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Positive Muon Studies of Mapnetic Materials
ABSTRACT

Bruce DoBos Patterson

Polarized positive muons (u+) are stopped in magnetic
materials, and the p+ precession is observed via the muon's
asymmetric decay to a positron. The precession frequency is a
measure of the lozal magnetic field at the u+. Ralaxation of
the u+ spin is caused by spatially or time-varying local fields.

The local fleld at a stopped u+ in {.rromagnetic nickel is
measured. From thié measurement, the hyperfine field seen by
an interstitial u+ due to its contact interaction with polarized
screening electrons is inferred to be -0.66kG. A discussion of
this value in terms of a simple model for the screening con~
fipuratioa is presented.

Critical spin fluctuvations in Ni at temperatures just
above the Curle point rapidly relax the u+ spin. The tempera-
ture and external magnetic field d;pendence of the relaxation
rate is determined experimentally. A theory for the relaration
rate is presented which demonstrates the importance of thz
hyperfine and dipolar interactions of the u+ with its Ni ost.

Preliminary results on p+ studies in ferromagnetic iron and

cobalt are also discussed.
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I. TINTRODUCTION

A. The Positive Muon and the uSR Technique

The positive muon or u+ is an elementary particle with unit
positive charge. It was first observed as a component of cosmic
rays, and with the advent of large accelerators it could be pro-
duced artifically. A brief summary of its properties is pre~
seﬁted in Table ..

Because it has spin 1/2, the u+ has a magnetic dipole moment
but no electric quadrupovie moment. Xts mass of 1/9 the proton
mass is such that .me may often think of the v+ simply as a light
proton. The u+ is unstable, however, decaying into a positron
and two neutrinos with a mean lifetime of 2.2 Usec. The
gyromagnetic ratio and lifetime of the u+ are such that it
precesses one revolution in its lifetime in a fieid of 34 gauss.
Laboratory fields of this order of magnitude are easily produced
and controlled.

The parent of the u+ is a positive pion. When the pion
decays to a u+, the u+ is polarized with its spin anti-~parallel
to its momentum. One thus knows the initial orientation of the
muon's moment. When the u+ decays, the positron is emitted
preferentially along the muon's spin direction, so by noting the
directi. : of positron emission one knows something about the
final orientation of tbe muon spin. It 1s possible, therefore,
to follow the evolution of the muon spin direction with time.

This ability to follow the muon spin and the convenient mag-

nitude of its lifetime and gyromagnetic ratio make the u+ a




PROPERTIES OF THE ¥

Spin: 1/2

Mass: mu = 207 m, = 0.113mP

Magnetic Moment: uu = 17207 Mg = 3.18 up
CGyromagnetic Ratio: Y, - 13.6 “Mz/kGauss
Lifetime: Tu = 2,20 ugec
Decay Mode: u+ +ef s v, + Gu
Table 1. The numerical values stated are known to many

more sipgnificant digits than shown. See Ref. 1.



waluable magnatic probe of matter. By observing the precession
£ the u+ stopped in a sample and determining the frequency of
precession, one may, via the knowm gyromaénetic ratiol, find tie
local magnetic fleld acting on the u+. This is the muon spin
rotation or "uSR"techn:l.que.2

It is believed that the u+ enters most s0lid materials as
an interstirial impurity. In solids which contain large amounts
of hydrogen, the u+ tends to replace a proton.3 In an insulator,
the u+ captures an electron4 to form muonium (u+ -e’), while in a
netal it attracts neighboring conduction electrons, forminz™ an
unbound screening cloud. These situaticus represent electronic
dmpurity states not found in the pure host. The SR technique
thus allows access to one of the simplest conceivable impurity
problems: a point charge in an otherwise pure host. It contrasts
with techniques like x-ray and neutron diffraction, which are
desizned to study pure materials, not isolated impurities,.

The USR terhnique bears a strong resemblance to the nuclear
magnetic resonance technique (NMR) in that they both measure the
local magnetic field at a microscopic probe. NMR, however, re~
quires the absorption of a macroscopic amount of power, necess-
itating a velatively high concentration of resonant nuclei. The
MSR technlque operates in the extreme dilute limit of one u+ in
the gample at a time.

The fact that the u+ occuples an interstitial site also sets
it apait from most other types of probe. Conventional probes are
usually the electrons or nucleus of a host atem or substitutional

impurity. This difference is especially significant for the case



of ferromagnets where a nuclear probe and an interstitial probe

see drastically different local filelds.



B. Protons aud E+ in Metals

The electronic structure of a u+ impurity and a proton
impurity are identical if one neglects the small difference in
the reduced masses of associated electrons. Proton magnetic
resonance (PMR) makes avaflable information similar to that
obtained from a USR experiment.

PMR has been performed on a large number of solids containing
protons. Most of these are insulating compounds containing large
amounts of hydrogen. Although the uSR technique can be applied
to such systemsa, it is most valuable in systems where PMR is not
feasible, such as the metal~dilute impurity system.

Many metals can be charged with enough hydrogen to make PMR
observable. Typical samples are transition and rare earth metal
hydrides H-Hx(x> .1). Such high hydrogen concentrations are
required to have a sufficient number of resonant nuclei in the
skin depth of the sample. Although these experiments are far from
the dilute 1limit, it is iInstructive to see what type of infor-
mation hss been learned.

Properties under study with PMR in metal-hydrogen systens
include: 1) the Knight or chemical shift6 of the PMR frequency
(which reveals details of the electronic structure of the im-
pirity state) 2) the position of the protons in the host lattice
{as determined by a careful measurement of tha static PMR line-
width) and 3) the proton diffusion rate (As measured by the
motional nartowing7 of the PMR 1line).

The PMR frequency shifts for several hydrides have been

measured8_14 and most are compatible with the picture of an inter-



stitial proton surrournded by an unbound screening cloud. An
exception is the case15 of Ta-H, where hydrogen aroms make partial
covalent bonas with the host atoms.

The proton sites in a few hcp and fec metal lattices have

10,12,16,17 via PMR. These results together with

18,19

been determined
neutron diffraction studics demonstrate that protons tend
to occupy the octahedral and/or tetrahedral interstitial sites
in these lattices. It is difficult to extrapolate this data

to the dilute limit because of the existenée of phase changes
which accompany changes in the hydrogen concentration.

10,15,20-23 in several hydrides show line widths

PMR studies
which become suddenly narrow above a fairly well defined thresh-
old tanperatﬁre. Above this temperature, the protons are rapidly
diffusing, averaging out the effect of static microscopic inhomo-
genieties. This threshold temperature is usually of the order
of a few hundred K.

The MSR technique has been applied to a few metals so far
with interesting results. DBecause only one muon is in the sample
at a time, it is definitely an isolated impurity which is uuder
study. Knight shifts of u+ in various metals have been measured24;
a theoretical interpretation of this data is presented subsequently.

Several studies of ﬁ+ diffusion in metals have been performed.
The muon's activation energy and diffusion constant in copper have
been determinedz5 by observing the temperature dependent
motional narrowing of the static dipolar linewidth. In a similar

stud‘,z6 of superconducting niobium, it was found that the u+ is

rapidly diffusing even at very low temperatures. Diffusion in



ferromagnetic iron and nickel27 has also been studied, as will
s

be described in - later section. The determination of the p

site iu a metalliec host has not yet been performed, but studies

of ferromagnetic metals may make this possible.



C. SR in Ferromagnets

Metallic ferromagnets are fascinating systems to study with
USR. There is at present much intere5t28_31 in impurity states
in these materials, and the USR technique is very well adapted
to just thic sort of investigation.

One of the earliest investigations of ferromagnets with
muons wzs an expetiment32 by Rasetti in 1944. Using cosmic ray
muons and with a counting rate of one per hour, he set ouc‘tb
find if muons passing through magnetized iron feel the magnetic
field B or H. 1In an interpretation of this data, Hannier33
stressed the importance of the "interpenetration of the muon and
the magnetized electrons". In more modern terminology, this
interpenetration is the source of the Fermi contact interaction.

In 1971 an attempt34 was made at the Lawrence Berkeley Lab-
oratory to observe u+ precession in a spherical collection of
iron filings. The large variety of demagnetizing fields produced
a large internal field inhomogeniety, and rapid depolarization
prevented the observation of precession.

A group headed by W. J. Kossler at The College of William
and Mary first observed”_37 coherent u+ precession in a ferro-
magnet in 1972. They studied polycrystalline samples of Ni and
Fe at roor temperature and above. In a c¢oliaboration witk a group
from Bell Laboratories, they later extended their studieng to the
ferromagnets dysprosium and gadolinium.

After the initial work by Kossler, et. al. cur group at

LBL observed precession39 in a saturated sample of polycrystalline

Ni and at low temperature (77K) in a single crystal of Ni, and



we theoretically interpIEted&o the observed contact field. Ex-
periments were also done41 in Ni at temperatures near the Curie
point, and room temperature precession was observed in a single
crystal of iron.

A group at Nubna in the USSR has performed experiments 2 on
polycrystalline Ni, Fe, and Co, focusing attention27 on the
temperature dependence of the depolarization in Fe and Ni at lower
temperatures and on the sign of the local field in these materialsAJ.
A theoretical paper on u+ in ferromagnetska has been published
by Ivanter.

Our assumption that the positive muon occuples an
interstitial site in Ni and Fe is at present based on circum-
stantial evidence. A positive muon in matter 1s electronically
almost identical to a proton. Neutron diffraction experiments on

19

Ni-H . have demonstrated™~ that the protons occupy octahedral

6
interstitial sites in the fcc Ni lattice. Although the hydride
is far from the dilute limit of the u+ technique, we are
prompted to explore the consequences of our assumption. The
locations of the tetrahedral and octahedral sites in the fcc unit
cell Ate shown in Figure 1.

In a metal, the correct description of the electronic state
of the u+ is a bare muon surrounded by a screening cloud of un-
bound conduction electrons. The fact that the u+ binds an elec~
tron, forming muonium&, in insulators suggests the intriguing
porsibility of observing coherent interstitial muonium precession
in {nsulating ferromagnets or antiferromagnets.

In a ferromagnet like Fe or Ni, the muon's electronic



XBL 753-646

Figure 1. The unit cell of Ni (fcc) showing the positions of
the octahedral (o) and tetrahedral (t) interstitial sites. To
aid in visualization, the 6 octahedral and 4 tetrahedral near-

est NI neighbors have been joined by lines.
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screvning ¢loud is polarized to some extent. This polarization
pror.luco:e.ﬂ.l'5 an isotropic contact or hyperfine field at the muun
which is proportional to the degree of polarization and to the
electron density at the p+.

There is also a classical dipolar interaction between the
u+ and the localized polarized electrons on the neighboring cores
of its hust. Furthermore, this classical dipolar interaction may
appear enhanced if the contact interaction mentioned abqve has
not only an isotropic part but a part with dipolar symetry as
well. Such an effect is known as pseudo-dipolar enhancement
and is a result of an aspherical charge or spin distribution in
the muon's screening cloud.

All dipolar fields vanish at a site w;th cubic symmetry im
the ordered phase. This applied to both the octahedral and tet-
rahedral interstitial sites in fcc Ni. Here, the only field the
n+ sees is the isotropic contact field.

The situation is radically different in bcc iron where the
face~centered interstitial sites do not have cubic symmetry. The
dipolar fields are substantial here.

Cobalt, with the hcp structure, is an intermediate case. If
the c/a ratio were perfect, the interstitial sites would
have cubic symmetry, for nearesc neipghbors. In reality, c/a for
cobalt differs by 1% from the perfect value implying that small
dipolar fields exist at the interstitial sites in addition to the
isotropic contact field.

The elegant cancellation of dipolar fields in ferromagnetic

Ni no longer occurs when the cubic symmetry of the muon site



is destroyed, as it is above the Curie temperature or in a deformed
or impure crystal. In controlled experiments of these sorts, the
dipolar fields can be made visible and studied.

It would be of great value to determine the state of motion
of the u+ in the ferromagnets under study. Besides being of
intrinsic interest, the state of motion determines much about how
the u+ samples the host's magnetism.

An extrapolation of permeation time lag measurements
indicates that protons in nickel below about 200K are stationary
on the time scale of our experiment, undergoing only zero point
oscillations about the equilibrium position at the center of the

octahedral interstitlal site.

