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The depolarization rate A of normal and anomalous muonium in Ge was studied as a function
of temperature and doping. Evidence for three different depolarization mechanisms is present-
ed: (i) exchange interaction with paramagnetic doping atoms (7 < 20 K); (ii) Korringa scatter-
ing of impurity charge carriers (20 < T < 50 K); and (iii) an intrinsic process, either a chemical

reaction or a spin-lattice relaxation (7 > 50 K).

Muonium is a hydrogenlike atom consisting of a
positive muon and a bond electron. In Ge, as in Si,
two such states are known'™* normal muonium
(p*e™) with an isotropic and anomalous muonium
(u*e™)* with an anisotropic hyperfine interaction.
The muon spin rotation (uSR) data received consid-
erable interest since muonium can be considered as a
light isotope of hydrogen. Surprisingly, very little is
known about hydrogen in Si and Ge, in particular, no
NMR or ESR signals were observed which could be
attributed to hydrogen in defect-free surroundings in
Si or Ge. On the other hand, in a theoretical paper
on the hydrogen interstitial impurity in germanium® a
1s-like deep donor state was found for hydrogen in
Ge. The authors suggest that this deep donor state is
the one probed by w*SR experiments, but that pure
paramagnetic hydrogen is not observed since H mi-
grates to impurities or defects or forms molecular hy-
drogen rather than remaining as an isolated intersti-
tial impurity. In this context the muon may play an
important role since the interaction of a bare positive
charge with the crystal lattice can apparently not be
studied in hydrogen experiments. So far, most uSR
work in this field was concerned with the hyperfine
interaction of muonium, but recently the depolariza-
tion rate gained considerable interest also.*%~° It was
found that this quantity depends strongly on various
external parameters, but no comprehensive data set
was presented yet. The present paper gives a sys-
tematic survey of the relaxation rate for Ge with the
intention to clear up the relaxation mechanisms.

The experiment was performed at the Swiss Insti-
tute of Nuclear Research (SIN) in a transverse mag-
netic field. The muon spin precession and relaxation
was measured via the anisotropic decay of the polar-
ized muons. (For a general review see Ref. 10.)

The bare muon and the two muconium states were
distinguished by their characteristic precession fre-
quencies. The undoped Ge crystal used in te exper-
iment had an electrically active impurity concentra-
tion of less than 1.5 X 10!° cm ™. The other samples
were doped either with Sb (# type) or Ga (p type).
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In all cases the magnetic field was applied parallel to
a crystallographic (110) direction. The field
strengths were 0.006 T for normal, and 0.3 and 0.4 T
for anomalous muonium, respectively.

Below 80 K the amplitudes of the different muon
or muonium states in Ge are roughly independent of
temperature and doping of the crystals. The largest
fraction of stopped muons (60—70%) forms normal
muonium; the rest goes into anomalous muonium
and the diamagnetic muon state.

Figure 1 shows the spin depolarization rate A of
muons in the normal muonium state (uw*e™). The
undoped crystal exhibits a smooth and continuous in-
crease of A with temperature. The data are excellent-
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FIG. 1. Depolarization rate A or muons for normal
muonium (ute™) in Ge as a function of temperature. An
undoped, a p-type (Ga) and a n-type (Sb) sample were in-
vestigated.
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ly reproduced by an exponential temperature depen-
dence. However, in the analysis only data above 30
K will be considered since the lowest A values
(A=0.3 us™") might be affected by inhomogeneities
of the external field. In contrast to the undoped
crystal, the doped samples show a strongly structured
T dependence of A\. They all converge to the data of
the undoped crystal above 50 K but at lower tem-
peratures drastic differences are present. For the n-
type crystal in Fig. 1, A passes through a minimum
around 30 K and increases to a plateau of A =5.3

~! below 12 K. The depolarization rate for the p-
type sample falls between the two other curves. Ex-
periments on more heavily doped p-type samples
show the same behavior of A\ as the n-type sample in
Fig. 1. The drop of A\ between 12 and 20 K coincides
with the ionization of the dopant atoms.

Figure 2 shows the doping dependence of the
depolarization at 4.3 and 30 K. These temperatures
are characteristic for the plateau and minimum region
in Fig. 1, respectively. The strong increase of A with
the doping concentration and the large difference
between p- and n-type doping are obvious from Fig.
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FIG. 2. Depolarization rate A of muons for normal
muonium (u*e™) in Ge as function of the dopant concen-
tration c¢. The straight lines (A ~ ¢®7 in the upper and
A~ %95 in the lower part of the figure) correspond to a fit
to the corrected data for which the A values of the undoped
sample are subtracted.

2. The straight lines in Fig. 2 were obtained from a
fit to the depolarization rates after subtracting the A
values of the undoped sample (A=0.35 us™' at 4.3 K
and A=0.55 us™' at 30 K). The fit yields A ~ ¢°7 £02
at 4.3 K and A ~ ¢%95 2020 3¢ 30 K, where c is the
dopant concentration. The functional dependence is
the same for n- and p-type crystals, but the strength
differs by a factor of 30.

