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The anomalous muonium state in Si has been studied with the muon-spin rotation tech-
nique as a function of the strength and orientation of the applied magnetic field, It was
found that this state is well described by a spin Hamiltonian with axial symmetry about a

[111] axis.

The positive muon is a spin-3 particle with a
lifetime of 2.2 us and a mass of approximately
-;- of the proton mass. A muon implanted into an
insulator or semiconductor may bind an electron
to form muonium (u*e”), a light “isotope” of hy-
drogen. Precession of interstitial muons and
muonium atoms in an external magnetic field is
observable using the muon-spin rotation (uSR)
technique.!

Several uSR experiments have been performed? "¢
in silicon. In these studies a frequency compo-
nent is always observed which corresponds to the
precession of free muons. This so-called “u*”
component represents muons which fail to cap-
ture an electron or which for other reasons find
themselves in a diamagnetic environment.

In intrinsic Si samples at low temperatures, a
state similar to muonium in vacuum is observed.*?®
This “normal” muonium (“Mu”) is described by
a spin Hamiltonian consisting of an isotropic hy-
perfine interaction and electron and muon Zee-
man terms:

Ky =Al*S =g, uS-H—-g,u,I-H.
The energy eigenvalues of this Hamiltonian are
given by the well-known Breit-Rabi diagram. In
a uSR experiment, muonium shows itself as char-
acteristic precession frequencies corresponding
to the differences between these energy eigenval-
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ues. From the field dependence of the two Mu
precession components observable at low fields,
it has been determined that A(Si)=0.45A(vacuum).
This reduction has been interpreted” as being due
to a “dielectric swelling” of the interstitial muo-
nium atom. The g factor of the muonium elec-
tron was found to be approximately equal to 2.

An additional state which we will call “anoma-
lous” muonium (Mu*) has been observed in Si at
low temperatures. It shows up as two additional
frequencies in the uSR spectra and was the sub-
ject of a Letter by Brewer ef al.® Their field-
dependent measurements showed that the two
Mu* frequencies could be represented by a modi-
fied Breit-Rabi diagram. In order to fit the data,
A(Mu*) was taken to be 0.024(vacuum) and g, to
be —13. It was also found that A(Mu*) was slight-
ly dependent on the orientation of the Si crystal
with respect to the field. A prediction of this
Breit-Rabi description of Mu* is that in zero field
a single precession frequency at approximately
90 MHz should be observed.

In order to search for this 90-MHz “muonium
heartbeat” signal® and to test other features of
the Breit-Rabi model, the present investigation
was begun at the Swiss Institute for Nuclear Re-
search on a 12-g p-type Si crystal with a doping
of approximately 10'® em ™. The crystal was
cooled to 30 K in a thin-window stainless-steel -
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FIG, 1. Typical Fourier transforms of uSR data in
Si. In zero applied field, statistically significant peaks
at 36, 52, and 92 MHz are observed. At 3.83 kG
oriented parallel to the [111] direction, single lines at
43 and 60 MHz and groups of lines at 16 and 95 MHz
are observed., With a field parallel to the [100] direc-
tion, groups of lines at 25 and 87 MHz are detected.
The large peak at 52 MHz in the middle and lower
transform arises from the “free’” muon precession in
the applied field and accidentally coincides with the
strongest frequency in zero field.

He-flow cryostat.

A high-statistic run (3 X107 detected muon de-
cays representing 7 h of running time) at zero
applied field yielded the Fourier transform shown
in the upper part of Fig. 1. In addition to the ex-
pected signal at 92 MHz, two other significant
peaks are observed at 36 and 52 MHz which are
unexplained by the Breit-Rabi model for Mu*.
Field-dependent measurements taken with the
[111] axis of the crystal parallel to the applied
field showed additional discrepancies with the
model: Instead of passing through zero as pre-
dicted, the lower strong frequency shows a broad
minimum at approximately 3.1 kG (see Fig. 2).
Additional weaker lines not explained by the Breit-
Rabi theory were also observed as satellites of
the u* line.

Measurements as a function of crystal orienta-
tion with respect to the external field demonstrat-
ed that the observed frequencies are strong func-
tions of orientation (Fig. 3).

The new measurements clearly point out insuf-
ficiencies of the isotropic Breit-Rabi Hamiltonian.
We have found that a Hamiltonian with an axially
symmetric hyperfine interaction® might be prefer-
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FIG. 2. The experimentally observed precession
frequencies are plotted (solid circles) as a function of
the external field applied along the [111] direction.
Theoretical curves are included for the “p*” component
(solid line) and for the “Mu*” components. The light
(heavy) broken curves correspond to Mu* centers
whose symmetry axes make an angle 6 = 0° (6 = 70,5°)
with the applied field. The precession components at-
tributable to “normal” muonium (Mu) are not shown,

able:

Ko =A (1, S +1,S)+A LS,
—8e “Bg._ﬁ —gp“ p—f'ﬁ ’
where the z direction now defines a preferred di-
rection in the crystal. The subsequent analysis
of the data showed that this direction coincides
with any one of the (111) directions of the dia-
mond lattice of Si.