Positrons diffuse much more rapidly due to their loﬁ mass.
Calculations for various metallic hosts48 suggest an increase
in diffusion rate of about 109 over protons.

The u+, with a mass between that of the proton and positron,
may be at rest or in rapid motion; an experimental investigation
1s called for. The experiment25 performed on muons in Cu
mentioned earlier suggests an elegant way to study the motion of
u+ in ferromagnets. 1In copper, the nuclear mom:ats of the host
present the muon with a microscopically inhomogeneous magnetic
field. The diffusion of the u+ narrows this linewidth. If
different u+ sites 1n Ni can be made magnetically inequivalent,
u+ motior: in Ni can be studied in a similar manner.

One method of introducing microscopic inhomogenlety is to
alloy the Ni with another element. The solute will in general

not have the same electronic moment, and a dilute random

12



13

distribution of these impurity atoms will produce the desired
field inhomugeniety. A preliminary investigation of Ni-V alioys
by our group yielded inconclusive results.

The artificial introduction of field inhomogenieties would be
unnecessary if the p+ sampled botnh the tetrahedral and octahedral
interstitial sites in the Ni fcec lattice. Although the dipolar
field in both of these sites is zero, they presumably have
different hyperfine fields. It was hoped that one could study the
temperature dependent jump rate of the u+ among these inequivalent
sites. It is known27 that no dramatic changes in the muon pre-
cession occur down to temperatures of 100K, We performed an
experiment in which a single crystal Nl sample was ¢ooled to
0.12K. It was hoped that two precession components would be
visible corresponding to muons frozen in the two types of site.

Only cone precession component was seen at this low
temperature, and the frequency was just a simple extrapolation
of the earlier results at higher temperature. This implies
that either the u+ samples only one type of site at all
temperatures, or that it is moving rapidly (quantum tunneling)
even at 0.12K.

Because iron is bcc, and because the easy axis is [100],
well below saturation, it has two electrostatically equivalen:
intecstitial sites {on the cube faces) which have radically
different dipolar fields. The sagnitude of the dipolar field
at onc site is twicc that at the other, but the low ficld site
is twice as comon. Since the fields at the two sites have

opposite signs, rapid muon morion will average out their
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contribution. Thus, the expected precession pattern in iron at
high temperature is a single long-lived component.

The effect of decreasing the u+ jump rate will be first co
shorten7 the relaxation time of the precession (as the jump rate
becomes equal to the precession frequency difference). Jusu such
a dramatic drop in relaxation time has been ohserved for muons in
polyerystalline ferromagnetic iron27.

If the sample is a single crystal of iron, and if at low
temperatures muous become frozen in the two inequivalent sites,
long-lived precession at two different frequencies should be

obsetved7. Preliminary experiments by our group on a small irom

crystal at 77K were inconclusive.
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D. Organization of the Disgertation

This dissertation 1s divided into three main parts. The
first describes the uSR technique as applied to a general sanmple.
Topics include the production, stopping, and decay of the u+, a
description of the experimental set-up and counting procedure, and
2 description of the methods of data analysis.

The second part presents experimental and theoretical work
done with SR in Ni in the ferromagnetic state, far below the
Curie temperature. The local field at the u+, including its
temperature and field dependence, is discussed. Differences
between single crystal and polycrystalline samples are stressed
and a theoretical treatment of the hyperfine field is presented.

In the third part, work done on Ni near the Curie tempe :ature
is described, This includes a determination of the critical
exponent B and an experimental and theoretical treatment of the

observation of aritical spim fluctuations with uSR.



I1. EXPERIMENTAL DETAILS

A. Medium Energy Physics

At this peiac a brief description of how our positive muous
are produced, are brought to rest in the sample, and cnd their
1ife 1s in order. This description will be sketchy on purpose as
the details have been presented in 1,2 other publications.

The process begins when the external proton beam of the 184"
Cyclotron of LBL strikes a copper plon productioa target. Only a
part of the beam strikes the target, allowing for the simultaneous
operation of a second experiment downstream. Out of the multitude
of nuclear iateractions which occur in the copper comes a
substantial flux of positive pions. Those with the correct mo-
mwentum enter the muon channel which is composed of a bending
magnet followed by two quadrupole focusing magnets and a second
bending magnet. The first bend sclects pions of a definite
momentum. These pions then decay during their flight through
the channel into pesitive muons and unseen neutrinos. Because
the decay occurs in flight and because it is an example of a
non-parity conserving weak interaction, a u+ beam with two
oppositely polarized components results. The higher energy or
“forward" muons sre the ones used iw our experiment. These are
polarized anti-parallel to their momentum direction. The last
bend serves to separate these forward muons from the backward
avons and the undecayed pions. The forward wuons have a kinetic

energy E:e = 150 MeV at cthis point.

16



The p+ beam then passes through a 2" copper degrader which
further eliminates the pion component and slows the muons from
150 Mev to 30 Mev such that they stop in the sample under study.
A metal sample of typical size is 3" by 2" in area and 1/2" thick
and stops about 1500 muons per second.

The stopping of the p+ in liquids and gases (the case of
insulators should be fairly similar) has been described earlierl.
The case of metallic samples, which are of prime interest in
this dissertation, deserves special mention. As in liquids and
gases, the energy loss during the beginning of the stopping
process is purely due to ionization of the host atoms by the bare
muon. This mechanism dominates until the p+ velocity drops to
typical electron velocities in the sample (VF, the Ferui veloeity,
for conduction electrons and ac for core electrons, both of
which are about 2 x 1D8 cm/sec) at which point E:e = 3 Kev. The
capture of an electron by the muon now becomes possible. A
rapid succession of electron captures and losses follows until
the velocity drops te the point where very little energy is lost
per coliision and a state of quasi-equilibrium is reached with the
u+ holding on to one electron. Inelastic collisions of this
muonium atom with the host atoms slows the muon further until
the collision frequency drops below the response frequency of
the conduction electrons. Below this response frequency (i.e.
the plasma frequency Vv 5 x 1014 aec-l) a screening cloud forms
around the p+ and a bound state no longer exists. This ionization
occurs at an energy Ete = 15 ev. The p+ continues to drop to

thermal energies as a bare muon plus a screening cloud. The

17



18

problem of u+ stopping in metals has been treated from another
point of view by Smirnovag.

The question now arises: what happens to the muon polar-
ization during this catastrophic slowing down. The only inter~
action which can reorient the p+ spin 18 2 magnetic iInteraction.
Since the entire stopping process takes less than 10"9 sec, the
muon would have to feel an average field of 104 gauss in order
to precess one radian during its stop. In order to become
depolarized, the ensemble of stopping muons must see a field
distribution whose width, after being averaged over the path of a
stopping u+, is 104 gauss. This criterion cannot be met even in
magnetized ferromagnets. It is true, however, that fields of 105
gauss are produced at the u+ by a bound electron, but the upper
limit for an estimate of the time during which the stopping u+
binds an clectron is 10-12 sec, which again precludes depolar-
ization. Indeed, it is found experimentally that little or no
polarization is lost when the muon stops in metallic ferromagnets.

The stopping u+ certainly causes a significant amount of
radiation damage (vacancies, dislocations, voids, etc). Since
the highest density of this damage occurs at the end of the
muon's range, an important question is whether the u+ sub~
sequently interacts with the damage caused by its own stop.

There is alot of uncertainty about this question, and each
material should be examined separately. In this dissertation,
it will be assumed that the u+ diffuses away from the stopping
damage, sampling only pure, undamaged material. This assumption

requires further verification.



We now have a thermalized, polarized u+ in the sample.
During its Z.2 psec lifetime, magnetic interactions reorient the
u+ spin either coherently, resulting in spin precession, or in-
coherently, resulting in depolarization. The nature of these
magnetic interactions forms the bulk of this dissertation.

The u' decays according the the scheme: W et s v, + Gu
vhere the only observed product is the positron. Like the pion
decay, this 1s an example of a non-parity conserving weak inter-
action. It is found that the angular distribution of the decay
positrons is asymmetric, having the form2 £(8) = 1 + 1/3 cos(Q)
after averaging over the positron energy. Here © is the angle
between the u+ spin and the positron momentum. It is the higher
energy positrons that are emitted in the forward direction, so
if one selects according to positron energy (at the expense of
counting rate), the asymmetry of the distribution increases.
Since very Iow energy positrons fail to leave the sample, we
automatically perform some degree of energy selection. The

maximum positron energy corresponds to a range in copper of 2 cm.

19
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B. Experimental Technigque

A simplified sketch ¢f the sample and counter geometry is
presented in Figure 2. For further details, the reader is
referred to Reference 1. The detection of the incoming muons and
exiting positrons is performed by two counter telescopes (drawn
schematically as the two counters A and B in the figure),one in
front of and one behind the target. The counters are plastic
scintillators optically coupled to photomultiplier tubes. Pulses
from the tubes are fed into several banks of electronic logic
that determine when specified coincidences occur.

A muon which stops in the sample registers a count in the
forward or A counter with no corresponding count in the backward
or B counter. The AB coincidence defines the time tl and starts
a very fast clock. At this time the u+ polarization is known to
be pointing back toward the A counter. The muon then decays with
a mean lifetime of 2.2 psec. Approximately 2% of the decay
positrons from stopped muons leave the sample and pass through the
B counter, giving no corresponding count in the A counter. This
AB coincidence defines the time t, and stops the fast clock. It
is the time difference At = tz - tl which is of interest, and an
experimental run consists of A 106 measurements of this quantity.

A histogram of the number of occurances of the measured
values of At will have the general shape of a simple exponential
decay corresponding to the 2.2 usec decay of the u+. But if the
u+ is precessing in the external field or some internal field,
the precessing anisotropic angular distribution of the emitted

positrons will cause the average counting rate of the B counter




Helwholtz
L~ coil

XBL 753-702

Figure 2. A simplified view of the experimental set-~up showing
the precession coils, degrader, and target. The two counters A

and B are in reality two sets of several counters each.
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to vary cyclically with At, and the histogram will have a
sinusoidally oscillating component superimpased on the cxponential
envelope. The frequency of these oscillations 1s identical to
the Larmor frequency of the precessing muon. A typical

histogram is shown in Figure 3.

The heart of the electronic logic is the fast clock. We use
a Hewlett-Packard type 5360A Computing Counter which has a time
regolution of 0.1 nsec. The time intervals measured are binned
into 0.5 nsec bins and the overall time resolution of the system
(including the counters, coincidence logic and clock) is about
1 nsec. This places a limit of 1000 MHz on the highest precession
frequency we can observe. The digitized time intervals from
the clock go to an on-line Digital Equipment Corporation PDP-15
computer where the histogram is stored and updated.

The PDP-15 is also capable of doing limited data analysis
such as a Fast Fourier Transformso during an experimental run.
For archival storage and for input to the larger computers at
LBL the fipal histogram is written on magnetic tape at the
conclusion of each run. A histogram consists of 12,000 bins
corresponding to 6 usec or about 3 muon lifetimes. Just as
the time resolution limits the highest frequency we can observe,
the histogram length (which is dictated by the muon lifetime)

sets a lower limit of about .15 MHz on the accessible frequency

range.
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Figure 3. An experimental histogram taken for a single crystal

of Ni in a refrigerator at 20 K and in an external field of 159

gauss.
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Counting rates for a metallic sample of typical size

(3" x 2" x 1/2") are as follows:

Incident muons 3000/sec
Stopped muons 1500/sec
Detected positrons ('good" events) 30/sec
“Bad" events 3/sec

A "bad" event is defined as one in which the succession of

pulses made the interpretation of the event awbiguous. This would
be the case, for example, i1f two muon stops occurred in rapid
succession before a positron was detected or the clock was

reset. Bad events were discarded by the logic. Note that with
this u+ stopping rate and a 2 lUsec u+ lifetime, we can be fairly
sure of having only one muon st a time in our sample.

We often found it desirable to apply an external magnetic
field to the sample. This was accomplished with a large set of
Helwmholtz coils. Helmholtz coils have the advantage of providirg
easier access to the sample than a pole tip magnet. 1In
addition, the use of Helmholtz coils avoilds the problem of field
inhomogeniety from the magnetic image charges induced on the
pole tips by a magnetic sample.

