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ABSTRACT
A review of u+ precession experiments is presented. The behavior of
the spin of the muon as it interacts in different solids and liquids is
discussed, as is muoniva formation, “fast" depolarization, and slower relaxa=-
tion solids and solutions with various chemical and magnetic ions. The
interpretation of muonium hyperfine spectra in germanium and silicon, as
well as the recently observed anomalous u+ precession in silicon, are

presented. The use of muons to probe internal magnetic fields in ferro-

magnets is also reported.

NOTICE "

eport was prepared as an account of wor

32:--;::& by the |\’ln\led Ststes Govarnment, Neither

the United States nor the United States Atomic Energy

Commisslan, nor any of their ampln{:n:; nor sny ol
thelr ol

warmanty, expresa of implied, or assumes any

l‘:.z:lull::lyllly or ru'ponli'bllny for the accuracy, ¢om-

or of any pp

;tﬂdlltl or process disclosed, or represonts that its use

would not infringe prlvnely»awned rights,

MASTER

MENT 1S UNLIMITED

Ly

PISTRIBUTION OF THIS DOCU



-1-

Kenneth M. Crowe
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Muons have played many important roles in physics over the years,
as illustrated in Fig. 1. By illuminating the weak interactions, electro-
dynamicc, and nuclear strurnture, the "heavy electron' has served us well.
The positive muon ncw promlses to provide a new probe in its role as the
nucleus of the hydrogen-like atom, muonium.1 Chemical reactions of this
light isotope of hydrogen have been studied in gases by.ﬂughes er 35.2
and in liquids by Brewer gg‘gl.a by observing the behavior of the muon's
magnetic moment via the asymmetric decay. In liquids, muon depolarization
is analyzed in terms of the muonium mechanism developed by Ivanter and
Smilga4 and Brewer? allowing extraction of chemical lifetimes of muonium
on a precise time scale from the hyperfine period (1/4 nsec) to several
muon lifetimes ( 10_5 sec).

Local magnetic fields can be measured by extracting the muon
precession frequency from the muon's f-decay time distribution. The simple
model of a u+ replacing a proton in a diamagnetic compound provides a
probe which complements the nuclear magnetic resonance methed for studying
liquids and solids. This technique has been repoited in several papers. °
In this paper I will limit myself mainly to recent work with positive muons
in solids, since the other topics are rather well described in the literature.

The experimental technique used in these studies can be summarized
as follows: One allows polarized muons to stop in a target suspended in

a known magnetic field. For precession measurements one detects the decay
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positron, and, with a precise clock, records the time interval from the
stopping signature until the decay. Precession appears as a modulation
in the distribution of these times, as shown in Fig. 2. Several simul-

taneous precession signals can be described by the distribution

N(E) = N T, [.1 + ? P, (t) cos(ut + ¢iﬂ + BG,

e(Hlocal)
me

= % is a precession

where 7;H is the muon lifetime, &, =
frequency, Pi(t) is the corresponding effective asymmetry (.ften exhibiting
relaxaticn), ¢i is the relative phase,and BEG is a constaat background.
By accumulating a large nunber { ™ 106—107) of decay events and Fourier
analyzing the above time distributicn, one can measure the amplitudes of
muon precession in various local fields in the same target.

If the muon is located in a muonium atom, the energy levels follow
the characteristic Breit-Rabi diagram, shown in Fig. 3, as a fuaction of
the external magnetic field. Half of the muonium atoms form in the
(F=1, m = +1) state and half in a superposition of (F =1, m = 0) and
(F=0, m=0)., In weak fields, to a good approximation, for the first
half the muon spin precesses about the external field at a frequency
‘determined by the magnetic moment of the electron (103 times faster than
the free muon precession), while for the second half the muon spin flips
back and forth at the hyperfine frequency w, = 2ﬂvo. In stronger fields
(comparable to the effective hyperfine field, 1588G), the observable
frequencies are the differences shown in Fig, 3, mij = Zﬂvij.

For muons stopping in quartz, Gurevich et al. showed8 that there was
a beating of Wy VS. Wy, whose quadratic field denendence could be
analyzed to extract wo. They found wy (quartz) approximately the same as

wo(vacuumo. On the other hand, in germanium they found wo(Ge)/wo(vac) = 0.58(4).



We have made similar measurements in silicon, Figure % shows a comparison

between Fourier transform data for quartz and silicon in the same field.
The two highest frequencies ccrréspond to w, and Wy of muonium. Their
separation is proportional to l/uoand is clearly larger for silicon.
Analysis yilelds wO(Si)/wo(vac) = 0.444(20).

These results have been satisfactorily interpreted by Wang and Kittel
in a recent paper? Their model has muonium trapped in an interstitial site
which is large enough to contain the orbital electron in the ground state.
Roughly speaking, the binding potential is cut off at large radius due
to screening by the valance band electrons of the surrounding atoms of
silicon. By using other data they can explain the size of the change in
the hyperfine frequency as well as the difference between Ge and Si in
terms of the increase in the size of the muonium atom caused by the neigh-
boring atoms of the crystal. This model, the deep~donor for muonium in
semiconductors, seems to be in accord with observations. Wang and Kittel
observe that "it is not possible at present to compare these values with
those for atomic hydrogan---since the presence of atomic hydrogen has
never actually been detected---." Further, "we know more about muonium
in Ge and Si than about H or H2 in just these crystals on which rests
most of modern solid state electronics technology."

