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We determine the local structure of isolated positively charged muonium (Mu*) in heavily doped
p-type GaAs based on muon level crossing resonance and zero applied field muon spin depolarization
data. These measurements provide the first direct experimental confirmation that Mu™, and by analogy
H™, is located within a stretched Ga-As bond. The distances between Mu* and the nearest neighbor Ga
and As atoms are estimated to be 1.83 = 0.10 A and 1.76 + 0.10 A, respectively. These results are
compared to existing theoretical calculations on the structure of hydrogen in GaAs and additionally
provide data on the induced electric field gradients.
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Hydrogen (H) is an important interstitial impurity that
easily enters into many elemental and compound semi-
conductors. Once inside the material, it can modify the
optical and electronic properties of the host by reacting
with deliberate dopants and other defects or by itself acting
as a dopant. This has led to considerable experimental and
theoretical work aimed at obtaining an accurate atomic-
level description of hydrogen-related complexes and the
precursor isolated hydrogen impurities [1]. Nevertheless,
direct experimental identification and structural character-
ization of the three charge states of isolated atomic hydro-
gen, i.e., HY, HC and H, is sparse. The charged centers
are particularly difficult to characterize since they lack a
magnetic hyperfine interaction, from which structural de-
tail is obtained in standard magnetic resonance methods
such as EPR and electron-nuclear double resonance. Thus
far, of the charged isolated hydrogen centers, only H" in Si
and both H' and H™ in Ge have been identified [2—5], via
infrared absorption spectroscopy in each case.

No analogous experimental reports exist for H" or H™ in
III-V semiconductors. Theory predicts that the charge state
of isolated H depends on the Fermi level [6]. In particular,
H* is the stable state in heavily doped p-type GaAs while
H™ is formed in heavily doped n-type samples. Further-
more, H* and H™ are expected to be stable at very different
sites in GaAs [6,7]: H* near the bond-center (BC) position
and H™ at the tetrahedral site surrounded by Ga atoms
(Tg,), or antibonding (AB) to Ga slightly displaced from
that location.

When isolated H cannot be studied directly, information
on the charged states of H can be indirectly obtained by
investigating its muonium (Mu® = u*e™) counterpart [8—
10]. If zero-point effects due to the lighter mass of the
muon are unimportant, the ground state structures of H and
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Mu centers should be nearly the same. Considerable infor-
mation has been obtained on the structure of (paramag-
netic) Mu® centers [11,12] in several semiconductors
through studies of the muon and nuclear hyperfine inter-
actions. By contrast, the (diamagnetic) Mut and Mu~
states are more difficult to characterize. In heavily doped
GaAs, only diamagnetic muonium centers are observed.
Although their charge has not been directly determined
[13], the stability, kinetics, and structure of the diamagnetic
Mu states in n-type [14,15] and p-type [16] GaAs are
dramatically different, establishing that they are, indeed,
distinct centers. Consistency with theory leads to the as-
signment of Mu~ in n-type and Mu* in p-type GaAs.
While the BC site for H* impurities in cubic semi-
conductors is now well accepted based on the theoretical
results, no experimental evidence yet exists that conclu-
sively demonstrates the BC structure for positively charged
isolated hydrogen, i.e., an interstitial proton. In this Letter
we present results that experimentally define the local
structure of isolated Mu*, and by analogy isolated H,
in heavily doped p-type GaAs. In GaAs, all the host nuclei
have a nuclear spin of 3/2 (°Ga, 60.1% abundant; "'Ga,
39.9% abundant; °As, 100% abundant). By using the
muon level crossing resonance (wLCR) and zero-field
techniques to study the dipolar and quadrupolar interac-
tions associated with the muon and host atoms, we estab-
lish that isolated Mu™ is, indeed, located within a Ga-As
bond. The distances between the muon and nearest neigh-
bor Ga and As atoms are estimated to be 1.83 = 0.10 A
and 1.76 = 0.10 A, respectively, implying that the Ga-As
bond is stretched by = 47%. This work represents the most
direct confirmation of the predicted BC site and first de-
tailed structural characterization for isolated positively
charged hydrogen or muonium in any semiconductor.
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The structure we find for Mu* is compared with calcula-
tions on isolated H*. Isolated Mu~ in GaAs is the only
other charged muonium center in a semiconductor whose
local structure has previously been characterized in similar
detail [14].