The depolarization rate A of anomalous muonium
(Fig. 3) shows a quite different behavior. The most
striking feature is the almost zero depolarization
below 12 K for all three samples. Between 12 and 20
K a strong increase of A occurs for the two doped
samples and above 20 K the (u*e™)* signal disap-
pears completely. For the undoped sample no change
of A is observed up to 70 K. Above this temperature
the signal becomes very weak either due to a de-
crease of the amplitude or due to an increase of A.
No distinction between these two effects was possi-
ble.

On the basis of the presented data three tempera-
ture regions can be distinguished in which different
depolarization mechanisms are effective.

Region I (T < 12 K). The decrease of X between
12 and 20 K for normal muonium strongly suggests
that the depolarization below 12 K is connected with
the paramagnetic state of the dopant atoms. We pro-
pose an interaction of the type: H;=-2J;, §1 -§2
where S, is the spin of the unpaired electron of the
dopant, §2 is the spin of the muonium electron, and
J12 is the exchange interaction of the two electrons.
The large Bohr radlus of shallow donors and accep-
tors le.g., ao=80 A for Sb in Ge (Ref. 11)] causes a
nonvanishing overlap of the dopant electron with the
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FIG. 3. Depolarization rate A of muons for anomalous
muonium (u*e™)* in Ge as function of temperature. Dif-
ferent symbols are used for the different samples (O, Ga-
doped, ®, Sb-doped, and (3, undoped). The applied mag-
netic field was 0.4 T below 40 K and 0.3 T above 40 K.
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muonium even at rather low doping concentrations.
A rough estimate of the exchange integral can be ob-
tained by assuming 1s-like wave functlons with
ag=80 A for the donor and ay=0.53 A for muoni-
um. In this way we obtain Jip/k =1 us~! assuming a
separation of 500 A. This value shows the right or-
der of magnitude, although more detailed calculations
are necessary for a quantitative comparison. Strong
support for the proposed depolarization mechanism is
provided by the different behavior of (u*e™) and
(n*e™)*. The difference is apparently due to the fact
that (u*e™) is observed in the Zeeman region
whereas (ute™)*—because of the smaller hyperfine
constant—is measured in the Paschen-Back region.

In the strong field limit the muon and electron spins
are decoupled and an interaction of the type H, has
no effect on the muon spin in agreement with the
small depolarization rate observed for (u*e™)*. In
the Zeeman region, which is the relevant case for
normal muonium, the muon and electron spin are
strongly coupled and the interaction H; causes a split-
ting of the uSR frequencies by Aw =J,/%. Because
of the variation of the distance between muonium
and the dopant, not a splitting but only a distribution
of frequencies is predicted. The expected depolariza-
tion rate is A = Aw = J,/%, where Ji, is an average
value. The observed differences between p- and n-
type doping is probably due to the different local den-
sities of the unpaired electrons from donors and ac-
ceptors, respectively, at the muonium site. It is ex-
pected that donor electrons have a larger overlap with
muonium at an interstitial site than unpaired elec-
trons from an acceptor. Thus a larger exchange in-
tegral with muonium for donors than for acceptors is
predicted.

Region II (20 < T < 50 K). In this temperature
region practically all dopants are ionized in Ge,
whereas intrinsic electrons or holes are still not
present. Thus the number of charge carriers is
essentially constant and equal to the dopant concen-
tration ¢. Moreover, the spins of the electrons in the
conduction band flip very rapidly so that the
paramagnetic depoliarization is reduced. This effect
explains the decrease of A when the dopants are ion-
ized around 15 K. We suggest that the depolarization
in region II is governed by the spin exchange scatter-
ing of conduction electrons (or holes) with the
muonium electron (this process is called Korringa re-

laxation in analogy to the nuclear relaxation by con-
duction electrons'?). The model predicts A ~ ¢ (c,
the doping concentration) in excellent agreement
with the data. The predicted temperature depen-
dence®® (A ~+/T) is consistent with the experimen-
tal results although the data are not very precise in
this respect. In contrast to the static paramagnetic
depolariztion (T, process) discussed for region I, the
electron spin flip described here (T, process) causes
a relaxation for normal as well as for anomalous
muonium.'* The effect on (u*e™)* is observed ex-
perimentally to be even stronger. This might be ex-
plained by a larger spatial extension of (u*e™)* com-
pared to (u*e™).

Region 111 (T > 50, T > 30 K for undoped Ge).
Two different processes were considered for the dop-
ing independent depolarization: (i) A chemical reac-
tion: (uw*e™) — u* (diamagnetic) and (ii) a spin-
lattice relaxation (Raman process). Within the accu-
racy of the present data no distinction can be made
between these two processes on the basis of the tem-
perature dependence. The analysis of the (u*e™)
data with an Arrhenius function yields an activation
energy of £,=12 +3 meV. No microscopic models
can be offered at present.

CONCLUSION

There is strong evidence that the depolarization at
low temperature (T < 12 K) is caused by a spin-spin
interaction between the muonium electron and the
paramagnetic dopants. The arguments for this as-
signment are (i) strong doping dependence of A, (ii)
no effect on anomalous muonium, and (iii) abrupt
change of A when the dopants are ionized. The
depolarization in region II (20 < T < 50 K) is attri-
buted to a Korringa process and in region III (T > 50
K) to a chemical reaction or to spin-lattice relaxation.
No detailed models were developed for the latter
mechanisms.
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