The coils used in our experiment were adjusted to give
fields from 4.4 kG to 15 G with an inhomogeniety across the
sample of less than 0.3 G. The fields were not regulated directly
but the drift in the supply current was less than 0.1 percent,

The samples could be cooled or heated through the
temperature range 0.1 K to 1000 K using refrigerators and ovens

to be described later in the text.



C. Data Analysis

" The general mathematical for~ of the histogram is:

t/Ti

e/ 2 cos(ut + ¢1)]]

T n -
wil+X Ae
i=1

F(t) = N/ B+e
for n different precession components (corresponding for example
to n different muon stopping sites in a ferromagnet). Here No
is a normalization factor proportional to the number of events
taken, B is the time independent accidental contribution, Tu is
the muon decay time (2.2 Hsec) and Ai’ T; N uli and ¢i are
respectively the asymmetry, relaxation time, angular frequency

and initial phase of the ith precession component. In extra-

ordinary cases (such as precession in the presence of a large

static field inhomogeniety) the relaxation expression e_t/qﬁ
g 2.
must be replaced by a gaussian decay e t /1é or something inter-

mediate between an exponential and a gaussian. The experimental
histogram differs from this ideal form due to statistical
variations in the population of each bin. The average of a
large cnsemble of histograms collected under identical conditions
is described by the mathematical form given.

The parameters of interest in the present experiments are
Ai’ w, and T;. The easiest way of finding Ai and w, as well as
identifying how many different frequency components there are is
to do a discrete Fast Fourier Transform50 of the experimental
histogram using for example the CDC 7600 computer of LBL. In
general this procedure is preceded by division by No’ sub-

traction of the background contribution and multiplication by

25
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e+t/1u. Transforms of 1024 to 8192 points were routincly por-
formed quickly and inexpensively. A typicasl traansform is shown
in Flgure 4. Ideally, one can get a valuc for T; froz the width
of the ith Fourier transform peak, but this was found to be
grossly inadequate due to the discrete nature of the transform.
A better technique, and one that is alsv fairly fnexpensive,
involves performing a scries of Fast Fourier Transforms, ench over
a successively later part of the data. The area undar the
Fourier transform peak of interest is then plotted against the
time window shift. 1In this way the relaxation may be secn
directly. This technique is especially valuable when many
componcuts of small asymmetry are present simultancously in the
daca.

When only a few (one or two) large components are involved,
a multi-parameter non-linear fit to the data moy be performed.
The fitting procedure we used was the Maximum Likelihood HcthodSl,
and typically 7 to 9 parameters were fit sinmultaneously. Often
the amount of computing involved in such a fit could be sub-
stantially reduced by condensing the histogram into a smaller
number of bins. An advantage of using the ficting procedure
is that a realistic estimate of the errors in the fitted values
of the parameters can be computed by the iitting program.

The statistical uncertainties in the experimental histogram
are of course reflected in noise peaks in the Fourier transform
and uncertainties in the fitted values of the parameters. An
account of the Fourier transform and fitting data reduction tech-

niques and a description of the statistical errors inveolved are

presented in the Appendix.
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Figure 4. A Fourier cransform of the experimental histopram
shown in Fig. 3. The three strong components are, in order of
inercasing frequency, the 150 gauss u+ component from the walls
of the refrigerator, a 19 ‘Bz backpground signal from the time
structurce of the cyclotron beam, and the 1.5 kG u" companent

from tiic Ni crystal.
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IIE. uSR in Nij T << Tc

A. Theory
1. The Local Field Bp

A measurement of the precession frequency of the u+ in Ni

is equivalent to a measurmeunt of BN’ the local field at the u+.

B 1s composed of the following contributions:
= - + .
Bll Bo NM (mHs + Bd + Bhf
3

‘o is the externally applied field, M is the bulk magnetization

of the sample (macroscopically uniform in an ellipsoidal sample),

M, is the saturation tization, M;MS is the "Lorentz
field" from magnetic charges on the surface of a small hypo-
thetical spherical cavity centered on the p+ within a domain,
B, i3 the dipolar field from Ni cores within the Lorentz sphere,

d
and B__ is the hyperfine field seen by the muon due to its iso-

hf
tropic contact interaction with polarized screening electrons.

Bo - NM is just Hin’ the internal H field. Below saturation,
Hin cannot be greater than the coercive force (about 2 gauss), and
we can ignore this contribution to Bu. I1f one assumes that the
muon 1s situated at a site with cubic symmetry (i.e., the
tetrahedral or octahedral interstitial site), the dipolar fields

of Ni cores witiiln the Lorentz sphere will be zero. Thus,

below saturation, we have the relation:

Bu = 4ﬂHs + Bhf‘
3
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2. Screenlng of Positive Impurities in Metals

Becausc the materials of interest in this dissertation are
metals, and because the hyperfine field depends strongly on thc
electronic structure of the impurity state, a discussion of the
screening of a positive impurity in metals is in order. The
special features that arise in the metallic statec arc due to the
presence of free or nearly free conduction electrons.

A positive tmpurity (such as a u+ or a proton) attracts
neighboring conduction electrons; it surrounds itself with a
screening cloud. This configuration represents a new electronic
energy state not present in the pure metal. The nature of such
an impurity state has been the subject of a large amount of
theoretical st:udy.5’28’45’52-55

An important question arises immediately: does the impuricy-
screening cloud system resemble a hydrogen atom, in which a
single electron can be said to be hound to the impurity, or is

the screening cloud merely a localized region of higher density

in the electron gas where mobile electrons temporarily congregate.

In the first case we have a bound state; in the second case,
we have what Friedel56 cas:8 & "virtual bound atate'.

It may at first seem that the difference between a bound and
a virtual bound state is only a quantitative one regarding what
the average "occupation time" of an electron on the impurity is.
However, a rigorous criterion exists which can be used to decide
between the two states: does a bound state exist in the screened
potential of the imputitys. Or alternatively one can ask: what

is the position of the newly formed impurity state with respect
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to the clectronic energy bands of the bulk material.

Koater anil Sluterss have performed a theorctical calculation
of the position of such an lmpurity level as a function of the
stzength of the impurity poctential. They found that for a weak
potential, the new level falls within an energy band of the bulk
saterial and that the scattering of band clectrons by the im-
purity is significant for electrons whose energy is close to the
impurity level. This is Priedel's virtual bound state.

Friedel introduced the concept of a virtual bound state from
phenomenological considetltionss6 and descrided 3t as fallows:
since the impurity state occurs in the band, it has the same
energy as some extended or band state. This allows the impuricy
state to resonate with the dand state, increasing its amplitudc.
The enhanced band state in turn resonates with other band states
of nearly the same energy, passing on some of its erhanced amplitude.
The process is repeated again and again with the net result of
a broadening of the impurity state in both space and energy. Since
a well-defined electronic state can no longer be assoclated
with the impurity, the original state is said to have beccme a
virtual state.

As Koster and Slater's impurity potential is increased, a
critical value is reached at which the impurity state leaves the
bottom of the band. Impurity state~band state resonance is now
no longer possible, and the impurity state retailns a discrete
energy. A bonafide bound state now exists with a single electron

associated with the impurity.
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In metals for which the free-electron gas model is a good
approximation (r.g., the alkalai metals), a singly-charged positive
fwpurity forms a virtual bound states. The situwation is more
complicated in non-free-elcctron gas metals such as the transition
matals and the rare earthszs. The poaition of wariovus partially
localized energy bands (such as the 3d-bands in Ni}) with respect
to the Fermi level is an important factor in determining the
nature of the screering cloud.

There 1is strong evidence that hydrogen gives up its electron
when it enters some of the transition metals. As hydrogen is
dissolved in Ni or Pd the paramagnetism of the host decreases57'58
until it vanishes at s critical hydrogen concentration. This
effect has been interpreted as a filling of the holes in the host
d-band with electrons contributed by the hydrogen.

In a few transition and rare earth metals, absorbed hydrogen

forms a covalent bond with a host atomls’sz.

In this case, a
discrete impurity energy state is established with the formation
of a molecular bound state.

It is of interest to calculate the electrom density n(o) at
& positive impurity in a free electron gas of density n, We
assume that the screening may be treated as a linear response,

allowing us to use the following expressiont.

R =+ Ly £e1- _1_)
i 5(0’-‘5)

where € (o,;) is the zero frequency, momentum dependent di-

electric function. The simple Fermi-Thomas approximation59

3
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for €:

—t
2.2
53

N
€pplora) = 1+

gives an infinite value for n(o) and 1s thus unacceptable.
r, = (EI_,lﬁlmoez)"/2 is the Fermi-Thomas screening length, and
BP is the Fermi emergy. A better approximationGO is the

Lindhard self-congistent field dielectric function:

(0,9) = 1+ 1 k 240

g losq) = 2yt OE - a0 "
9y q 4k 2 -

s £ q

kF
where kF is the Fermi momentum. Both T, and kF are functions
only of n. After a simple numerical integration, we obtain the
curve plotted in Figure 5.

Also plotted are the results of a calculation by Pathaks3
which includes the effect of electron-electron interactions.
Both of these calculations of n{o) are done in the linear
response approximation. A self-consistent calculation54 which

accounts for non-linear contributions indicates that these

corrections may substantially increase n(o).
3. The Hyperfine Field in Ni

As we have seen, the elegant cancellation of the inter-
stitial dipolar fields in nickel simplifies ths interpretation
of BM' the local field. The important measured quantity is Bhf’
the hyperfine field seen by the u+ due to its Fermi contact
interaction with the polarized screening electrons.

In this section, a very simple calculation of the hyperiine
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Figure 5. The ecalculated relation between n, (the u+-absent
charge dencity) and no) (the density at the u+). Both curves

are for a free-electron gas in the linear response approximation,
but Pathak's calculation includes the effect of electron-electron
interactions. It has been suggested54 that both of these calcula-

tions underestimate n(o).



field is performed. To date, two other theoretical treatm.ats of
this type of problem have been publighed.

Ivanter has published a paper44 discussing the hyperfine
field of the p+ in a ferromagnet in which it is assumed that
nuonium is formed. The u+ exchanges its bound electron with the
surrounding bath of polarized electrons. He predicts no hyper-
fine field for the unbound state. Although this is perhaps the
best approach for treating ferromagnetic insulators, it 1s not
applicable to ferromagnetic metals where no bound state exists.

Stearns has treated the case of u+ in ironﬁl. In this
investigation, she effectively extrapolates the hyperfine field
at the nucleus of an interstitial iron atom in iron from the
measured hyperfine ficld at the interstitial u+ in iron. This
interstitial iron result is then interpreted in terms of a
"conduction electron polarization curve".

In our treatment of the p+ in Ni, we will assume that the
muon is located in the octahedral site in the fcc Ni lattice
(although only minor changes would result from a switch to the
tetrahedral site) and that no bound state is formed.

The treatment begins with the expression for the Knight

shift46;

_ 2
AB = % Xg B, (}uK(o)D E, "

Here, AB is the field seen by a magnetic probe in a metal due to
its hyperfine interaction witii conduction electrons polarized by
the external field Bo. The quantity in brackets is an average

over the periodic part of the conduction electron Bloch functions.
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We will work in the free electron model where u = 1. Xg is

the spin susceptability. The product sto may be written as the
local mapnetization ™ot

BXg = Myoe = “Hg [n+(o) - n‘(o)].

g is the Bohr magneton, and nf(o) and n+(o) are the densities
‘of spin up and spin down electrons at the site of the u+. Ve
then assume that instead of an external field, some other agent
produces a non-zero local magnetization. AB in this case hacomes

the hyperfine field produced by the local magnetizatinn:

B = -gl ¥ [n*(O) -ty .

This is the expression derived by Daniel and Friedelﬁs. It proves
convenient to define the conduction electron polarization at the
+
H s
+ ¥
t(o) = [n (o) - n'(0)]
n{o)

+ v s
where n(o) = n (o) + n (o). The hyperfine field may then be
written:

B~ —_g_q Up 4(0) nlo) .

Using neutron diffraction, Hook62 found that the unperturbed
or "muon absent" moment density at the octahedral interstitial
site in ferromagnetic Ni is:

+ 12 - 22 3 _
~Mg [n° - noj = -uBco n, = 0.85 x 10 uB/cm = ~0.07% kG.

