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An anomalous muonium state similar to that in silicon has been found in germanium. This
state can be described by an anisotropic hyperfine interaction with the parameters
A;/h=130.7 £1 MHz and A4/h =26.8 £1 MHz. In contrast to Si this anomalous muonium
state in Ge was not observed at low external fields. In addition, a detailed investigation of nor-
mal muonium in Ge was carried out. For undoped Ge the hyperfine constant is found to be
temperature independent in the range between 6 and 81 K with an average value of
A(Ge)/h =2361 +3 MHz or A(Ge)/A(vac) =0.5290 +0.0007. The present value is considerably
lower than that published by Gurevich et al. The relaxation rate of normal muonium in the Ge
sample investigated increases sharply above about 50 K with an activation energy of 14 meV.
A correlation with the thermal activation of impurity charge carriers is suggested.

I. INTRODUCTION

If a positive muon is stopped in a target it may cap-
ture an electron and form muonium, a hydrogenlike
atom. Since the reduced mass of muonium is about
the same as that of hydrogen, many properties of
muonium and hydrogen, e.g., size and ionization en-
ergy, are similar. Therefore in many respects muoni-
um can be considered as a light isotope of hydrogen
and the muonium results presented in this paper are
expected to hold also for hydrogen under the same
conditions.

The formation of muonium is observed by the pre-
cession pattern of the muon spin under the influence
of the bound electron. In a muon-spin-rotation
(uSR) experiment"? the positrons from the anisotro-
pic muon decay (7 =2.2 us) are recorded and the pre-
cession frequencies of the muon spin can be derived
from the time-dependent count rate.

In silicon, two different muonium states, normal
and anomalous muonium,>* were observed, whereas
in Ge only the normal muonium had been found.’
From the similarity of the two elements such a differ-
ence is not expected and prompted the present inves-
tigation. In experiments with high statistics, we suc-
ceeded in detecting weak signals which could be as-
signed to the anomalous muonium in Ge. A descrip-
tion of the properties of this state in Ge and a com-
parison with the equivalent state in Si is presented in
the first part of this paper.

In the second part, a detailed investigation of the
normal muonium in Ge, in particular the measure-
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ment of the hyperfine constant and the relaxation
rate as a function of temperature is reported. These
results provide a quantitative basis for the known
phenomenon, that the muonium signals disappear at
higher temperatures.

First studies on muonium formation in Si and Ge
were reported by Feher er al.® and subsequently by
Eisenstein er al.” These authors measured the residu-
al muon polarization as a function of a longitudinal
magnetic field. For highly doped samples or high
temperatures little depolarization was observed.
However, for low doping and low temperatures an al-
most complete depolarization was reported, indicating
the formation of muonium. :

A direct proof of the formation of long-lived
muonium states by observing the characteristic
muonium precession pattern in transverse fields was
reported by Gurevich et al.’ for Ge and by Brewer
et al.3 for Si. Both experiments were performed at
77 K. The measured precession frequencies as a
function of the external field B could be described by
a spin Hamiltonian with an isotropic hyperfine in-
teraction.

H“+e—= A -S_.'T—gu“'uT' E _geI‘LBS :

>/}

1

T and S are spin operators of the muon and the elec-
tron, respectively, and the last two terms describe
Zeeman energies. The hyperfine constant A4 is pro-
portional to the electron density |¢(0)|? at the muon
site. The values reported for Ge and Si are 4(Ge)
=(0.58 +£0.02) A(vac) and A4(Si) = (0.45 £0.02)
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x A(vac). The reduction of 4 with respect to the
vacuum value A(vac) may be understood from a cav-
ity model, proposed by Wang and Kittel.® In this
model, the muonium is assumed to occupy an inter-
stitial site. The vicinity of the muon within a radius
R is treated as vacuumlike. Outside R the electron is
assumed to move in a dielectric environment with a
macroscopic dielectric constant e. The results are in
reasonable agreement with experiment and indicate,
that muonium forms a deep level.

Besides the normal muonium state described above
additional frequencies were observed in Si and were
attributed to an anomalous muonium state,

(u*e™) *>* The field dependence of these frequen-
cies could be well described by a spin Hamiltonian
with a strongly anisotropic hyperfine interaction

H(“+e—).=A1(1xSx +1ySy)+A|IIzSz ()

_gu#uT'ﬁ"ge#B§'§ .

The symmetry axis z is parallel to one of the four
equivalent [111] directions in the diamond-type lat-
tice. At present, no physical explanation has been
given for the hyperfine constants 4,, 4,. Their
values were found to be 4,/h =92.1 £+0.3 MHz and
Ay/h=17.11£0.3 MHz.