The experiments [10] were carried out on the M15 and
M?20B channels at TRIUMF where nearly 100% polarized
muons with a nominal momentum of =30 MeV/c are im-
planted into the sample. One (111) and two (100)-oriented
heavily doped p-type GaAs:Zn samples were studied. The
(100) sample ([Zn] = 1.8—4.4 X 10" cm™3) was obtained
from Crystal Systems International, while the other
([Zn] = 2.8 X 10! cm™3) was obtained from Laser
Diode. The (111) sample ([Zn]=4 X 10'8 cm™3) was from
Atomergic. All data were taken at 50 K where Mu* is
static [16]. In the wLLCR experiments, a small square-wave
modulated magnetic field (A* = =20 G) was superim-
posed as the main field was stepped across the relevant
range. The difference in asymmetry of positron rates for
the two modulation settings were recorded to reduce the
effect of slow beam fluctuations. The wLCR signal, as
seen in the accompanying figures, thus mimics a deriva-
tive. In the zero-field measurements, the field was zeroed to
~] uT.

The data are modeled using a spin Hamiltonian { that
describes Mu* interacting with neighboring Ga and As
nuclei; interactions between host nuclei are extremely
small and are ignored. The Hamiltonian thus consists of
terms for the muon and nuclear Zeeman interactions, the
magnetic dipole coupling between the muon and nucleus
D, and the nuclear electric quadrupole interaction Q aris-
ing from a muon-induced electric field gradient at the
nucleus. Hence,

H= _?MBIZ - ’)~/GaB‘]z - ;)7ASBKZ
+ DGa(—ZIZ/JZ/ +1.Je+ Iy/.]yl)
+DM(=2I,K,y + I Ky +1,Ky)

n QGa<J§/ _J(J;l)> + QAS<K§, —K(K3+1)> (1)

where I, J, and K are the muon, gallium, and arsenic spin
operators, respectively (for Ga and As, J = K = 3/2). The
magnetic field B is applied parallel to the initial muon spin
for uLCR measurements and defines the z axis. The dipo-
lar and nuclear electric quadrupole tensors are assumed to
be axially symmetric around the muon-nucleus direction z’
which is at an angle 6 with respect to z. The dipole and
quadrupole parameters are
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where r; is the muon-nucleus separation, w is the perme-
ability of free space, h is Planck’s constant, ¥, is the

gyromagnetic ratio of the muon (135.5374 MHz/T), ¥;
is the gyromagnetic ratio of nucleus i (known for ®Ga,

"1Ga, and " As), eq’ is the electric quadrupole moment of
nucleus i, and Vé,z, is the electric field gradient at nucleus i.
The eigenvalues and eigenvectors of the spin Hamiltonian
are numerically calculated and used to simulate the time-
integrated polarization P, along B, which is the quantity of
interest in a uLCR experiment, or to model the time
evolution of P_(¢) [10,17].