Our first model is a "very naive" picture in vhich no
4

(a4
ucreening of the muon's charge occurs. Then n (o} = n, s
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giving B, . = Br x (~0.079) kG or B, _ =-0.66 kG. We antlcipate
hf -3 hf

that the effect of screening will be important and as a first

attempt to improve this estimate, we could assume that ¢ is

independent of charge density. Thus the predicted hvoer! ine fleld

would be enhanced by the factor n(o)/n° (see Figure 5). To

proceed further, 1nforma£10n about the conduction electrons in.

Ni is needed. We defer further discussion until after the

experimental data is presented.
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B. Experimental Results

1. Samples, Ovens and Refrigerators

The study of Ni in the ferromagnetic state represents a
major part of this dissertation, and I turn now to the pre~
sentation of our experimental results.

Both polycrystalline and single crystal samples of Ni were
used in our investigations. The polycrystalline sample was made
from a plate of 99.6% Ni purchased from Pacific Metals in San
Francisco, California. It was made in the shape of an ellipsoid
in order to produce a uniform internal magnetization. The sample
was thin along the beam direction to allow the decay positrons
to escape through to the positron telescope. A4lso, a large cross
sectional area was presented to the beam to maximize the counting
rate. Finally, since we wanted to study the effects of different
demagnetizing fields, an ellipsoid with three different
principal axes was chosen. The plate was sawed, milled, and
finally sanded to this shape -- 1/2" x 2" x 4 1/2". The 1/2"
axls was always oriented along the beam direction, and either
the 2" or the 4 1/2" axis was oriented along the externally
applied magnetic field. The sample was not anunealed.

Several single crystal Ni samples were used in the course
of our experiments. A roughly spherical crystal (1" diameter)
of unknown source and a purity of 99.995% was vsed in the initial
experiments at room temperature and at 77K. Counting rate
considerations dictated that a larger crystal was needed.

A very large single crystal of Ni was purchased from

Atomergic Chemicals Co., Long Island, New York. This crystal

5
H
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also had a purity of 99.995% and had many twins with a mosaic
spread of about 2 degrees. The crystal was cut into many pieccs,
the largest of which was a rough ellipsoid of dimensions 1/2" x
2" x 6". This piece was spark cut from the original crystal and
was not machined at all. This piece was used for refined
experiments at room temperature and 77K. A rectangular prism
was also cut from the large crystal. The two largest cuts were
spark cut, and the four smaller cuts were cut on a mechanical
hacksaw. The final dimensions of the prism were 1/2" x 1 1/2"

x 2 1/2"; this sample was used in an experiment at 20K and an
experiment near the Curle temperature. A second rectangular
prism was cut in the same manner from the large crystal, and
this one was then shaped by sanding to an ellipsoid of dimensions
1/2" x 1 1/2" x 2 1/2". This sample was used in experiments at
0.12, 1, 4, 77K, room temperatura, and close to the Curie tem-
perature. All the single crystal samples had the [111]
crystalline axis (the easy axis of magnetization) along the long
dimension.

Experiments were performad at many temperatures, both above
and below room temperature. Heating and cooling devices of
varying degrees of sophisticatien were constructed for these
investigations. The ovens which were used for runs near the
Curie temperature will be described in a later section.

Two series of runs were done with the polycrystalline sample
at 250 and 300 degrees C. A layer of asbestos tape was wrapped
around the ellipsoid on which a non-inductive winding of

nichrome heater wire was wrapped followed by a sccond layer of



asbestos tape. A chromel-alumel thermocouple was firmly
attached to the center of the sample and used to monitor the
temperature. No automatic regulation of ;he temperature was
performed and the drift with time was perhaps 20 degrees.

Experiments at 77Kk utilized a stryofoam dewar containing
liquid nitrogen. The sample was situated in the bottom of the
dewar and the surrounding region in the beam was packed loosely
with styrofoam to minimize H+ stops in the nitrogen. The dewar
was filled automatically.

For runs at 20K, the sample was bolted to a copper cold
finger attached to a Cryomech refrigerator. The temperature was
monitored with a carbon resistor.

A dilution refrigerator was used for rumg at 4, 1, and 0.12 K.
This appratus was hand made by cur Japanese colleagues. At 4K,
the sample was immersed in liquid helium, and at the lower
temperatures, it was in thermal contact w;th various cold walls of
the refrigerator. The temperature was monitored with a germanium
resistor.

In all the hot and cold runs, a significant fraction of the
muons stopped in the cryostat walls or heater wrappings. This
posed no problem for studies of the ferromagnetic phase, because
as will shortly be described, muons stopped in the ferromagnetic
Ni see a magnetic field quite different from the applied magnetic
field. Fourier transforms of the data show two well separated
components, one from the wulls and one from the Ni (see Figure 4).
However, the walls were kept as thin as péssible to maximize the

muon stopping rate in the Ni sample.
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2. B and The Effect of External Field and Temperature

After the first report of coherent u+ precession in a heoated
polycrystalline NI sample below saturationss, we undertook a study
of th- effect of an externally applied magnetic field on the pre-
cession frequency in a heated polycrystalline ferromagnetic Ni
sample. Muons were stopped in the polycrystalline ellipsoid
described above at two temperatures with the sample in two
orientations with respect to the external field. Various fields
were applied for each of the temperature-orientation combinations.

We found, in agreement with Kossler's group, that :low
saturation the local field seen by the muon (Bu) is independent of
external field (Figure 6). The two orientations of the sample,
“Horizontal” and "Vertical” (2" or 4 1/2" axis parallel to the
field), presented two different demagnetization facrors, Nv and Nh'
and hence, two different (temperature dependent) saturation
fields. The calculated63 values of Nv and Nh are 0.688 and 2.24
respectively. As the external field was raised above the satu-
ration fileld of the sample, the local field began to increase
linearly with the excess over the saturation field (Figure 6).
This 1s the expected result; below saturation, magnetic shielding
prevents the external field from penetrating the sample. After
the domain walls have moved to thelir limiting positions, the
saturation is complete and no further shielding is possible. The
excess field l:-aks into the cample.

This type of experiment provides a very clear answer as to the
sign of the local field. If, above saturation, the local field

initially increases, as in the case of nicke?, Bu is positive. It
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Figure 6. The local field at the muont gite In nickel vs. Bext'

the external field measured with target out. N is thc sample
demagnetizing factor. The points denoted by triangles are from
data on an approximately spherical single crystal with the [111]
axis parallel to Bext at 300 and 77 K. Other points are from

data on a polycrystalline ellipsoid (4.5"x2"x0.5"). Solid and
open circles refer to the 4.5" axis parallsl to Bext (N = 0.688)

at 250 and 300 C respectively. Solid and open squares refer to
the 2" axis parallel to B (N = 2,24) at 250 and 300 €, The
fields B and B have bgen normalized to bring measurements at
various tempe%ggures to the same vertical level and to exhibit
saturation for all samples at zero on the horizontal scale.,
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3
has recently been determined“ by this type of investigatioun that
Bu in irun is negative, Here the magnitude of B” decreases just
above saturation until it reaches zero, at which point ir bhuegins

to increase again.

The temperature dependence of Bu is shown in Figure 7. The
local field remains roughly proportional64 to MS(T) throughout the
temperature range studied (0.12 K to Tc).

The measured value of Bu at 77 K ts + 1.48 k3. The Lorentz
field at low temperature is + 2.14 kG, which implies a value for
Bhf of -0.66 kG. Notice that this is in perfect agreement with
the "very naive” no-screening picture. We are now faced with
the problem of accounting for this agreement in the presence of
the substantial screening which must occur.

If oae attempts to extract valuesa7 of Bhf for higher tem-
peratures, one finds a complicated temperature dependence for the
case of an unsaturated polycrystalline sample. Bhf begins to
decrease as the temperature is raised, but 3ust below TC’ ic
exhibits a sharp peak before falling rapidly to zero at Tc. This
odd behavior is not present in data taken by Kossler's group37

in & saturated sample, and we believe that it is due to macro-

scopic effects in a multidomain sample.
3. Relaxation in Polycrystalline Ni

In thelr original letter35, Kossler's group presented data
on the temperature dependence of the muon transverse relaxation
time TZ' in ferromagnetic polycrystalline Ni. The measured values
of T, are of the order of .2 lUsec. In this section I discuss the

2
origin of this relaxation and its temperature dependence.
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Figure 7, The local field Bu at the muon site in nickel vs, tem-
perature. The triangles and squares are our single crystal and
polycrystal data, and the circles are Kossler's pPolycrystal data.
The solid curve 1s from normalized mapnetization data in Ni of

reference 64,
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Ko.sler's group reported that no precession could be observed
below room temperature in their polycrystal. We managed to observe
very short-lived (Tz = 45 nsec) precession in our polycrystal
at temperatures as low as 77K, but in a single crystal, we saw
long-lived (T2 >1 USec)ss precession even at 0.12 K. This
difference between the polycrystal and single crystal strongly
suggests that the existence of crystallites provides an effective
relaxation mechanism.

1f T2 is expressed as an implied field inhomogeniety AB

according to the relation AB = » Kossler's and our poly-

2
Yu’l'2
crystal data and our single crystal data may be presented as AB
vexsus T as in Figure 8. Also included in the figure is data from

an NMR experiment of Streever and Bennett66 on the Ni61 resonance

in polycrystalline Ni and data from a NMRON experiment on 0060 in
single crystal Ni by Barclay67. The general agreement of the values
of AB as measured by NMR and u+ in a polycrystal is significant.

If AB were caused by strains, it would scale something like the
field at the probe. The field at a N161 nucleus is 50 times

the field at a u+. The approximate equality of AB as measured by
these two probes implies that AB is the result of macroscopic

field inhomogenieties and not strains.

These macroscopic field inhomogenieties are probably the
result of mapnetic surface charges on the interfaces of the
randomly oriented crystallites. The orientation of the
crystallites Influences the direction of the local magnetization
via the anisotropy field. From the mismatch of the crystalline

axes at a crystallite interface, a similar mismatch in local
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magnetizations arises. Since the magnetization is discontinuous
at the boundary, magnetic charges will appear, causing the
observed AB.

Some consequences of this model should be readily visible.
As the external field is increased, the local magnetizations in
the various crystallites will orient themselves parallel to the
external field direction. This will have the effect of decreasing
the degree of magnetization discontinuity amd hence AB. Kossler's
greap noticed35 that as the temperature was lowered to room tem-
perature, precession could only be observed if the external field
was increased.

A second consequence involves the effect of temperature.

64,68
as

Since the magnetization and the anisotropy field decrease
the temperature increases toward the Curie point, the local
magnetizations shrink and align more easily with the external
field as the temperature increases. Thus, the effect of higher
temperature will be a decrease in AB. This is the observed
dependence (see Figure 8) up to within 70 degrees of the Curie
point.

Kossler's group noticed a sharp rise in AB as the temperature
was increased above Tc ~ 70K. It has been suggested69 that this
is caused by critical spin fluctuations near the tramsition
temperature. It is rcasonable to assume that such fluctuations
will have some effect in this temperature regiorn. (critical spin
fluctuations are definitely observed just above Tc, as discussed

in a later section), but it should be xemembered that in this

temperature range, the field at the muon is strongly temperature
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dependent (see Figure 7). Hence, a temperature iphomogeniety or
drift AT will produce a relaxation time TZ(T) = Y_A_f..z_di___..
H __Jil
6T I'T
In Figure 9, I present a plot of AT, as inferred from the slope
of BH\T) and the measured relaxation rate, versus temperature. We
see that a temperature uncertainty of 12K would be sufficient to
explain the observed rise in AR near TC. Since the sample used by
Kossler's group35 was a large plate of Ni, a temperature uncer-
tainty of 12K is not unreasonable. Further indication that this
rise in AB is not due to critical spin fluctuations comes from nur
observation of a 2 usec relaxation time in a small single crystal
sample at 2 and 5 degrees below TC. As shown in Figure 9, these
measurements ilmply a temperature uncertainty of about 0.4K, which
was also the experimentally measured temperature inhomopeniety

across the sample. We have to conclude that to date, no evidence erlsts

for observable critical spin fluctuations below TC'
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observed u+ relaxation times in Ni., The true temperature uncer-
tainties appear to be 12 K for the large sample and 0.4 K for the

small one,
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C. JInterpretation

1. 4s Screening Model for Bhf

We have seen that the hyperfine field predicted by a "very
naive' no-screening picture agrees perfectly with experiment.
But, the effect of screening on the charge density at a positive
impurity in a metal was shown to be substantial. The success of
the no-screening picture must be made compatible with the
screening of the u+ by the conduction electrons of Ni.

