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Novel Behavior of Bond-Centered Muonium in Heavily Doped n-Type Silicon:
Curie-Like Spin Susceptibility and Charge Screening
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Bond-centered muonium (Mu¢) has been observed in very heavily doped n-type Si:P. It exhibits a
Curie-like electronic spin susceptibility which leads to a giant negative shift in the muon spin precession
frequency. At high dopant levels, the Mu}¢ hyperfine parameters, deduced from a model involving spin
exchange with free carriers, are significantly reduced from those in intrinsic Si. This indicates that the
spin density distribution for Muc in metallic Si:P is atered significantly by charge screening effects,
likely a general phenomenon for deep impurities in materials with high carrier concentrations.

PACS numbers: 76.75.+i, 71.55.Cn, 71.90.+q, 72.20.Ht

It is well understood how the dopant type and con-
centration can influence the charge state of impurities in
semiconductors. However, very little information exists
regarding the effect of the carrier concentration on their
electronic structures. Muonium (MW’ = u*e™), a defect
which exists as an isolated, amphoteric, deep level impu-
rity in semiconductors, is an ideal candidate for studies
aimed at increasing our knowledge of this topic of funda-
mental interest. Detailed information on muonium in all
of its charge states can be obtained using muon spin ro-
tation, relaxation, and/or resonance, i.e., ©SR and muon
level crossing resonance. As a matter of fact, such stud-
ies are the main source of experimental information [1,2]
(albeit indirect) on isolated hydrogen, an important defect
which strongly influences a semiconductor’ s electrical and
optical properties [3].

More is known about muonium in silicon than in any
other semiconductor. Previous experiments show that two
isolated paramagnetic centers Mu} and Muc coexist after
muon implantation. Mu} diffuses rapidly between tetrahe-
dral (T) interstitial sites and has a large isotropic hyperfine
(hf ) interaction. On the other hand, Mu$¢ isimmobile on
the time scale of the muon lifetime (2.2 wS) and islocated
close to a bond-center (BC) position with the majority of
the spin density on the two neighboring Si atoms. It is
characterized by a small, highly anisotropic muon hyper-
fine interaction which is axialy symmetric about a{111)
axis. As predicted by theory, alarge diamagnetic signd is
also seen which is consistent with Mugc in p-type Si and
Mur in n-type materials.

Experiments in lightly doped samples show there is
a strong interaction between muonium and free carriers
which causes rapid damping of the coherent muonium
precession signals in a transverse magnetic field and
spin relaxation in a longitudinal magnetic field (see, eg.,
Ref. [2]). Two basic types of processes [1,4,5] have been
identified: (1) charge exchange whereby the muonium
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center captures or loses an electron, and (2) spin exchange
whereby an electron in the conduction band scatters
quasielastically off muonium. In very heavily doped
samples, near or beyond the metal insulator transition,
much less is known. In heavily doped n-type Si one
would expect a rapid conversion of any neutra Mu} to
Mur, the latter being the predicted stable configuration
when the Fermi level is close to the conduction band
[6]. The fate of Mu3c is not so clear. In lightly doped
n-type S it appears to be metastable, indicating there is
an energy barrier between the BC and T sites. It is not
obvious whether MW can remain at the BC site and retain
its paramagnetic nature at high doping concentrations.
For example, one might expect substantial screening of
the positive charge of the muon. Even if the charge state
remains neutral, a spin screening cloud could form at low
temperatures as for a Kondo impurity in metals.

In this paper, we report the detection and characteriza-
tion of neutral bond-centered muonium (Mu$c) in heav-
ily doped n-type Si in the vicinity of the metal insulator
transition. Rapid spin exchange between the free carriers
and the bound electron on the muon effectively averages
the hyperfine fields on the muon, thereby eliminating the
characteristic frequency pattern used to identify muonium
in nearly intrinsic semiconductors or insulators. However,
the paramagnetic nature of Muc is revealed by applying
alarge external magnetic field which leads to a giant shift
in the Larmor precession frequency of the muon. This
establishes that MU is metastable even in heavily doped
n-type Si. Our most important finding isthat at the highest
carrier concentrations, the hyperfine parameters for Mu¢
are reduced significantly compared to those observed pre-
vioudly in intrinsic Si. These results demonstrate for the
first time how a high concentration of carriers can signifi-
cantly alter the spin density distribution (i.e., electronic
structure) of a deep level impurity such as muonium in a
semiconductor.