The simulations shown in Fig. 1 for a system consisting
of a muon and one spin 3/2 nucleus illustrate the principles
behind a uLCR experiment. (Although we have used the
full Hamiltonian in our analysis, the uL.CRs are very well
approximated by considering interactions with a single
nucleus since experimentally they turn out to be located
at very different magnetic fields [9,10,17]). At most mag-
netic fields, the Zeeman splitting for the muon is very
different from the combined Zeeman and quadrupole split-
tings for the neighboring nucleus, and the muon spin
remains aligned along B with P, = 1. At a uLCR, how-
ever, the energy splittings for the muon and nucleus are
equal [Fig. 1(a)] and the dipolar coupling leads to a reso-
nant transfer of polarization from the muon to the nucleus;
hence, P, is reduced at these magnetic fields and appears as
a “resonance” [Fig. 1(b)]. In a uLCR experiment, one
varies the magnetic field and searches for these resonances,
which are then used to characterize the local structure of
Mu™; that is, they are used to identify the nearest neighbor
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FIG. 1. (a) Magnetic field dependence of energy splittings for
a muon (dashed line) and a spin 3/2 As nucleus (solid lines) with
Vas = 7.292 MHz, Q" =44.970 MHz, and 6 = 54.74°;
(b) the corresponding As wLCR spectra; and (c) the single
resonance for = 0°.
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atom(s) and obtain the muon-nucleus separation distance
and direction.

The position of a resonance for a particular angle 6
depends linearly on the quadrupole interaction Q which
is proportional to the quadrupole moment of the nucleus
[Eq. (2)]. The existence (or lack) of an isotopic partner
allows each resonance to be specifically attributed to a
%Ga, "'Ga, or 7> As neighbor. Once the nucleus is identified
and Q obtained, two methods are available to determine the
muon-to-nucleus direction, i.e., #: (a) a small companion
resonance is present for certain values of 6 [Fig. 1(b)]
whose position at higher fields relative to the main line is
strongly dependent on 6, or (b) the position of the main
resonance itself depends on € [cf Figs. 1(b) and 1(c)].
Finally, for a given Q and 6, the amplitude of the resonance
depends on the muon-nuclear dipolar coupling D, which in
turn depends on the muon-nucleus separation distance
[Eq. (2)].

An initial search for £ LCR resonances was carried out
with B parallel to a (100) crystal direction. A total of three
“main’’ resonances were located, two of which are shown
in Fig. 2(a) (192.0 mT) and Fig. 2(b) (665.6 mT). The third
resonance, at B = 304.0 mT, is not displayed. The reso-
nance in Fig. 2(a) is unambiguously assigned to "!Ga and
the one at 304.0 mT to ®Ga by the excellent agreement
between the ratio of resonant fields (1.583) compared to
the ratio of the quadrupole moments for the two Ga iso-
topes (¢®/q"" = 0.178/0.112 = 1.589). Similarly, the
resonance in Fig. 2(b) is assigned to "> As (isotope abun-
dance 100%) since it has no Ga isotopic companion.
Similar sized resonances due to Ga and As imply that
both nuclei are close neighbors to the muon.

Having identified the near neighbors, the symmetry of
the muon site is obtained from the resonant fields for B
along (110) and (111) compared to those for (100). As
illustrated in Figs. 2(c) and 2(d) for B || {(111), the "'Ga and
75 As resonances are shifted significantly. By comparing the
data in Fig. 2 with the simulations using Eq. (1), we
determined that both the Ga and As neighbors lie along
(111), i.e., a bond direction. Specifically, within the accu-
racy of the applied field alignment, the wLCR resonances
in Figs. 2(a) and 2(b) correspond to 6 = 54.74° and the
spectra in Figs. 2(c) and 2(d) contain contributions from
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6 =0° and 6 = 70.53°. A further consistency check is
shown for the 7 As spectrum [Fig. 2(b)] with B || (100): the
position of the small satellite resonance is well reproduced.
Additionally, a single value of Q7' = 12.8875=*
0.0015 MHz and Q7% = 49.970 + 0.004 MHz reproduces
the positions of all the observed wLCR data for Ga and As,
respectively. At this stage, either the BC or the AB sites
would, in principle, be consistent with the observed sym-
metry of the Ga and As near-neighbor directions.