Although the spin Hamiltonians (1) and (2) for
the normal and anomalous muonium state, respec-
tively, look quite similar, it should be stressed that
the observed uSR signals correspond to quite dif-
ferent transitions among the possible states. In the
case of the normal muonium state, the hyperfine
constant A4 is of the order of 2000 MHz and the uSR
experiments are performed in the low-field region
(up to 0.02 T). In this Zeeman region, all of the four
states are coupled, and in a transverse field experi-
ment all four frequencies with |AM| =1 can in prin-
ciple be observed. The amplitudes for these four
transitions are about the same, but the two frequen-
cies corresponding to singlet-triplet transitions are too
high to be resolved in the experiments. For increas-
ing field strength, also the other two frequencies
exceed the highest resolvable frequency of about 550
MHz.

The hyperfine constants 4, and A4, for H(,ﬁe‘)"

the other hand, are two orders of magnitude smaller
than 4. This implies, that for a field strength above
about 0.02 T, among the four states, those with dif-
ferent electron-spin polarization are decoupled and
have a vanishingly small transition amplitude. The
two observable transitions are then determined by
|AM,|=1 and AM, =0.

on

II. EXPERIMENTAL SETUP

The experiments were performed at SIN (Schweiz-
erisches Institut fiir Nuklearforschung). The high

muon flux of the superconducting muon channel al-
lowed measurements with very high statistics. A
usual uSR setup! with two positron counters was
used, one counter in the beam direction and the
other perpendicular to it.

The Ge samples were undoped and had a specified
resistivity p =50 Qcm, corresponding to an electri-
cally active impurity content of about 103/cm?®. Sin-
gle crystals of about 30 g and cylindrical shape were
used. The targets were cooled in a thin window He
flow cryostat. In each run 12—18 million events were
accumulated.

III. RESULTS AND DISCUSSION
A. Anomalous muonium

In order to search for the anomalous muonium
state in Ge, measurements were performed in strong
transversal magnetic fields. The target temperature
was 10 K. Figure 1 shows Fourier transforms of runs
with B=0.45 T and B =0.52 T and the field axis ap-
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FIG. 1. Fourier spectra of two typical runs with an exter-
nal field B =0.45 T, approximately parallel to the [100] axis
(a) and B =0.52 T, approximately parallel to the [111] axis
(b). Signals from the anomalous muonium in Ge are indi-
cated by (ute™) * The lines denoted u* correspond to the
Larmor frequency of muons in diamagnetic environment in
the target and in the cryostat walls, respectively. The lines
at 50 MHz are background signals, caused by the pulsed
structure of the beam.
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proximately parallel to the [100] and [111] direction
of the crystal, respectively. The misalignment was 3°
for the [100] and 7.5° for the [111] direction. Be-
sides the strong lines from the Larmor precession of
muons in a diamagnetic environment labeled u* and
the peaks at 50.6 MHz from the cyclotron beam, ad-
ditional lines can be seen around 110 MHz in Fig.
1(a) and at 23 and 130 MHz in Fig. 1(b), while less
pronounced peaks appear at 31 MHz [Fig. 1(a)] and
at 57 and 85 MHz [Fig. 1(b)]. These lines are inter-
preted as being due to the anomalous muonium state
(u*e™) *in Ge. The frequencies are plotted as a func-
tion of the magnetic field in Fig. 2. The dashed lines
correspond to the Larmor frequency of the free
muon. The solid lines are theoretical curves calculat-
ed from the anisotropic Hamiltonian (2) with fitted
parameters 4; and 4. From the best fit the follow-
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FIG. 2. Experimentally observed frequencies (points) as a
function of the external field. The field direction was paral-
lel to the [100] axis with a misalignment of 3° (a) and paral-
lel to the [111] axis with a misalignment of 7.5 ° (b). The
solid lines are calculated from Eq. (2) with fitted parameters
A,, A). The angles 0, formed by the symmetry axes with
the external field, are given on the right-hand side. The
dashed lines correspond to the Larmor frequency of free
muons. '

ing values are obtained:

A;/h=130.7 £1.0 MHz,
Ay/h =268 +1.0 MHz .

An exact [100] orientation was assumed for the data
of Fig. 2(a) whereas the misalignment of 7.5° was
taken into account explicitly for the [111] orientation
[Fig. 2(b)]. The different angles between the field
and the symmetry axes, corresponding to one of the
four equivalent [111] directions, are noted on the
curves.