© 2000 The American Physical Society 2251



VOLUME 84, NUMBER 10

PHYSICAL REVIEW LETTERS

6 MaRrcH 2000

The experiments were performed on the M 15 and M20B
muon beam lines (nominal momentum of 28 MeV /c and
spin polarization close to 100%) at TRIUMF where posi-
tive muons are implanted into the samples. The standard
method of transverse-field muon spin rotation (TFuSR)
[1] was used to measure the muon spin precession in a
large external magnetic field applied perpendicular to the
initial muon spin. Information on the local electronic
environment is derived from the spectrum of muon spin
precession frequencies. Four samples of Si:P were stud-
ied: (1) Si:P-1: 3 x 107 em™3 (p = 0.038Q - cm);
(2) Si:P-2: 9 X 10" em™3; (3) Si:P-3: 16 X 10" cm™3;
and (4) Si:P-4, 1 X108 cm™3 (p =0.022 Q - cm).
These concentrations span the metal-insulator transition
occurring at =3.5 X 10'8 cm™3. The field was applied
parallel to acrystallographic (100) direction of the Si:P-1,
Si:P-2, and Si:P-3 samples, and along (110) in the Si:P-4
sample.

In the presence of such high carrier concentrations, one
does not expect to observe the distinctive pattern of pre-
cession frequencies which is typically used to characterize
muonium in intrinsic or lightly doped semiconductors. If
neutral paramagnetic muonium is present, rapid spin ex-
change between the conduction electrons and the unpaired
electron bound to the muon will average the hyperfine in-
teraction leading to a single precession frequency close to
the Larmor frequency of afree muon. Therefore, in zero or
weak applied magnetic fields, Mu’ is then indistinguish-
able from diamagnetic states of the muon such as Mu™ or
Mu*. However, the paramagnetic muonium center should
have a large Curie-like magnetic suspectibility which in
high magnetic fields will produce a giant frequency shift
relative to the Larmor frequency of the bare muon. Below,
we develop a model to quantify this effect.

First, consider free isolated muonium in an applied
magnetic field Hy. The spin precession frequencies
a high fields where the electron Zeeman interaction
greatly exceeds the hf interactions can be derived from an
appropriate effective spin Hamiltonian. There are two
such frequencies, one corresponding to the electron quan-
tum number m; = +1/2 and the other to my, = —1/2.
For each value of m,, the muon can be visualized as
precessing about an effective field Heee = (H), H,). The
components parallel (H)) and perpendicular (H,) to Hy
are given to an excellent approximation by [1,7]:

H||<ms = i%)ZHO—T—Z; Hl<ms = i%>=1x,
D)

where

_ (AL S0 + Ajcos’d) (A, — Ap)sin2g

- 294 0 49, ‘

The angle @ is between Hy and the symmetry axis of the

hyperfine interaction (also the bond axis in the case of

Muc), 7, = 135.54 MHz/T is the gyromagnetic ratio of
the muon, and A and A, are the parallel and perpendicu-
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lar hyperfine parameters, respectively. The two frequen-
cies, given by ¥, H., are those typically observed in high
TF-u SR experiments in lightly doped semiconductors [8].
Now, suppose we are in the extreme spin exchange limit.
Thus, the bound electronis“flipping” very rapidly between
its mgy = +1/2 and m, = —1/2 states. The muon will
now precess about a single average field ¥, H,,. Clearly,
H., isjust the sum of the two effective fields in Eq. (1)
weighted by the population in each of the m, states:

1 1
Hay :f“/zHeff(mS = +3> +f*l/2Heff<ms = —3>

= (Hy + APZ,APX), )]

where f,, denotes the fractional populations in the rel-
evant m, state. The electron spin polarization is given
by AP = f_1p — f+1/2 = 0. As stated above, if the
muonium electron is not polarized, i.e, AP = 0, then
H,, = (Hy,0), implying that paramagnetic muonium in
the fast spin exchange limit cannot be distinguished from
the diamagnetic center. However, if AP # 0 for some rea-
son, H,, will not be equal to Hy and hence the signature
for muonium will be a precession signal at a frequency
which is shifted from the Larmor frequency of the bare
muon (v, = ¥,Ho). One can then express K, a normal-
ized frequency shift, as