An estimate of the distance between the muon and the
neighboring Ga and As nuclei can be obtained from the
MLCR amplitudes since they depend on the dipolar inter-
action. A good orientation for carrying out this exercise is
B || (111), where the strongest resonance is due to a single
bond at 0° and is hence insensitive to slight misorientations
of the crystal with respect to the field, while the rest of the
spectrum is due to the three bonds at 70.53°. By contrast,
for B || {100), all four bonds are at 54.74° and a small
misalignment broadens the resonance, making it difficult
to ascertain the correct amplitude. Fits to the 7! Ga and > As
resonances for B || (111) [Figs. 2(c) and 2(d)] yield val-
ues of D' =0.019 + 0.003 MHz and D> = 0.012 =
0.002 MHz. Using Eq. (2), we estimate the Mu*-Ga and
Mu™-As distances to be rg, = 1.83 = 0.10 A and r,, =
1.76 = 0.10 A. The similarity between rg, and r,, rules
out the AB location, and strongly implies that the muon is
located in a BC site with the bond stretched by = 47%
compared to its undistorted length (2.45 10%). The same D
values, combined with the Q values obtained above, pro-
duce the solid lines in Figs. 2(a) and 2(b) where B || (100).
The discrepancy between the simulations and the data is
attributed to a small misorientation of the crystal as dis-
cussed above.

Finally, in order to confirm that the observed uLLCRs
are, indeed, due to the two nearest neighbors to the muon,
i.e., that there are no other resonances that are located at
magnetic fields beyond the search region, we measured
P_(r) in the absence of an applied magnetic field (see
Fig. 3). Here, the muon polarization evolves under the
influence of the dipole interaction; qualitatively, the larger
the dipolar interaction, the faster the polarization relaxes.
The shaded area represents the possible range for P.,(¢)
based on Eq. (1) and the experimental range of D'’s and

FIG. 2. Experimental data for "!Ga

with (a) B[ (100) (0 = 54.74°) and

/ (c) B[ {111) (6 = 0° and 70.53°), and

~ for 7 As with (b) B || {100) (8 = 54.74°)

L . and (d) B || (111) (¢ = 0° and 70.53°).

+ H Solid lines are simulations using best fit

Ga parameters as described in text. The at-

tached picture is a diagram of the nearest

neighbor nuclei, showing u* at the BC
position.
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FIG. 3. Time dependence of zero-field muon polarization for
6 = 54.74°. Shaded area represents the uncertainty in the D'
values (see text).

Q"s. The agreement between this calculation and the
experiment is very good, verifying that the observed
MLCR resonances are, indeed, the primary ones. The
influence of second and further neighbors will slightly
increase the depolarization rate from P,(¢) as calculated
from only the nearest Ga and As moments; thus the agree-
ment is actually better than indicated.

Our current experimental results can be compared with
theoretical calculations of the stable site for HT. Pavesi
et al. [6] and Breuer et al. [7] each predict that HT is
located in a near bond-center position with H"-Ga dis-
tances of 1.80 and 2.14 A and H™-As distances of 1.52 and
1.50 A, respectively, yielding bond-stretch predictions of
36% and 49%.

In agreement with theory, our data imply that isolated
Mu™ is situated at a BC site with a significant outward
distortion of the nearest neighbor Ga and As nuclei.
However, we find that the muon is located much closer
to the geometrical bond center than expected from predic-
tions for H* in GaAs, which place the proton significantly
closer to As than to Ga. It may be worth noting that
experimental results [11] for Mu® in the BC site place
the muon much closer to Ga than to As, while these
same theoretical treatments find a much more symmetric
location, and a third calculation [18] places H' slightly
closer to As than to Ga. The differences may be a conse-
quence of the large zero-point energy associated with the
muon and an anharmonic potential energy surface. Further
theoretical work would be useful in shedding some light on
these discrepancies.

In summary, we have experimentally determined the
structure of isolated Mu™ in p-type GaAs. As expected
from calculations on H* in GaAs, Mu™ is located within a
Ga-As bond. However, the average position of the muon is
much closer to the geometrical center of the bond than
predicted by theory for a classical (heavier) particle; ef-
fects of zero-point energy have not been predicted for
either a muon or a proton. Our data additionally provide

accurate values of local quadrupole interactions, providing
a stringent test for more detailed structural calculations.
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