In Fig. 4 one can see that there are other Fourier components in
addition to the two muonium lines. One expects that the free muon will
appear in this figure near zero. However, there are two "stronger' lines
at Intermediate frequencies, which we have labelled "anomalous precession."
We have varied the field in an attempt to follow these lines; Fig. 5 shows
the data we have accumulated to date. The two sets of polats are associated

with different crystal vrientations, i.e.[l1ll] and [100}, along the field
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axis. The data are taken with the sample at liquid N2 temperature. for

mildly p-type silicon. Both anomalous precession and muonium precession

have a lifetime on the order of 300 nsec. Neither of these signals has

been detected in n-type Si at 77°K or in any silicon sample at room temperature,
The anomalous frequencles are much higher than the free muon precession

frequencies in weak magnetic fields., The muon must therefore be coupled

to a particle or system with a larger magnetic moment than its own, as in

muonium where it is coupled to an electron by the contact interaction.

The field dependence of the data can in fact be fitted to frequencies Via

and v,, of a modified Breit-Rabi formula (see Fig. 2), if the different

34
crystal orientations are treated as separate cases.. However, it is necessary

to allow botii the hyperfine coupling strength and the g~factor of the
electron to vary in order to obtain a fit. For the case of the [111]

crystal axis parallel to ihe field, the best value for volvo(vac) is
0.0198(2); for [100]} parallel to the field, the best value is vofvo(vac) =
0.0205(3). 1In both cases, the “est value for 8, is 1323. Clearly, the

spin g-factor of an electron cannct be much different from 2, nor can a

pure contact interaction be anisotropic; this modified Breit-Rabi description
is meant only as a phenomenological characterization of the data.

These results can be interpreted in terms of several physical models.
Perhaps the simplest is shallow~donor muonium. Here the electron wave
function is spread over many lattice sites, whereas the eatire deep-donor
muonium atom fits into one interStitial site. An s-state cannot produce
the observed beha. lor, due to the relatively invariable spin g-factor of
the electron. However, in the 2p state the orbital g-factor can be large
and anisotropic: the electron wave functior for a shallow donor must be a

superposition of conduction band states, which may have small, anisotropic
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eiffective masses. A possible objection to this model is the requlrement
of a minimum lifetime of * 300 nsec for the 2p excited state. Hindrance
of the normally fast radiative El transition 2p + 1ls can be explained by
the small overlap between electron wave functlons in the shallow-donor
2p state and the deep-donor ls state.

A second physical model is suggested by the large variety of ESR
centers which have been observed in radiation-damaged silicon%o The muon
may create a paramagnetic lattice defect (e.g., a broken bond) ac the end
of its range, combining with it to form a muon-defect bound state. Such
a center can also be described by a modified Breit-~Rabi hamiltonian.

The possibility that the anomalous precession is due to formation of
a bound state of a muon with an impurity atom 1s considered remote.

However, in stopping, the muon must generate a high density of free
electrons and holes, with which it may subsequently combine. If we regard
the u+ as a positive impurity ion in an interstitial position, observations
of impurity-exciton bound states in silicon provide a precedent for two
models involving excitons. The first model is the neutral muonium~exciton
molecule (u+ e e h+), in which the two electrons are assumed to have
paired spins, in analogy with ground-state uz. The u+ is thus coupled to
the hole by a dipole-dipole interaction. Orientational effects are pre-
dicted by this model if the molecule is “pinned" by being wedged into an
oblong interstitial site in the unit cell. A second model of this type
is the ionized muonium-exciton molecule (u+ e h+), in which all three
particles are coupled via contact interactions. These models draw support
from the fact that measured free exciton :ifetimes in silicon at 86%K are

about 400 nsec}l

None of the above physical models for anomalous muon precession can



be eliminated on the basis of existing data; however, ve feel that shallow-
dbnor 2p muonium is the most probable explanation.

Let me turn now to the studies by Kossler et al. using muons to probe
ferromagnetic materials%z The reference contains an abundance of data;

I will only discuss the experimental aspects which we have pursued.

The experiment is similar to those mentioned previously. One places
a nickel sample in a maguetic field (Bext), and looks for mucn spin pre~
cession. Surprisingly, there is a large signal, from which the local
field at the muon (Bu) can be extracted.

For external fields too weak to saturate the sample, Bu is independent
of Bext' This is due to the high permeability of the nickel: domain walls
can edsi'y move to screen out the external field. Above saturaticen, no
further wall motion can occur, and Bu rises linearly with Bext (see Fig. 6).

B is strongly temperature dependent, as shown in Fig, 7. The behavior
is similar to that of the saturation magnetization (Ms): i.e., a Brillouin
function. As one raises the temperature through the Curie point, Bu
'abruptly becomes equal to the ex*ernal field; and the muons prece 3 in a
paramagnetic environment.