K = Vo — Vav
Vo
2Z X2 + z22\'?
=1—<1+AP—+M>2—2 )
HO H()
z
= _APFO, (3)

where the last term is valid for AP < 1. Findly, we
can aso derive an expression for the temperature depen-
dence of AP assuming the electronic magnetic moment of
muonium is not screened significantly by the spins of the
conduction electrons. This will be true provided the tem-
perature is above the Kondo temperature (T > Tk), be-
low which a spin screening cloud is expected to form (see
Ref. [9] for a recent discussion). Under such conditions,
themy = +1/2 and my = —1/2 electronic energy levels
are separated by the electron Zeeman energy v.H,, and
the Boltzmann population of these levels is assumed:

1 — e—h%HU/kBT h'yeHO

1 + e h¥eHo/kaT — DkpT “)
where kg is Boltzmann's constant and ¥, is the elec-
tron gyromagnetic ratio (28024.95 MHz/T). In other
words, a Curie-like local spin susceptibility is obtained,
as in the case of an isolated electronic moment. (The last
termin Eq. (4) isvalid at high temperatures, which in our
experimental conditions correspondsto 7 > 4 K.) Com-
bining with Eq. (3) yields [10]

g — Mn _ l(—h%(Al sin’6 + Ay cosze))
T T 4k 7, '

AP
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Figure 1(a) displays the typical signa in our heav-
ily doped n-type Si:P samples, shown for Si:P-1 at
T = 100 K, where H is applied parallel to a (100) crys-
tallographic axis. The data are displayed in a reference
frame rotating at =5 MHz above the Larmor precession
frequency of the diamagnetic signal. Note the beating
which shows there are two clearly resolved frequencies
which may be seen more clearly in the Fourier transform
shown in Fig. 1(b). The frequency labeled v¢ was found
to be independent of temperature and attributed primarily
to diamagnetic Mur. The second frequency, which we
have labeled as vgc, has not to our knowledge been
seen previoudly in semiconductor samples. We can
unambiguously assign this line to Mu$ because of the
sign and magnitude of the frequency shift along with
its dependence on crystal orientation. For example, the
magnitude of the shift in the sample with the lowest carrier
concentration (Si:P-1) is very close to that predicted from
using the measured hyperfine parameters of Mu}¢ in
intrinsic silicon. Note aso the sign of the shift, and
therefore the induced hyperfine field on the muon, is
negative—which is unusual for a paramagnetic center.
This occurs for Mu%c because of core polarization effects
and the fact that the muon is a a node in the positive
spin density distribution [11]. Final confirmation comes
from the orientation dependence of the vgc ling(s). As
shown in Fig. 1(c) for the Si:P-4 sample, when Hj |[ (110)
rather than (100), the vgc line splits as predicted for the
(111) axially symmetric hyperfine interaction of Mujc.
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FIG. 1. () The TF-uSR spectruminSi:P-1a 7 = 100 K and

H, = 1.5 T||{100). The data and fit (solid line) are shown for
convenience in a reference frame rotating about 5 MHz above
vo. (b) The Fourier transform of the above TF-uSR signal.
(c) The Fourier transform for the Si:P-4 sample with H, =
2.5 T || (110). Mul}c gives riseto two lines in this orientation.

Thisis easily understood by considering either Egs. (2) or
(3). When H, || {100), there are four equivalent sites for
MuSc, al at 6 = 54.7°; hence, one frequency is expected.
On the other hand, when H, || (110), half of the Mu%c
centers are described by 6 = 35.3° and the other half by
6 = 90°; hence, two signals corresponding to Mu¢ are
now expected and indeed observed.