The results indicate that the anomalous muonium
states in Si and Ge are quite similar. Both states ex-
hibit the same symmetry. The anisotropy of the hy-
perfine interaction, measured by the ratio 4,/A4,, is
almost equal (4,/4, =0.19 for Si and 0.20 for Ge).
The absolute value of the hyperfine constants are
about 40% larger for Ge than for Si. As in Si the
lifetime of the (u*e™) * signals in Ge is of the order
of 1 us. However, remarkable differences exist: (i)
The amplitudes of the (u*e™) *signals in Ge are
smaller by about a factor of 2 than those observed in
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FIG. 3. Calculated amplitudes of (uw¥e™) *for a counter in
direction of the initial polarization as a function of the exter-
nal field. The crystal orientation corresponds to that of the
data of Fig. 2(b). The larger polarization for a given angle 0
corresponds always to the larger frequency in Fig. 2(b). The
sum has been normalized to unity. The missing part for
B >0.005 T is time independent.
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Si under comparable conditions. (ii) In contrast to Si
no signals from (u*e™) * could be detected in Ge
below 0.1 T.

The disappearance of the (u*e™) *lines at low fields
is not understandable on the basis of the Hamiltonian
(2). The calculated amplitudes for a positron tele-
scope in beam direction are shown in Fig. 3. The
same crystal orientation as for the data of Fig. 2(b)
is assumed. As can be seen in Fig. 3, the theoreti-
cal amplitudes at, say, 20 mT are partly the same or
even larger than at strong fields but no frequencies

corresponding to the anomalous muonium were ob-
J

served. This is in contrast to Si where at low fields, a
variety of signals were found.**

B. Normal muonium, hyperfine constant

The normal muonium in Ge was studied in the
temperature range between 6 and 81 K. The Fourier
transform of a measurement at an external field of
20 mT (Fig. 4) shows clearly the two precession fre-
quencies v; and vy; corresponding to the energy
splitting in the triplet F =1 state of muonium. They
are given by

hviy =3 A + (goup +8um) B — (42 + (gopp — g,1,) BN}

3)

hV23=%{ —A +(8¢"'B+gn”y.)B+[A2+(ge”-5~gp.l"u)232]]/2} .

For an accurate measurement of the hyperfine constant it is of advantage to use fields as high as allowed by the
time resolution of the apparatus. Therefore most of the experiments were performed at 20 mT. The data were

fitted by the following function:

N@) = Noe—‘/f“{l - a“e—x“’cos(w“t + d)“) - 5'_“[(112 COS(w12+ ¢)+ a COS(m23I + d))]} + b,

w=27v.

The first cosine term describes the u* component
while the other terms refer to the two precession fre-
quencies of ute”. A common relaxation rate A for
both u*e” signals was assumed. A, is the relaxation
rate for the free muon component. From the mea-
sured frequencies, a unique hyperfine constant 4 can
be extracted from Eq. (4), corresponding to the iso-
tropic Hamiltonian (1). In Fig. 5, the results are
plotted as a function of temperature. Within the er-
rors, there is no temperature dependence. The
weighted average is

A(Ge)/nh=2361 £3MHz ,

)

A (Ge) A (vac)=0.5290 +0.0007 .
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FIG. 4. Fourier spectrum of a run at 13 K and with an
external field of 0.02 T. The two frequencies of normal
muonium are denoted by u*e™ and the diamagnetic com-
pound by u*. The line at 50 MHz is a background signal
from the pulsed beam.

4)

The errors quoted include the statistical errors and a
systematic error due to the time calibration. This
value of A(Ge) is considerably lower than that re-
ported in Ref. 5 but it is in agreement with recent ex-
periments on Ge samples with different doping con-
centrations.!? There is no evidence for an additional
anisotropic term in the Hamiltonian describing nor-
mal muonium, an upper limit for a deviation from.
isotropy being 1%.
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FIG. 5. Measured hyperfine constant 4 of normal muoni-
um in Ge as a function of temperature. The dashed line is
the weighted mean value of the plotted data points.
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C. Normal muonium, relaxation rate