The conduction band of Ni consists of 3d and 4s electrons7o.
The magnetic moment distribution in ferromagnetic Ni has been
measured by Mook62 and is shown in Figure l0a. Localized regions
of large positive moment density are surrounded by a swall
negative interstitial moment density.

It should be noted thak most band structure models \ 3
which consider both d- and s-~electrons as itinerant camnot explain
the existence of large regions in the crystal where the spin
density is opposite to the majority spins. This is because the
exchange splitting of all electrons tends to have the same sign,
throughout the Brillouin zone. One notable exception is the work
of Connolly74, who through a self-consistent calculation obtains
an s-eleciron exchange splitting opposite in sign to that of the
d-states.

It is in any case probable that he negative moment density
in the interstitial region of nickel (Figure 10a) is due to the
4s~electrons and that the more localized, positive moment is due

to the 3d-electrons. We carry this to the extreme in a simple
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Figure 10. a) Magnetic moment density along the [100) direction
in ferromagnetic Ni as measuredsz by neutron scattering. b)

Schematic diagram of spin distribution according to a simple model.



model whicl treats the 3d-electroms as perfectly localized on
the nickel cores and the 4s-electrons as forming a free-elcctron
gas. The density of this free~electron gas may be estimatcd
using the atomic density of Ni and the fect7o that each nickel
core contributes 0.54 electrons to the 4s-band. This gives a
uniform unperturbed 4s-electron density n = 4.9 x 1022 cm_3. A
schematic diagram of the unperturbed spin densities according
to our model is shown in Figure 10b.

The 4s~electrons move to screen the u+, forming a screening
cloud with a radius given roughly by the Fermi-Thomas screening

1/2

length T, = (EFIGWnoez) = 0.63, where EF is the Fermi

energy. Since the muon-nearest-neighbor nickel distance is 1.8 g,

all screening is by 4s-electrons in this model. From the

earlier calculation of n{o) (Figure 5) we can find the charge

density at the u+ in the 4s-~free-electron gas. We find n(o)/noN 5

for the calculated 4s-density.

A simple picture predicts that the screening cloud has the
game proportion of spin up and spin down electrons as the un-
perturbed state. Since the very naive picture of no screening
gives the correct hyperfine field, this direct broportionality
hypothesis will give toc large a field (by a factor 5).

Consider now the form of the total energy of the free 4s-
electrons. This includes: kinetic energy, s-d exchange energy,
s5~8 exchange energy, and correlation energy. Thus, the energy
density in the unperturbed case is:

= 1 X
€ v [Eke * Esd 4 Ess + Ec 1.

where V is the volume of the sample. For the moment, we ignore
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N s 2
the terms Ess and Ec and break Eke and Esd into spin up ans spin
down components:

i 5/3 5/3 5/3
g, = An [+’ + -0 J+pgt n ¢

+ 4
Here, A=3 19 #3 2% =144 2% ,andz=n' n' . The
20 m m n
o
first term is kinetic energy and comes from summing iree electron
states for the two spin orientations up to the Fermi level. In
the second term, it 1s assumed that the effect of the s-d ex-
change interaction can be approximated by a Zeeman interaction
with an effective, uniform, exchange field, Hsd'
The equilibrium value of the polarization, found by minim-

1zing Eo with respect to g, is ;o «a-H . n -2/3. For the un-

sd o
perturbed case, ;o = 0.85/4.9 = 0.17; the value of Hsd is fixed
to give this polarization. One finds that Hsd v -108 G, a field
of the order of normal Weiss fields but with the opposite sign.

The u+ is now intreduced, and we assume that its Coulomb
field does not effect the magnetic terms in the hamiltonian. We
also assume a "local” approximation, i.e., €, Boes to €(x) as n
goes to n(x) and g, to t(x); the kinetic and magnetic energles
at the point x depend only on the charge'and spin densities at
point x. The charge density n(x) is determined by Coulomb
effects, with a negligible magnetic contribution.

It is only the region near the u+ that is of interest, so
€(0) is minimized with respect to Z(o) to find the equilibrium
polarization at the u+. One may then investigate how L (o) changes
with n(o) (i.e., what the relation is between the charge density

+
and spin polarization at the B . It is convenient to define two
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= nfo) , the relative spin

n n
o c‘(J (¢}

and charge densities, which compare the perturbed and unperturbed

quantities: p, = n{o) G{o) and p

states. The success of the very naive picture implies that the
true.valu? of ps must be close to 1, and the calculation of the
Lindhard screening implies that pq must be v 5. Prow a plot of
the calculated relationship between ps and pq (Figure 11), it is
clear that the model is a considerable improvement over the direct
proportionality hypothesis (pq = ps). When the effects of s-s
exchange and correlation59 are taken into account according to

oS3, 3.13 2 4f3
generally accepted schemes {ESS =<3 () e nj

[a+0* s q -0 an

E = 031 efn n [(1+2)log +2)+ (1-0)log - g1}
12 #3
the agreement improves slightly (see Figurc 11).

However, we have made a serious error ir using the iocal
approximation in the expression for the energy density in the
perturbed state. The local approximation can only be valid vhen
changes in charge density occur slowly over a typical electron
wavelength A v 1/kF " a, where a is the lattice constant. But
the charge density near the u+ changes drastically in a distance
L 0.6 8 = a/6 < a. Thus the local approximation is not
valid, and a better (i.e.,non-local) theory is called for.

Among the advantages that a non-local extension of the model
would bring is the possibility of a non-uniform s-d exchange
field Hsd(X)' Hsd would be stronger in the vicinity of the Ni
cores where the s-d overlap is greatest, and it would have a

minimum at the interstitial site. The substantilal exchange field

near the cores could, in a non-local theory, produce the observed
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Figure 1l. Calculated relationships between the relative charge
and spin densities (pq and pa) at the :uon site. pq and p, are
the charge and spin densities at the p normalized to the wunper-
turbed, or u'_"—abaent, situation., The straight line [ pq rep-
resents the "direct proportionality" hypothesis, while the remain-
ing curves are the result of model calculations involving the
desipnated terms in the expression for the free-electron energy

Efe'
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interstitial spin polarization even though the exchange field here
is small. Then, as the u+ pulls in charge, the displaced electrons
would feel a weaker exchange f.eld, and the spin demsity at the

u+ would be decreased from the local approximation value. This is
the desired direction of change {see Figure 11), but a quantitative
discussion must await an improved calculation.

We hope, however, that the main theses of our argument will
hold up to closer scrutiny. These are: 1) The neutron diffraction
data correctly give the moment density, and the negative inter-
stitial moment is from quasi-free 4s-electrons. This implies an
antiferromagnetic s~d exchange interaction analzzous to that
found in rare earths75. We believe the u+ result and our simple
theory support the neutron work. 2) The 3d-electrons participate
only weakly in screening the u+ as 1f they were highly correlated
on each N1 core, moving essentially as a localized unlt. Such a
high degree of correlation is evident76 in ¥4i0. 3) The kinetic
energy Increase accompanying & build-up of one spin orientation
in the screening cloud kecps the spin density at the u+ low while

the charge density increases.
2. Knight Shife at the p' in Normal Metals

An extension of the theory just developed fotr the hyperfine
field at the u+ in Ni may be made to the case of Knight shifts
seen by positive muons in nermal metals. This is accomplished
simply by replacing the exchange field Hsd by the known applied
external field BO. It is now this external fiwld which serves
+to pularize the screening electrons. Since co is then pro~

portional to this external field, so is the hyperfine field at



the u+, which zppears to shift the external field. This 1s the wcll
known Knight shift AB. The results of a calculation of AB/B for
various values of n(o) are presented in Figure 12a. The rise at
low densities found when s~8 exchange and correlation are
included is known as the exchange enhancement of the spin sus-
ceptibility.

Data of Knight shifts of p+ precession frequencies of Hutch~
inson et. al. 24 {Figure 12b) follows the general shape of the
exchange enhanced theoretical curve, although the quantitative

agreement 1s poor,

3. Local Fields in Iron and Cobalt

The local field at the p+ in polycrystalline iron was
measured by Kossler's group36 &s a function of temperature. Their
results extrapolated to zero temperature give a value of Bu ol
-4,1 kG. The sign has been determined by the Russian group43.

Since the experiments were performed below saturation, the
external field was compensated by the demagnetizing field. The
Lorentz field at low temperature is 7.3 k6. The face-centered
interstitial sites in the bce iron lattice {the assumed u+
stopping sites) do not have cublc symmetry, and thus they have
substantial dipolar fields. A classical calculation of these
fields (ignoring possible pseudo-dipolar enchancement) gives +18
and -9 kG. Because there are twice as many of the second type
of site, rapid u+ diffusion averages the dipolar field to zero.
From the Russian dat827 cited in an earlier section, it appears

that thel-l+ is indeed hopping rapidly at temperatures above 100 K
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Figure 12. a) Calculsted dependence of the y' Knight shift (aB/B)
on the free-electron charge density at the muon n(o). The two curv:s
represent calculations involving the designated terms in the expres-
sion for the free-electron emergy E_ . E_ is thz Zeeman energy of
the free electrons in the externallyTappifed fic1d. b) Knight shift
data™" of u' jin various metals. Here, n(o) is the free-electron den-
sity at the p , calculated by the Lindhard method as described in

the text.
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(Kossler's data was taken above 300 K).

The only contributions to Bu are then the Lorentz field and
the hyperfine field, implying a hyperfine field of -11.4 kC. An
attempt may be made to apply the "very naive" or no-screening
theory to the hyperfine field in iron using neutron diffractien
data of Shull and Hook77.

The neutron diffraction data in iron shows a substantial
positive local magnetization m e at the face centered site, but

m varies rapidly with position, going negative in a region

loc
around the face-centered site, then going positive again at the iron

cores. A negative m c is required to explain the measured

lo
negative hyperfine field. It appears that the simple theory
developed for Ni does not work for Fe; one needs to allow the
N+ to sample the neighboring regions of negative e,

This may be accomplished in one of two ways. A non-local
theory would allow an electron drawn into the muon's screening
cloud from a region of negative M oc to retain its nepative
polarization, contributing to a negative hyperfine field.
Alternatively, the muon itself could be allowed to rattle around
in the interstitial site, sampling the reglons of negative LT
and performing some sort of volume average of the interstitial
spin polarization. Such an effect has been suggested9 to explain
the temperature dependence of the Knight shift of H in Pd.

The experimental picture for u+ in iron is at present some-
what confused. Bu has been peasured in a polycrystalline sample

at room temperature by three groups. Kossler'536 value (-4.1 kG)

disagrees with both the Russian42 value (~3.50 kG) and our value



(~3.46 k0). 1t appears that there is some sample dependent effuct.
Wir have recently observed precession in single crystal iroa
at room temperature. The crystal was oriented with the [111]
axis parallel to the applied field, and it was just below magnetic
gaturation. The internal field was -3.39 kG, which again dis-
agrees with Kossler's polycrystalline value.
- We performed short runs with other orientatioms of the
crystal ([100] and [110]), and no precession was observed. These
results must be regarded as preliminary at this time because of
poor statistics. It is interesting to note that only when the
magnetization In single crystal iron is along the [111] axis will
all interstitial dipolar fields be equivalent.
The measured local field BH in polycrystalline Cobaltl"2 is
%* .86 kG at room temperature (the sign is unknown at present).

Since hcp cobalt has a c¢/a ratio which is imperfect7o ((c/a)Co =

1.622, (c/a) = 1,633), dipolar fields will exist at hoth

perfect
the octahedral and tetrahedral interstitial sites. A classical
calculation of these fields gives ~0.43 and + 0.30 kG for the
octahedral and tetrahedral sites respectively (the easy axis is
along the c-axis). The Lorentz field at room temperature is
5.86 kG, so the extracted values of the hyperfine field range from
=4.57 to ~7.02 kG depending upon which sign is taken for Bu and
which type of site is assumed.

Neutron diffraction data for cobalt78 indicates a spatially
dependent local magnetization similar to that found in Ni, with a
flat, negative magnetization at and near the interstitial sice.