FREQUENCY (MHz)
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FIG. 3. The experimentally observed Mu* precession
frequencies are plotted (solid circles) as a function of
the sample orientation in a field of 3.83 kG. The angle
& defines the direction of the field in the (011) plane of
the crystal. The solid curves show the theoretical
dependence on angle,
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The energy eigenvalues of ¥Cy,,» as a function
of the field are shown in Fig. 4 for H parallel to
the symmetry or z axis. Different diagrams are
obtained for other angles 6 between H and the z
axis. Simple analytical expressions for the ei-
genvalues are available for =0 and 90° and in
the limits of high and low fields.

In high external fields, 3C,,,» predicts the exis-
tence of two observable precession frequencies
vy, and v,, (Fig. 4), one on each side of the free-
muon line. One would in general expect four lines
on each side of the u* line if Mu* has its symme-
try axis in any of the four equivalent (111) direc-
tions, but several of these may coincide for cer-
tain orientations of the crystal. The center and
lower sections of Fig. 1 show Fourier transforms
of runs taken at a field of 3.83 kG applied, re-
spectively, along the [111] axis and the [100]
axis. For the [111] orientation, one of the (100)
directions makes an angle 6=0 with the field,
yielding the two satellites of the u* line, and the
three remaining (111) directions all lie at 6
="70.5° and yield the groups of lines at 16 and 95

MHz. The small splitting within each of these
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FIG. 4. The energy levels of the axially symmetric
spin Hamiltonian 3C,+ are plotted as a function of
field for the case where the field is parallel to the
symmetry axis of the Mu* center. The transitions
vy4 and vy3 have been reduced by a factor 100 for pur-
poses of clarity, This distorts the behavior at very
low fields (E, and E, actually have a horizontal tan-
gent at H=0). The only observable precession fre-
quencies in large applied field are vy, and v,

groups is due to a slight misalignment of the
crystal. For the case of the [100] axis parallel
to the field, all the Mu* lines fall in two groups,
one on each side of the u* line. This follows
from the fact that all four axes of the (111) type
now make the same angle with the field (6=54.7).
The results of all the angle-dependent measure-
ments are summarized in Fig, 3.

In the limit of high field the two observable pre-
cession frequencies may be expressed as follows:

14
< 12) gk HF3[A +(A, =A,)cos?6].
V34

Estimates for A, and A, may thus be inferred
from the measured frequencies at 4.8 kG (Fig. 2).
In the zero-field limit, 3C,,,» may also be solved
analytically to yield the three precession frequen-
cies [A,| and 3|A, £A|. With the values of A,
and A, estimated from the high-field run, these
become 90, 54, and 36 MHz, which are in fair
agreement with the observed frequencies in zero
field (92, 52, and 36 MHz).

In order to determine accurately the various
parameters of ¥Cy,,«, the eigenvalues were com-
puted by numerical diagonalization of the 4 x4
matrices. The parameters resulting from a least-
squares fit to the field- and angle-dependent data
have the following values:

|A,]=92.1£0.3 MHz,
|A,|=17.1£0.3 MHz,

A, and A have the same sign,
&,=2.0120.01,
&£,=-2.2+0.2,

The calculated field and angular dependences are
shown by the curves in Figs. 2 and 3. The agree-
ment between experiment and theory is excellent.

The success of the Hamiltonian JC,,,« in repre-
senting the data indicates that Mu* is a paramag-
netic state involving a muon with axial symmetry
about a [111] crystal axis. The ratio A /A,
=+0.19 implies that the degree of anisotropy is
considerable (A, /A, =1 and 0 for isotropic and
X-Y-type interactions respectively).

Several physical models have been proposed
for the anisotropic Mu* state. It is possible that
the muon interacts with an electronic defect pro-
duced during its slowing-down process; impurity-
exciton bound states are known'® to exist in Si.

It is regarded as unlikely that the muon interacts
with structural defects produced during its own
slowing-down or that of an earlier muon. This
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is due to the small number of muon implantations
in a uSR experiment (of the order of 105, dis-
tributed throughout the sample) and to the large
kinetic energy required of the muon in order to
produce a Si-atom displacement.

A second proposed model assumes that a mu-
onium atom may occupy the symmetric tetrahe-
dral interstitial site in Si and hence contribute to
the (“normal””) Mu fraction, or it may bind to a
neighboring Si atom and occupy a position some-
what closer to any one of the four nearest neigh-
bors. The result would be a polarization of both
the muonium and Si atoms with a symmetry axis
along a [111] direction.

The final model for Mu* considers another pos-
sible stopping site of the muon in Si, namely the
hexagonal interstitial site.'* A muon at such a
site is surrounded by a nearly planar hexagon of
Si atoms oriented perpendicular to a [111] axis.
The desired axial symmetry is thus a feature of
the interstitial site itself. The muon-electron di-
polar interaction calculated assuming the sharing
of the muonium electron among the six nearest-
neighbor Si atoms approximately reproduces the
anisotropic part (4, -A,) of 3,,,». Inthis model
the Mu component again represents muonium
atoms located at the more symmetric tetrahedral
sites.

The doping- and temperature-dependent forma-
tion probabilities of the three muon states in sili-
con have been measured. The results will be
published elsewhere.

In conclusion, we have found that the introduc-
tion of an anisotropic hyperfine interaction has
allowed an accurate representation of both the
old and new uSR data on the anomalous muonium
state in Si. This introduction of anisotropy makes
the previous requirement of an electron g factor
of 13 unnecessary. A physical model to explain
the anisotropy is not yet available, but the new
measurements and theory help to define the de-
gree to which muonium states are sensitive to the
host lattice.
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