The relaxation rate A of the u*e™ signals plotted in
Fig. 6 shows a sharp rise above about 50 K. A fit of
these data for 7 > 35 K to an Arrhenius law gives an
activation energy E, =14 meV. This is in the range
of the ionization energies Ey of usual donors in Ge
(Ey=9—13 meV) and is much lower than the band
gap E; =700 meV. Therefore on the basis of the
present experiment a relaxation mechanism which in-
volves thermally activated impurity electrons (or
holes) seems plausible. The theory of muonium
depolarization, developed by Ivanter and Smilga,!!
explains the muon spin relaxation by an incoherent
spin flip at the muonium electron with mean fre-
quency v. For our case of weak relaxation, A is equal
to %v. Adopting this model, the relaxation may be

caused by the scattering of charge carriers at the
muonium atom with a mutual spin flip of the in-
volved electrons.!? Since the electron concentration
n, in the conduction band is small, it would follow
that A ~ v ~ n,. However, other mechanisms leading
to a relaxation of the muon spin should be con-
sidered also, e.g., diffusion of muonium to ine-
quivalent sites, chemical reactions leading to diamag-
netic compounds, phonon induced relaxation or ther-
mal ionization of muonium. The latter mechanism
would imply that muonium is a shallow donor in con-
trast to earlier suggestions. Measurements with dif-
ferent doping concentrations should give an answer
to these questions.

In Table I we give the probabilities of the observed
muon states in the present experiment. The forma-
tion probability for normal muonium was taken from
the low-field experiment, which was analyzed accord-
ing to Eq. (4). The value of (u*e™) * was derived
from the Fourier spectra of the measurements with
high fields. In both cases the amplitudes of the
unobserved frequencies or time-independent parts
were taken into account. "Cryostat" means the frac-
tion of muons stopped in the cryostat walls. The
value of u* does not include this part.

IV. MICROSCOPIC MODELS

Several models have been proposed for the
anomalous muonium ( u*e™) *in Si.* Since a similar
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FIG. 6. Experimentally observed relaxation rates A of
normal muonium in Ge as a function of temperature.

state has been found in Ge, these models should ap-
ply also to this case.

One model is based on the diamond-type lattice of
Ge and Si. There exist two natural interstitial sites,
one site with tetrahedral and one site with hexagonal
local symmetry.!? The possibility that these sites are
occupied by muonium has been considered in Ref.
14. Assuming that the distortion of the electron
wave function reflects the local symmetry of the site,
the dipolar part of the hyperfine interaction leads to
an anisotropic spin Hamiltonian of the form of Eq.
(2) for the hexagonal site, whereas an isotropic spin-
Hamiltonian results for the tetrahedral site. A possi-
ble explanation is thus given by assigning the normal
muonium state to muons trapped at the tetrahedral
site and the anomalous to muons at the hexagonal
site.

However, extended Hiickel theory calculations for
a model crystal of 30—40 Si atoms gave the result
that for hydrogen the energetically stable position is
the tetrahedral site whereas the hexagonal site is only
a saddle point.!® Although it is questionable whether
this result can be applied to muonium in a real crys-
tal, it nevertheless casts some doubts on the preced-
ing explanation.

Recently, a direct determination of the lattice loca-
tion of deuterium in Si has been reported by Picraux
and Vook.!* They introduced deuterium in single

TABLE 1. Formation probability of muonium states in Ge at 7 =10 K.

(ure )

Cryostat Total

% 10+5 355

25%10 7%3 77 £23
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crystal Si by ion implantation and subsequently deter-
mined its location by ion channeling. As a result,
they give an interstitial site on a [111] axis, 1.6 A
from a Si atom in the antibonding direction. The
specific nature of the silicon deuterium bonding,
however, is not known.

A further model is based on the fact, that during
the slowing down process of a fast muon, a large
number of electron-hole pairs are produced. At the
end of its range, the muon may capture an electron
and form a normal muonium, or fail to do this and
contribute to the u* component, or interact with a
nearby hole® giving rise to the anomalous muonium.
In this model, (uw*e™) * is considered as a double
charged center, consisting of a muon and a broken
Ge-Ge bond. This state is paramagnetic. The elec-
tron wave function is expected to be a mixture of a
Ge orbital and a muonium orbital, which may strong-
ly differ from spherical symmetry with respect to the
muon site.

V. CONCLUSION

The discovery of an anomalous muonium state in
Ge has removed an apparent difference between Si

and Ge. The field dependence of the observed fre-
quencies is in both cases well described by the spin
Hamiltonian (2), but unexplained differences remain:
The amplitudes of the (u*e™) * frequencies in Ge are
generally smaller than in Si and show an unexplained
field dependence at low fields. It is suggested that in
Ge an additional interaction is present, which can be
decoupled at higher fields. The nature of this in-
teraction is unknown. For the normal muonium in
Ge new precise data are presented. The measure-
ment of the relaxation rate provides a quantitative
basis for further considerations on the relaxation
mechanism in semiconductors. However, it seems
that additional experiments on differently doped Ge
crystals and similar data for Si are required for an
understanding of the underlying processes.
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