field (without pseudo-
dipolar enhancement) is used for the muon data. The
extraction of Te from the neutron data is more invol-

ved and requires fairly restrictive assumptions’. We
see that for all three probes, as the temperature is
lowered toward T, .the correlation time increases

: c
according to the power law: - :
T «[T-Tc] - (6)
T
: c :

where n for. PAC and u+ is .7 and is 1.4 for neutrons.
The fact chac the neutron data dlsagree with both the

PAC and the u data may be due to a failure of the
assumptions made® in extracting Te from the neutron

data, or it may possibly be inherent in the manner in
which the different probes sample the momentum spec-
trum of the critical fluctuations.
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As T approaches TC several things happen: (1)
the product Wt is no longer small compared to one,

and the above treatment breaks down. It is believed
that this will happen only in a temperature region

inaccessibly close to Tc; (2) The nearest neighbors

to the muon will begin to correlate. When this occurs,
the dipolar (and pseudo-dipolar) fields will cancel

by symmetry, and the interaction will be solely via
the weaker contact term., It is interesting to note
that the shift from a predominantly dipolar inter-
action to a contact interaction would change the way
in which the muon samples spin fluctuations. This is

because the u+ preferentially sees fluctuations of
small wave number via the contact interaction while
the dipole interaction weights fluctuations of higher
wave number---as they are more likely to destroy the

cubic symmetry near the u+.

A potential complication would arise if the muon
were diffusing through the Ni lattice instead of being
well localized at the octahedral site. It is known
that hydrogen is diffusing rapidly in Ni at these tem-
peraturess. Evidence so far? points to the fact that
if the muon is diffusing, it spends by far the great-
est amount of time in one type of site (presumably
the octahedral site). The question then becomes, un-
der what conditions does a muon diffuse a distance of
the order of a fluctuation wavelength in a time short
compared to the correlation time of that fluctuation.
Rough considerations suggest that this criterion is
difficult to satisfy, and that the motion of the muon
~ may be ignored.’

- As seen in Figure 2, the effect of an external
field is to increase the correlation time. This is
the anticipated dependence since an external field is
expected to stabilize the ordered state and hence to
increase spin correlation. Since the PAC and neutron
scattering experiments were performed in zero exter-

nal field, a quantitative comparison with uf measure-
ments requires an extension of this work to zero
field.

, We are indebted to Professors K. M. Crowe and
T. Yamazaki, Drs. J. H. Brewer, F. N. Gygax, and Y.
Ishikawa, and Mr. R. F. Johnson for fruitful dis-
cussions and assistance.
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Fig. 1: The experimental dependence of T2 on temper-
ature and external field. '

LILLLALLLL ] i llllllli UL RELLL LR RRLL

10
—wdp. :\n\\ | J;L :
§<lo"' *Wt | é\ T --—-#-
::o 4 %N |
k. " T \%\ "

o Ngu:rons \éh
o 7 (150 gauss) %
o p* (750 gouss) T o~ X

3 gl JEE BRI Ll \ 1 an.n:J
1074 1073 1072 wo' . o°
. T-Tc .
1"= .

Fig. 2: A comparison oflrc as measured by various
techniques. '
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responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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