The measured value of my e in this region is -0.12 uB/x 3 or
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-1.11 kG. From W, o5 One can use the "wery nalve" picture
developed for Ni to predict a hyperfine fleld of Bnmloc/3 = ~-9.30 kG.
The simllarity of the spatial distribution of e between Co
and Ni and the success of the "very naive" picture in Ni prompts
me to puk some faith into rhis predicted hyperfine field. The
discrepancy between this result and the range of values computed
from experiment may lie in the fact that so far, only a classical
(non-pseudo~dipolar enhanced) calculation of the dipolar ficlds
has been performed. Pseudo-dipolar enhancement could significantly
change the magnitude and even the sign of the dipolar fields.
A survey experiment searching for p+ precession in single

crystal cobalt has been performed37, and no signal was seen. This

result is unexplained.



IV. uSR in Ni; T =~ '1‘c
A. THEORY

1. The Correlation Time Approach to y' Relaxation im Ni

As the temperature of the Ni sample is increased, the
saturation mapgnetization decreases, going to zero at the Curie
temperature (TC = 630 K). At this point, nickel becomes para-
magnetic, and the average local field at the u+ is simply the
externally applied field.

But Just above TC' remnant ferromagnetism exists in the
form of clusters of ordered spins. The lifetimes and sizes of
these clusters are described79 by temperature dependent corre-
lation times and lengths.

This fluctuation of the Ni spins causes the instantaneous
value of Bu to fluctuaite. It is well knuwn7 that the effect of
a fluctuating local field on a mapgnetic probe such as the u+ is
to produce relaxation. Thus one might expect to find a tempera-
ture dependent relaxation rate for the n+ in Ni just above Tc.
Ve estimate the size of this effect in the following discussion,
starting from the concept of a Ni spin correlation time.

The spin correlation time Tc is definedao via the spin auto-

o
correlation function: T I (Sz(t) Sz(o)> /(Sz(o) sz(°)> de
where Sz is the spin operato;#;F one Ni core and the hrackets
imply a th-.wal average. In the correletion time approach, the
meani .g of Te is extended to describe correlations between dif-~

ferent spins as well; we assume that all the Ni spins fluctuate

randomly at an average frequency llrc.

61



If each of N mutually uncorrelated spins produces a map-
netic field of strenpth m/yu at the u+. fluctuations of corre-

+ . .
lation time Tc will relax the i spin at a rate given approxi-

mately by: g NmZT ; for ut, << 1.
Tz c

Concentrate for the moment on the temperature repion (T-TC)
»reater than 70K. Microwave studies have establishedal that at
theae temperatures effectively all correlation between Ni spins
is destroyed, and they fluctuate with a correlation time
%N% N%Nlestu.Hue%ismeuwmmfmwmq,

€ and J is the exchange enerpy.

Two magmetic Interactions responsible for & suggest them—
selves immediately: (1) the isotropic contact iunteraction of
the u+ with its screening cloud of (polarized) electrons, and
(2) the classical dipolar interaction with the neighboring Ni
cores,

The strenpth of the contact interaction may be inferred
from the measured39 hyperfine field at the u+ in the ordered
state, Bhf = -0,66kG. The octahedral site has N = 6 nearest
neighbors, and we make the assumption that they share equally

in the interaction, each contributing -0,11kG. Thus,

B¢ = 10 aec-l, where Y, is the pvromagnetic ratio

of the muci:. This implies a relaxation rate

a2 . -1
= chont Tc = 10 sec .

3=
L8]

cont
u+ relaxation on this time scale would be unobservable.

Altkough the dipolar fields from neighboring Ni cores
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vanish by symmetry at th. octahizdral site in the ordered state,
dipolar fields from fluctuating spins can ecause relaxation vhen
the cubic symmetyy is destroyed by the disappearance of spin
correlation. 1In this case, w is piven by (for nearest neighbors):
- ~ 108 ~1
w ¥ 10 gec 7,

Jip
(ar2)?

where Wi = 0.6 Uy is the magnetic moment of a Ni core and a is
the lattice constant. Since uﬁip for nelghbors further removed
from the u+ drops off rapidly with distance, we consider orly the

nearest neighbor contribution: 1 = Nwz T = 103 sec_l
T dip c

which is also to small to be Zdip ohservable.

It is often the case that in addition to the isotropic con-
tact interaction between the spins of a magnetic material, there
exists a contact interaction with dipolar symmetry. This “pseudo-
dipolar” enhancement of the classical dipolar field is known
to be the source of the ferromagnetic resonance linewidth an? the
mapnetic anisotropy in Ni. It has be?n suggestedaz that a pseudo-
dipolar enhancement of wdip by a factor 10 may not be unreason-
able, in which case the relaxation would be visible,

As the temperature 1s lowered toward TC’ the Ni spin corre-
lation time increases, becoming infinite gt the transition. This
would increase the relaxation rate expected for the u+.

It would be of interest to observe critical u+ relaxation
and to compare the experimental temperature dependence of rc with

that determined using other probesao. :

2. The Critical Exponent 2

83,%4

It has been shown experimentally and theoretically that
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as the temperature approaches Tc from belaw, the saturation
wapnetization obeys a simple law:

B,
M(T) = {TC-T] POT ST

Te

where the critical expoaent B has a value close to 0.3. Tha
theory of the u+ hyperfine field Bu presented earlier40 is com~
patible with the assumption that Boe G'HB(T). Making this

assumption and noting that Bu = AHMS + Bhf‘ we see that the local
3
field at the ﬁ+ is proportional to HS(T), and we hence have an

opportunity to measure the critical exponent B with a USR experi-

meng.



B. EXPERI 'NTAL RESILTS

1. Samples and Ovens

e have performed a series of experiments ohserving the
precession of positive muons stopped in single crystal Ni sam~
ples held at tenperatures close to and above the Curle cempera-
ture Tc. It is of interest to determine the dependence of Bu
on temperature as TC ie approached from below and to study the
temperature dependence of the u+ spin relaxation time as TC is
approached from above.

Studying the critical regpion around TC requires a reliable
method of temperature monitoring and control. These problems
are greater fox the case of USR than for some other techniques,
because, in order to stop enough muons, the samples nust he
fairly large. In addition, to allow the entrance of the u+ and
to minimize stops in the oven walls, thin windows and shields
must be used.

We have used three different sample-cven systems 1n search
of a reliable design. The first oven was designed and built by
the group from the University of Tokyo. It consisted of a rec-
tangular prism of single crystal Ni 1/2 x 1 1/2 x 2 1/2" sur-
rounded on the four thin edges by four peices of porous ceramic
tile. The crystal was secured inside the squere of tiles by
small ceramic standoffs at four points. The tiles were held
topether by a non-inductive winding of non-magnetic nichrome
heater wire which passed through long holes drilled lenpthwise
through the tiles. Molybdenum shields fit into grooves in the

tiles and covered the twn open faces of the sample. Then the
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entire assembly was Fit into a polished stainless steel box.
Thig box, in turn, was tied to a stainless steel bar, which
supported the box in a vacuum can. A mechanical pump maintained
a presgure of about 40 microns, and 2 amps of dc current was
passed through the nichrome heater wire. The temperature was
measured at two points via Pt-Pt/Rh 13% thermocouples securely
bolted to the erystal, and the heater current was controlled

by an Chkura Flectric Co. model EC-7 temperature controller.

The idea of this desipgn was to minimize the conduction of
heat to the sample (via the ceramic standoffs), the convection
of heat to the sample {via the vacuum), and the radiation losses
from the sauple to the vacuum can (via the molybdenum and stain-
less steel radiation shields). The heating of the sample was to
occur principally via radiation from the hot ceramic tiles,
With this oven, the temperature inhomogeniety near TC was ahout
1.5 K across the sample. The drift with time of the temperature
was less than d.S ¥ during the course of a run.

1t was discovered that due to conduction losses alonp the
stainless steel bar, one of the ceramic tiles was significantly
colder than the other three. This produced uneven radfation
heating of the crystal. It was also decided that the vacuum
should be improved,

The next model of the oven used the same crvstal and heater
assembly, but this time it was mounted on long thin stainless
standoffs. Also, a 2" diffusion pump was added which gave a
vacuum of less than 1 micron. The temperature menitoring and
control was the sauwe as.EOt the previous model. The zeasured

temperature inhomogeniety was about 1 K.



These two ovens were used for the relaxation rate vs. tem-
perature studies above Tc. The fraction of muons stopping in
the parts of these ovens was about .102.

The third oven also used the 2" diffusion pump and hasically
the same temperuture measuring and controlling system., But in
this desipgn, the Ni crystal (this time an ellipsoid of dimensions
1/2 x 1 1/2 x 2 172", to minimize demagnetizing field inhomow-
genieties) was suspended inside a copper box (whose walls were
1/16" thick) by four fine stainless steel wires and miniature
egg insulators. The box was in turn suspended by stainless
wires in the center of a non-inductive winding of nichrome wire.
This assembly was then surrounded by four stainless radiation
shields and the vacuum can.

The idea was to heat the copper box via radiation from the
heater wire. The box had & fairly uniform temperature because
it was made of copper. Zhe box then heated the crystal by radia~
tion. It was found necessary to mount a thermocouvle on the
copper box sc the temperature of the box, not the crystal, could
be controlled. This was to avoid persistent temperature oscilla-
tions between the box and the crystal. The measured tewmper::iure
inhomogeniety across the sample was 0.4 K.

This oven was used at two temperatures just below Tc and
for 2 study of the relaxation time vs. externallv applied field
at a fixed temperature above T, Roughly 40X of the muons stopped
in parts of this oven.

2. Results ~-~ T ST,
Precession was obaerved in a single crvstal sample of Ni

at the temperatures T, - 2 (+ 1) K and T~ 5 (+ 1) K in an exter-




nal field of 30 gauss, and the local fields were determined to
be 246 * 10 and 340 * 10 gauss respectively.

If one assumes Bu « HS(T). a rough estimate for the crltical
exponent B may be made: B = 0.35 * 0.2. This value, althoupgh

83

poorly defined, is in agreement with that found ~ with other

probea in Ni and that predicted theoteticallyu*

The measured u+ relaxation times at these two temperatures
are about 2 usec. This relaxation rate czn be accounted for by
the 0.4 K temperature inhomogeniety in the sample (see Fig. 9).
Because Bu has such a steep temperature dependence, the true

relaxation rate (due perhaps to critical spin fluctuations) is

difficult to determine in this temperature region.
3. PResultsg -~-- T > Tc

He_ have measured T2 in single crystal Ni in various external
fields in the temperature range 'l‘(, + 3 to Tc + 300 K, and have
found the temperature and field dependence shown in Figures 13
and 14, Notice that T2 rises rapidly with temperature just above
TC’ then remains fairly constant above TC + 70 K. The effect of
incremsing the external field is to shorten Tz.

A sophisticated fitting program was used to extract '1'2 from
the experimental histogram. In the analysis of the early data
(¥ig. 13}, the fraction of muons stopping in the parts of the
oven (10%) was ignored, and a straightforward 6 parameter fit
(one precession component) was performed. Data taken using the
third oven (Fig. 14) required a more complicated analysias proce-

dure. Since 402 of the muons stopped in parts of the oven, the

fitting program had to take account of two precession components:
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one short-iived one (in the Ni) and one long-lived one (in the
oven parts). It was assumed that the preceésion frequencies and
initial phases of these cowponents were the same, and the com-
puted ratio between the two asymmetries was kept Fixed. At First,
the relaxation time of the oven component was left as a free
parameter, but it was found that fixing it at an infinite value
was satisfactory.

There 1s a question as to the reliability of the longer Tz's
measured (14 usec), Since the ﬁ+ lifetime is only 2.2 usec,
relaxation times this loag are indeed fairly difficult to deter-
mine. The mathematical criteria involved in fixinpg such a long
'1‘2 with a fitting procedure are investigated in the Appendix.
More careful measurements with better statistics should undoubt-
edly be carried out in "he high tewperature region, but from the
experimental evidence and from theoretical arguments, I believe

the stated relaxation times are justified.



C. INTERPRETATION
1. Temperature Dependence of the Correlation Time

The strong temperature dependence found for the relaxe-
tion rate near Tc 1s guod evidence that we are seeing the effect
of critical spin fluctuations.