Another interesting effect is the depolarization of the muons,
reflected in tbe decav of the precession signal. This depolarization may
be due either to dephasing in an inhomogeneous local field or tc relaxation
phenomena. Short depolarization‘times were observed for muons in poly-
crystalline samples, including ours, which was ellipsoidal in shape in
order to produce a uniform macroscopic internal field. The temperature
dependence of the depolarizaticn time is shown in Fig. 8. Theseiresults
can be explained in terms of .local field inhomogeneities produced by the

random orientation of individual crystallites: the temperature dependence
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arises from the temperature-dependent anisotropy field, which strives to
orient the local magnetization along the easy axis. The sharp drzp in the
depolarization time observed as the Curie temperature 1s approached i1s
probably due to imperfect thermal regulation in a region where BU is
changing very rapidly with temperature {see Fig. 7).

The depolarization becomes very pronounced at room temperature,
where precession is observed in an annealed sample only near sdaturatiom,
and 1s barely detectable in an unannealed sample, In a single crystal
sample, however, long-lived precession is observed even at liquid NZ
temperature.

There are a number of interesting questions which present chemselves:
What is the coupling between Bu and M which causes them to have basically
the same temperature dependence? Are there deviations from this simple
proportionality? Where does the muon sit? 1Is it hopping from cne inter-
stitial site to another? What is the structure of :ts electron cloud?
Since the conduction electrons are polarized negatively in tlhe interstirial
region, why does the muon definitely precess in the positive sense?

Another line of questions has to do with the depolarization observa-
tions, The local fleld inhomogeneity can be studied,and perhaps other
depolarization mechanisms can be identified.

Finally, are ghere other frequencies which represent alternate sites
or states for the muon?

The study of these questions will doubtless point the way for in~
vestigations of other classes of magnetic materials, metals,and alloys.

In summary, the positive muon is alive and well, and living in solids
long enough to perform many impressive feats. Following its spin leads to

a rapidly expanding vista of applications inm solid state physics.,
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FIGURE CAPTIONS

FIG. 1. Various experimecats in progress which utilize the muwon as u
probe of matter.

FIG, 2. A typical experimental histogram, Carbon tetrachloride at 100 G,
The data arebinned into 10-nsec bins for clarity; for fitting,
Q.5-nsec bins were used. The mean muon lifetime Tu = 2,20
sec is indicatgd.

FIG, 3. Energy elgenstates of 1 = 0 muonium in an external magnetic field,
as functions of the dimensionless "specific field" X - ZueB/hvo.
The four allowed transitions are indicated. The relation
v + v

12 34
*~
to be negative for X P X = (mu - me) /2me, where the top

=V holds for all fields, where Vio is understood

two levels cross.

FIG. 4, Frequency spectra of muons in fused quartz ar room temperature
and in p-type silicon at 77°K. In both cases the applied
field is 100 gauss. The vertical axis is the square of the
Fourier amplitude, in arbitrary but consistent units. In
the lower graph the vertical scale is expanded by a factor
of 10 to the right of the dashed line. The prominent peaks
(from left to right) are: the free muon precession signal
at 1.36 MHz; a characteristic background siénal at 19.2 Miz,
due to rf structure in the cyclotron beam; the two anomalous
frequencies at 43.6 * 2.9 Miz (silicon only); and the twe ls
mucnium peaks centered about 129 MIz. The wider splitring
of the two ls muonium lines in silicon is due to the weaker
hyperfine coupling. These spectra were produced by Fourier

analyzing the first 750 nsec of the experimental histograms.



FIG. 5.

FIG. 6.

FIG. 7.

FIG. 8,

For comparison, the muon asymmetries obtained by maximum
likelihood fits to the first 5 Lsec of data were 3.81 : .35 7%

for quartz and 5.05 = 0.63 % for p-type Si at 77°K,

Dependence of anomalous frequencies in silicon upon field strength

The

The

The

and crystal orientation. Round points and solid lines are

data and best fit for (111) crystal axis along the field;
triangular points and dashed lines are data and best fit for
(100) axis along the field. Free muon, ls muonium, and
cyclotron background signals are not shown. A number of

peaks appear in the spectra in addition to the fitted "“proper"
anomalous frequencies; these are unexplained. They are in-
dicated by square points (for prominent peaks) and horizontal
bars (for weak or questionable peaks). The higher of the
"proper" anomalous frequencies is missing at several fields.
This is because the spectra showed no statistically significant
peaks at those positions.

local field Bu at the muon site in nickel vs. Bext’ the
external field measured with target out. The points denoted

by asterisks are from data on a single crystal with the (111)
axis parallel tro Bext' Other points are from data on an
unannealed, polycrystalline ellipsoid (4.5" x 2" x .5").

"Vert" refers to the 4.5" axis parallel to Bext' and "Horiz"

to the 2" axis parallel to Bext'
local field at the muon site in nickel (Bp) vs., temperature,
for external fields too small to saturate the samples.
depolarization time constant for muons in nickel versus

temperature. (Data from Kossler et al.)
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