We now consider the temperature dependence of
X = (v, — vgc)/v, for Si:P-1, S:P-2, and Si:P-3
with Hy || (100). These data are plotted in Fig. 2. The
inset shows KT vs T, which should be temperature
independent for each sample if the Curie-like theoretical
behavior [Eq. (5)] is obeyed. Also shown for each sample
are fits assuming the expression K = mey, /T [12].
Using the hyperfine parameters for Mu3¢ in intrinsic
S [13] (A = —16.82 MHz, A, = —92.59 MHz), one
predicts from Eq. (5) that my, = 0.1670 K, correspond-
ing to the dashed line in Fig. 2. As seen in Fig. 2, the
agreement between my, and m.,, is very good in Si:P-1
[mexp = 0.1666(4) K], the sample with the lowest dopant
concentration. However, there is a significant reduction
(=13%) for the Si:P-2 sample [mex, = 0.144(6) K] and a
~=32% reduction of the hyperfine parameter at the highest
dopant level [mey, = 0.11(1) K] [14]. This indicates
that the spin density distribution around the muon is
more delocalized at the higher carrier concentrations. We
attribute this to the charge screening from the free carriers.
Such a change in the electronic structure for a deep level
impurity has not been reported in a semiconductor to
our knowledge. Perhaps no other technique is capable
of characterizing the electronic structure of the same

~~ = E
\E’ 0.10 Irll
0.01- »;
1 0.05
0
X 0 100 200
TEMPERATURE (K)

1E-31

10 100
TEMPERATURE (K)

FIG. 2. The normalized frequency shift K (main plot) and
KT (inset) as a function of temperature. In both the main
plot and the inset, the open circles, closed circles, and open
sguares indicate data for Si:P-1, Si:P-2, and Si:P-3, respectively,
while the solid lines are fits to the data and the dashed line is a
theoretical prediction (see text).
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impurity over such a wide range of carrier concentrations
(7 orders of magnitude). Furthermore, it is worth noting
that this effect should not be limited to muonium centers,
but is likely quite a general phenomenon in the case of
materials with high carrier concentrations.

The observation that the local susceptibility so close to
Curie-like implies that the Kondo spin screening of the
muonium by the conduction electronsis small at these tem-
peratures or, in other words, the effective Kondo tempera-
ture is much less than a few K.

Finally, we remark on the temperatures at which the
Mu%c center is observed. In the most lightly doped of
the three samples, i.e., Si:P-1, the Muc is not observed
until about 30 K. The explanation for this is that sig-
nificant thermal ionization of the phosphorous donors
does not occur in this nonmetallic sample below this
temperature. Hence, the free electron concentration is
significantly smaller, the spin exchange rate is accordingly
reduced, and we are not in the “rapid fluctuation” regime
required for direct observation of the transverse-field sig-
nal. Contrast this with the metallic Si:P-2 sample, where
the high free electron concentration required for fast spin
exchange is present even at very low temperatures. Note
aso that the signature for MU} persists until =200 K,
while in high resistivity—low doped Si, the same center
ionizes [2] by =120 K and cannot be seen directly above
this temperature. Hence, it is quite certain that reversible
charge state changes, i.e., Mu%c — Mugc, are occurring
between 120 and 200 K. (Above 200 K, it is likely that
Mu%c converts to Mur [15].) These results are consistent
with the interpretation of radio-frequency wSR data and
longitudinal-field depolarization rates in Si:P doped at
intermediate concentrations [15,16]. Last, the observation
of Mu}¢ confirms the existence of a large energy barrier
for the BC to T site change (the T site is the stable one
for Mu™).

In conclusion, we have observed bond-centered muo-
nium in heavily doped n-type Si:P, indicating that Muc
is metastable with respect to a transition to the negative
charge state, Muyr . Under these conditions Mu%c under-
goes very rapid spin exchange which averages the muon
hyperfine interaction. Nevertheless, an unambiguous
identification of Mu}¢c in such a metallic environment
is possible using transverse-field wSR to induce a giant
frequency shift resulting from the large local spin suscep-
tibility of muonium. Our most important observation is
the reduction in the hyperfine parameter as the carrier con-
centration increases. Such an effect is evidence that the
electronic  structure of Mu}c changes substantially
as a result of charge screening by the free carri-
ers.  This is likely to be a general phenomenon for
deep level impurities in the high carrier concentration
limit.
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