Figure 15 compares the WSR data with exiatingao perturbed
angular correlation and neutren scattering data. From each ex-
periment, a spin correlation tim- T is extracted and plotted
versus (T—TC)/TC. For the PAC and uSR techniques, T is derived
from T2 via the relation 1/1'2 quTc. The known (hyperfine)
interaction strength is used for the PAC data, and for purposes
of illusrration, the dipolar field (without pseudo-dipolar en-
hancement) 1s used for the muon data. It should be noted that
an uncertainty in w implies an uncertainty in T in only a multi-
plicative constant. With the pseudo-dipolar correction to w
mentioned earlier, the uSR data points join nicely onto those
taken with PAC. The extraction of T from the neutron data is
more involved and requires fairly restrictive assumptionsao.

We see that for all three probes, as the temperature is

lowered toward TC’ the correlation time increases according to

the power law: T, [T—Tc} " where n is 0.7 for

T
[

PAC and uSR and is 1.4 for neutrons. The fact that the neutron

data disagree with both the PAC and the SR data may be due to a
failure of the assumptions made in extracting T, from the neutron
data, or it may be inherent in the manner in which the different

probes sample the momentum spectrum of the critical fluctuations.
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As T approaches Tc several things happen: (1) the product
wr, is no longer small compared to one, and the correlation time
treatment breaks down. This will only happen in a temperaturs
region extremely close to TC. (2) The nearest neighbors to the
musn begin to correlate. Vhen this occurs, the dipolar (and
pseulo-dipolar) fields will tend to cancel by symmetry, and the
contact teran will gain in importance.

As seen 1n Figure 15, the effect of an external field is
to increase the correlation time. This is the enticipated de~
pendence 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
external field, a quantitative comparison with HSR measurements

requires an extension of this work to zero field.

2, The Scattering Fimction Approach

The temperature dependent transition from a dipolar inter-
action to a contact interaction mentioned above occurs perhaps
only for an interstitial probe such as the u+. Its existence re-
quires (1) a weak contact interaction, (2) a strong dipolar inter-
action and (3) a site with cubic symmetry. It is in hopes of
clarifying this effect that the scattering function approach to
u+ critical relaxation is presented.

The scattering function approach is based on the formalism
developed by Horiya85 for NMR relaxation near TC. According to
this formalism, for a muon spin-Ni spin interaction Hamiltonian
of the form: n,=%.F.3,

uj PR U I

the relaxation rate becomes:
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Here, -i“ and Ej are the muon and j:h Ni spins. N is the number
of spins, and S(K,O) is the "scattering function" for zero fre-
quency. F(i:) is a form factor which contains only information
about the peometry of the muon site and the strength and symmetry
of the muon-Ni interaction:

’ I e-i-l:' (-ﬁj-ﬁjv) —

Y
F(k) = Tr[f
33" i

gy

Here, §1 is a vector from the n+ to the j"'h Ni spin (assumed to
be 1/2). Recause we only consider nearest-neighbor hyperfine and
dipolar interactions and because of the symmetry of the octa-

hedral site, ? is diagonal. The sum over % is over the first

13
Brillouin zone.

s(-l:,m), the scattering funetion, can in principle be direct-
1y measured using neutron scaCteringBG. Moriya uses an approxi~
mal::i.onb5 for S(-IE,O), expressing it as x(_l:)/I‘-l:, where x(-l:) is the
momentum~dependent susceptability, and [‘-lz is the decay rate for
a fluctuation of wavevector ﬁ It should be noted that through
the quantity I‘-‘:, account is taken of the different correlation
times for fluctuations with different wavelengpths.

s(ﬁ,o) has a maximum at k = 0 which grows to a singularity
at T = Tc. This enhancement of low wavevector fluctuations is
known as the diffusive mode. Morlya's approximate form for
S(-l:,O) includes only these diffusive modes.

It has recentl® been established87

that propagating spin
wave modes called paramagnons exlst above 'I‘C. Although these

modes have maximum strength at non-zero frequencies,k they probably
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pive a substantial contribution to S(E,O) at non-zero k values,
Because of the temperature dependence of the population of these
modes, the spin wave contribution to S(K,O) will vary with tem-
perature. The form of the spin wave contribution to the scat-
tering function is much more poorly understood than that of the
Aiffusive mode.

Normalized forwr factors calculated for the u+ in the oéta-
hedral site for the case of a nearest-neighbor isotropic hyper-
fine interaction and for a nearest-neighbor dipolar interaction
are plotted in Fipure 16. The important point to note is that
the dipolar form factor peaks at high i, while the hyperfine
form factor has a maximum at k = 0. This behavior may be under-
stood as follows: since lonp wavelength spin fluctuations tend
to maintain the correlation of the nearest neighbors of the u+,
and because the dipolar field at the center of an octahedron of
ordered spins is zero, the dipolar field from low wavevector
fluctuations will be small. On the other hand, the hyperfine
field is greatést when the octghedral neighbors are correlated.
High wavevector fluctuations destroy this order and decrease the
hyperfine field at the u+.

Moriya has used the calculations of Moril and Kawasskiss as
the basis for approximate mathematical forms for X(E) and FEu He
then used these expression585 to compute the relaxation rate for
the case where F(E) =1 (i.e., for the case cf a nucleus inter-
acting with a single fluctuating electron spin via an isotropic
hyperfine iﬁteraction).

I have numerically performed an integration over the first

Briliouin zone of the product of Moriya's scattering function for
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a fce lattice and the form factor for the muon in the octa-
hedral site. In this calculation, the hyperfine and dipolar
interactions were included in the proportion suggested by the
coxrelation time theory presented earlier. The resulting de~
pendenze of relaxation rate on temperat:re is shown in Figure
17. Notice that the dipolar contribution to the relaxation
rate is fairly constant, decreasing by half as the Curie point
1s approached. The hyperfine term, on the other hand, starts
small but rapidly becomes the dominant contribution. This 1is
because the hyperfine form factor weights the low k region of
s(E.O) where the diffusive peak begins to diverge near Tc.

The general form of the temperature dependence sgrees with
the experimental data (Fig. 13). There is disagreement regard-
ing the temperature at which the relaxation rate bepins to rise
and the value of the critical exponent. The data shows the rise
bepinning at a value of the reduced temperature (T-T.)/T, = 10'1,
while the theory predicts 10_3. The measured critical exponent
is 0.7, while the theoretical value is 3/2. To some extent,
these disagreements are certainly due to the approximations made
within the framswork of the diffusive model. Another source of
disagreement may lie in the failure of the theory to account for
spin waves.

It i3 interesting at this point to conpare the uSR technique
of observing eritical fluctuations with those techniques which
use a nuclear probe strongly coupled to a single fluctuating spin
(PAC, NMR, Mossbauer effect). These probes have a -I:-independent
form factor l’-‘(-!:), which implies that their relaxation rate will

reflect some undetermined mixture of the effects of the k = 0
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diffusive modes and the high £ propapating modes. According

to the theory presented for the muon, these twe effects con-~
tribute to the u+ relaxation rate in different temperature
ranges, so ideally, these two effects may be independently
studied. Indeed, because the critical rise in the u+ relaxa-~
tion rate near 'l‘C is almost strictly due to the well undexstood
diffusive mode, the u+ may prove to be the ideal probe of dif-

fusive spin excitations near Tc.
3. Fleld Dependence of the Relaxation

Moriya also showaas how the effect of an external field
on the relaxation rate may be taken into account. He finds
that the principal effect of the field is to wash out the diver-
gence in S(i.ﬂ) at 'l‘c and to decrease the diffusive peak at

higher temperatures. This decrease in S(E.O) cAUSes & corres-

ponding decrease in the relaxation rate with increasing field,

which is opposite to the effect found experimentally (see Fip.
14).

However, Moriya assumes that the transition temperature
remains unchguged in the presence of an extermal field. It has
been found experimentallys9 that in a field, the transition
temperature shifts upwards. This is due to the stabilization of
the ordered state (i.e., enhancement of the exchanpe energy) by
the field.

I have performed a calculation of the field effect on the
u+ relaxation rate using Moriva's theory, takinp account of the
field dependent shift of the transition temperature. A linear

dcpendence of the shift on field with a slope89 of 10/9000 K/gauss
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was assumed. The resulting curves show the correct field de-
pendence {(i.e., lsz increases with increasing field) over a
limited range of temperature and field. These results are very
dependent on the exact relation between transition temperature
and field.

The theory of relaxation by critical fluctuations thus
becomes very complicated in the presence of an external magmetic
field. This is why the other techniques which have been used iIn
the study of cricical fluctuatlons (reuiron scattering and PAC)
have concentrated on the zerc field case. Our USR experiments
must be extended to zero flield in order to permit a satisfactory

comparison with these other techniques.

4. Effect of u+ Diffusion on the Relaxation Rate

A potential complication of the above plcture would arise
i1f the u+ were rapidly diffusing through the Mi lattice at tem-
peratures near Tc. For sufficiently rapid diffusion, one might
think that the u+ would "wash out™ the effect of a Ni spin fluc-
tuyacion. This is analagous to the case of motional narrowing of
a atatic dipolar linewidth. But in order to wash out a fluctua-
tion of wavevector i. the u+ must diffuse a distance of the order
of the fluctuation wavelength (27n/k) in & time short compared to
the decay time of the fluctuation (Fi_l). If this criterion is
not met, the u+ samples this fluctuation as 1f at rest.

It is a fortunate coincidence that those fluctuations with
the shortest wavelengths also have the shortest decay times. This
is statedgo in the "slowing down hypothesis': Filf x(i). Con-

vergely, those fluctuations which live a long time (i.,e., which
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remain intact during many u+ hops) are also those with the lonp-
est wavelengths (requiring the u+ to diffuse a long way to wash
out the effect).

If the u+ were diffusing rapidly enrough, it could of course
wash out any fluctuation. But barring a fortuitous relation be-
tween the diffusion and fluctuation decay rates, this washing
out would have to occur at all temperatures, contrary to experi-

ment. This question should certainly be investigated more fully,

but it appears that u+ motion may be igmored.
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V. SUMMARY AND CONCLUSIONS

A. Summarv

The study of ferromagnets with uSR is a rich field. 1In
the ordered state, far below the Curie temperature, the u+
can be used as a microscopic magnetic probe to measure the local
field due to neighboring cores and polari:zed screening electrons.

In ferromagnetic nickel, the dipolar fields from neighboring
cores vanish because of the cubic symmetry of tne u+ stopping
site. However, the hyperfine field, from the contact interaction
of the u+ with the polarized screening electrons, is significant.
The measured value of Bhf’ -0.66 kG, can be explained using
neutron diffraction data from pure Ni and a theory which assumes
that only the 4s-electrons screen the u+.

In the paramagnetic phase, above the Curie temperature, the
local field at the u+ is equal to the externall& applied field.
But close to the transition, remnant ferromagnetism exists in the
form of critical spin fluctuatioms.

Critical spin fluctuations in Ni near Tc rapidly relax the
u+ spin. The relaxation rate decreases at higher temperatures.

A theory based on work by Horiyaas. which clearly shows the role
of the hyperfine and dipolar interactions, is in qualitative
apgreement with the observed temperature dependence of the u+
relaxation rate.

The stage is set for a new generation of careful, systematic

applications of PSR to ferromagnetic materials.
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B. Future Cxperiments

A variety of fascinating USR experiments in magnetic
materials remain to be done. It is only a matter of time until
most or all of the following experiments will be performed by
one of the several groups working in this field.

1) Observation of the dipolar fields in a strained Ni
crystal, A direct confirmation of the u+ stopping site in Ni
could perhaps be most easily accomplished by observing the
appearence of these fields. The end of the elastic limit for
stress along the [111] direction in single erystal Ni is about
200 ustraingl. The classical dipolar fields produced at the
octahedral and tetrahedral sites for this strain are about -2
and +1 gauss respectively. FEstablishing the sign of the local
field shift upon straining would be sufficient to determine the
site. Pseudo-dipolar enhancement of the classical dipolar fields
will increase the shift, and a careful measurement of the en-
hancement would be both useFful for critical spin fluctuation
studies and interesting in its own xipht.

2) Observation of two-component precession in cold single
erystal iron. 1If the u+ can be frozen into two electrostatically
equivalent but magnetically inequivaglent face-centered sites in
bee iron, two precession components will be visible, their fre-
quencies split by dipolar fields. This would yield information
analagous to that from a strained Ni experiment.

3) Magnetic alloys in the dilute limit and near the
critics; concentration. The addition of a small amount of well

distributed impurities to pure Ni would allow the study of ﬁ+



diffusion via the observation of motional narrowing of the
resulting static linewidth. In addition, a study of how the
muon local field in a magnetic alloy decreases as the magneti-
zation \ranishes92 at the "eritical concentration™ should be
uniertaken.

4) A precision investigation of the temperature depen-
dence of the u+ hyperfine field in & ferromagmet. One should
look for deviations from perfect proportionality93 with the
magnetization.

5) A careful investigation of the temperature dependence
of BH(T) and TZ(T) near the Curie temperature. Measurements
in this temperature region should be made more complete and
extended to zero external field.

6) Determination of the ﬂ+ hyperfine field in the
ordered phase of other magnetic materials including ferromag-
netic alloys, antiferromagnets, and ferrimagnets.

7 UMR, or muon magnetic resonance. An experiment in
which the u+ spin was resonantly reoriented by application of
a radio-frequency mapnetic .ield has been performedgb. It is
difficult, however, to produce a sufficiently I;rge rf field
to flip the u+ spin on the time scale of the ﬁ+ decay. The
existence of the hyperfine enhancemenc95 in ferromagnets could
alleviate this difficulty, and one could even imagine perform-

ing a spin-echo type experiment96 on the u+ in a ferromagnetic

host.

C. Closing Remarks

In this dissertation I have attempted to present the
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USR technique from & solid state point of view. It is clear
that LSR 1s a valuable s501id state tool, and the advances in
its application made in the future will be the result of the
intevest and involvement of members of the solid state commum-
ity, both experimental and theoretical.

It 18 toward the end of fostering this interest and in-
volvement that my colleagues and I have directed our efforts
over the past few years. We have met with some depressing
failures, but also with some spectacular successes. Due larpely
to these successes, the future existence and blossoming of this
beautiful technigque is puaranteed.

At the time of this writing one of the original focii of
USR physics, the 1B4-inch Cyclotron of the Lawrence Berkeley
Laboratory, is on its financial deathbed, a victim of the mun-
dane pressur2s of American economic recession. The next genera-
tion of 1SR exneriments will be performed at the new highly
efficient "meson factories". It is the hope of the author that
the iines of communication with the solid state community
established through Berkeley will be maintained, strengthened
and extended to the new experimental facilities.

Finally, in closing, I want to express my admiration of
the human investwent, both material and spiritual, in the realm
of basic scientific research. In an era of human hunger, strife,
and suffering, it is sometimes difficult to justify to another
party, the expenditure this investment represents. But the just-
ification to myself is obvious and immediate. The hunger, strife,
and suffering on our planet are temporary. It is the curiosity
of the human mind which is basic to human existence and which must

be preserved.



VI. APPENDIX

In this appendix, I discuss several topics of interest
regarding the two principal data reduction techniques we have
used: the discrete Fourier transform and the maximum likeli-
hood fit. Included in the discussion is a treatment of how
statistical fluctuations in the experimental histogram manifest

themselves in the two techniques.

A. Discrete Fourier Analysis

Fourier analysis is an elegant method of extracting the
frequency spectrum from exper:lmenfal data which is a function
of time. In our case, the time function is the experimental
histogram. Significant peaks in the frequency spectrum of this
histogram represent u+ precession components. The moderate size
of our histogram (12,000 bins), the existence of the Fast Fourler
Transform algorithm50 and the avallability of a high speed
digital computer make the Fourier transform technique 2z~ attrac-
tive data analysis procedure.

We start with a collection of numbers xj, which represent
successive time bins of our histogram. J is the time index.

We hope to be able to express xj a3 a sum of sinusoldal frequency

components:

N ink.
x. = K 8 exp X (05 Jg 2N-1)

3 ke e
where 8 is the amplitude of the component with frequency index k.

Experience with continuous Fourier tramsforms prompts us to

guess, for ak: -1
1]
=1 Iox, el _gincrew,
i'=0 13 N

¥R
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Ve see that this is the correct expression by inserting it
into the expression for x:l and making use of the discrete
Fourier orthogponality relation:

1 1; exp——l—-i—i"kls =LV

5N . 8
k = ~(N-1)

2N 3.
It is of Interest to investigate the form of a, for a simple
form of xj, namely a damped sinusoidal oscillation:
x(t) = Ae"t/T2 cos(w t+$), 0 t<AT,
or, in discrete notation:

x, = A [expli¢ + L;I—’- (ko+1u)} + éxp {-1¢ - 1'1};-1 (l:o—i(')}]
3 [

J
where
j = 2Nt ko =, AT, and o = AT
AT T : 2nT,
T 2

We adopt the notation: ko =n+§, (0§58 <1) and
k=n+k, (-(N-1)-n £ K <N-n). n gives the number of complete
ogscillations in the time AT. K 1s the frequency index measured
from n.

A simple calculation yields:

« n [ei¢ 1-e2TL(8+10) 4 oo 1o~ 2 (8-in) ]
= 1-ex S (k-5-10) L-ex ST (antite-10)/ -

The second term in this expression is a so-called "non-secular”
term. It can usvally be ignored for values of n not too close

to 0 or 2N. If we assume K,5,a< < N, we find:

o = a et 1 2MOHD s <«
< (<-6-1a)

lo | 2,22 1-e~2T (2c082mA)4e 2T

1610 (k-2 + o .

The real quantity IaKIZ is the Fourler power level. 1In the limit
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of small 7%, this becomes:

la 2= a2 sin’ns , (a<< 1,640)
= ] 7 2
4n° (-8) "+
2
= A ., (a<<l, §=0)

KZ
4[-7 +1]
o
Thus, the Fourier power level has a maximum at a frequency
such that « = &,
Although it is true that the maximum power level is a
function of §, the area under the Fourier power peak is inao-

pendent of §, as can be seen by a direct calculation (ignoring

the ncn-secular term):

a -
L laKlz = A} l-e 4ma {any o)
|3 BN

l—expwz-;;—u
<2 (=0
rA

B. Statistical Noise in & Discrete Transform

The poprlation of each bin of the experimental histogram
has a statistical vncertainty describable by a Poisson distribu-
tion. This statistical uncertainty shows itself in the discrete
Fouriey transform as nolse peaks.

We can calculate the averaze noise level in a Fourier trans-
form. Rememb~r that the foxm of the noise fres histogram is:

Xy = Noe-j”u [1 +y}]

st
2 cos(wit+¢i). Here t = § * T, and

n
where y(t) = & Ae’C b

i=1 1

i, = Tu/Tb, T,

1] b being the time bin width end 'ru the u+ lifetime

{2.2 psec). The number of bins is ZN. Any time~independent



background 1s assumed neglipible here.

Vie are interested in the Fourfer tranaform of:

e_\/ju 1.

2 L"x

o
NO may be determined wvia an approximate least squares fit to

the histogram. The average Fourler power spectrum of yJ is:

5z [al? = 1 W-1 2§-1
P ™ 1% R LSS P
@M 320 3,0 ¥3 Y5, PN :

Since the histopram bins have uncorrelated populations:

—_— = = 7 -2
1, T T, ¥ 65132 (le 1
TN, * 83132 5y

because the second moment >f the Poisson distribution is equal

to the mean. Thus:

- - 24,73 —

Y. ¥, =¥, ¥, +8 e "'y %
3,73, 773, T, 0, 1y
N 2

0

and: IN-1 _
R A S S TR
(ZN)Z j=0 NOZ

where pg is the Fourler power fn the absence of statistical
noise. ™ - second term 1s the average nnise level.

A atity often of interest is the signal to nolse ratio
ps/pn. The Fouriler power of a signal with asymmetry A wss shown
to be P = A2/4. The average Fourler power level of pure nolse
is: .
o= 1 22“1 % M. ‘;“1 3,
@® g-on’ (@™ 3 =0

for small A. The signal to noise ratio thus has the form:
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pS/pn @ AZHO. An experiment should be designed to maximize
the product AZNO.

The probabil.ty distribution of the transform noise peaks
can 2lso be determinedg7. The effect of random fluctuations in
the bin populations xj will be an uncertainty in 8 which re-
sembles a random walk in the complex plane of ay - Thia will be
rigorous as 2N approaches infinicy. The distributicn of 8, for
pure noise is then a two~dimensional gaussian in the complex
plane centered on the origin:

-r2/202

PQ@) =e ;v fal,

We can now calculate the probability distribution of
Fourler power peak heiphts:
P(rz)dr2 = P(r)dr

p(r)) = AP
2r

P(p) = 21eP(e?) = R (D) |
Thus: P(pk) = C e'pk,c_
The constants C and ¢ are determined by normalizing the

distribution and computing its mean value:
-

1= f P(pk)dpk = Ce
o

- 7 P(P)dv=cc2=c
;pk K Pk .

For pure noise, E% = p is independent of k. We thus find:

— W1 —
O LA L W R L
7 (my? j-o0n? .

When calculating P, it is a pood approximation to use %

instead of ;3‘ Then, with the value of N, determined previously

(e.g., by an approximate least squares fit), the-expected noise
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peak distribution may be determined. A coherent sipnal appears
in the distribution of Fourier power peaks as a significant de-
viation from the expetted noilse peak distribution. In Figure 18,
I plot the experimental distribution of Fourier power peaks of
two actual spectra along with the distribution expected for pure
noise. The isolated point in the right-hand fipure indicates

the presence of a significant signal.

C. A Theory of Noise in the Maximum Likelihood Fitting Procedure

Consider the negative log maximum likelihood funccionSl

for a histogram % and a theoretical average form §1:
Fe=- f fn w(xi,?ci).

w(xi,;i) describes the probability distribution of the peopula-

tion in the ith bir (assumed here, for ease of calculation to

be goussian, as would be the case for s "compressed" histopram,

ie, many neighboring bins summed into a single new bin):

wix,.x,) = 1 -(x, - x )Z
T B o !
T2 exp i
@2 x,) —
i .'in

Ncte that the width of the distribution is taken to be (—;1)1/2

as is the case for a compressed histogram with initfally Poisson

statistics.

We find that F is minimized 1f ;1 = ;: is chosen such that

it most closely approximates Xyt
F (minimum) = ¥ = -% fn w(x,,x0)
o i 1774

-0, —0,2
F, " f[% fn(2nEy) + (xi—xiL]

=

Consider now a second theoretical average form ;1'_ corres—
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ponding to values of the fitting parameters different from the

optimal case ;c‘; Ve wish to determine under what conditions e

can discriminate the form ;1' from the form ;:

We first calculate the expectation value of the difference

f=F' - F_, finding easily:

o - -— -
N L E e
£f=1 3 p— + — + fn ey
L} &

2 i *3 ¥ ®
~ G-
fel1 I S x; >> 1.,

2 i ;;

The condition that ;;_ can be distinguished from ;: is that

—_— _— — v 2
T >ar=s If - D2 Y2, e calculate (AF)2 assuning the

statistical independence of neighboring bins:

=xx, 3 (L F1)

xixj 1%4
en?=1 1 (€% -CEI-1 5 I6 - ) ;
i3 T 4 1
- 2 2
€2 Gy m 3 = Oy mx)
x! x
i i

After a fairly tedious calculation, we find:

2 —0 ~0 _ =2
an° = )jZ. 2, + 1 (%) - %))

—. 2
t
in
enl= B G- x>l
x
i x?
1
= -0
If we let: X =% (L+6) X M1, 8 <,
we find: F =1 Z ;‘;612
2 i



The condition required to be able to statisticslly dis-
criminate between the two forms is: f > Af, or f > 2,

For the case of our histogram, 1f ;; differs from ;: in any
interesting parameter (i.e., any but the normalization No or the
background B), E'will, in the limit c€ small asymmetry &, be
proportional to the product NoAz. Thus, we apain see the im-
portance of maximizing this product. In Figures 19 and 20 I
present the resvlts of calculations of the minimum number of
events required to 1) measure the precession frequency to a
specified precision and to 2) differentiate between a finite

relaxation time and an infinite relaxation time.
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Figure 13. The number of events required to statistically dis-
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criminate a precession frequency v from a frequency v + Av,
infinite relaxation time and an asymmetry of 0.2 are assumed.
is also assumed that the hfstogram covers three ﬁ+ lifetimes,
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discriminate between a finite value of '1'2 and an infinite value.
A is the asymmetry, and 'ru is the lifetime of the u+ (2.2 usec).
This plot assumes a histogram which covers three u+ lifetimes.
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