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Nuclear hyperfine structure of the anomalous muonium center (Mu*) in GaAs has been resolved in
muon-spin-rotation frequency spectra and studied in detail by level-crossing-resonance spectroscopy. A
comparison of the measured hyperfine parameters with the free-atom values indicates that 38% (45%) of
the spin density is on one Ga (As) on the (111) symmetry axis of Mu* with the ratio of p to s spin densi-
ty equal to about 4 (23). These results support a recently proposed model in which Mu* is a neutral in-
terstitial located close to the center of Ga— As bond.

PACS numbers: 71.55.Eq, 76.70.—r, 76.75.+i

The electronic structure of a muonium defect center is ty in the region of the surrounding nuclear spins.
expected to be identical to that of the analogous hydro- In this paper we report precise determination of nhf
gen center, except for vibrational effects arising because parameters for Mu* in GaAs by a novel level-crossing-
the positive muon has only % the mass of the proton. resonance (LCR) technique®® and conventional muon
However, muonium defect centers are readily observed spin rotation. We conclude that the larger nhf interac-
in semiconductors via the technique of muon spin rota- tions originate from the nearest neighbor (nn) Ga and
tion whereas the analogous hydrogen centers have not As nuclei on the (111) symmetry axis of Mu*. Compar-
been observed by use of electron spin resonance (ESR). ison of the hf parameters with the free-atom values indi-
The spectra of muon spin-precession frequencies have re- cates that 83% of the spin density is located on these two
vealed the existence of two quite different paramagnetic atoms, thus strongly supporting a recently proposed mod-
centers, normal muonium (Mu) and anomalous muoni- el'®" in which Mu* is neutral interstitial muonium lo-
um (Mu*), in diamond,' silicon,?3 germamium,4 and cated close to the center of a Ga— As bond.
most recently GaAs and GaP.> Mu is characterized by a Following Abragam’s suggestion for muon LCR exper-
large isotropic muon hyperfine (uhf) interaction, iments,® studies of muonium-substituted free radi-
whereas Mu™ has a small, highly anisotropic uhf in- cals”®12 have demonstrated the utility of the method for
teraction with trigonal symmetry. simple isotropic systems. The LCR spectra for muonium

Despite years of study, it is still not known what Mu* defect centers in crystals are considerably more compli-
is—i.e., where the muon is situated, what displacements cated as a result of anisotropy in the phf and nhf tensors
of the neighboring atoms occur, and what the charge and as well as the presence of nuclear electric quadrupole
the electronic state are. Measurements of the phf in- (neq) interactions for nuclei with spin greater than %.
teraction alone have not led to a clear picture of the de- The present LCR data can be described by use of a sys-
fect. A much better understanding of Mu™ should result tem consisting of an electron spin S, a muon spin I, and
from measurement of the nuclear hyperfine (nhf) in- a single nuclear spin J. The spin Hamiltonian appropri-
teractions since they characterize the electron-spin densi- | ateto Mu™* can be written

# =gugH-S — g u H- 1+ AtS. 1.+ A% (S, I, +S,1,) — guu,H-J

+ANS. S+ AL (S I +S,J,)+QBJF—JU+ D], (1)

where H is the magnetic field, Af and 44 (Af and 4% ) are the parallel and perpendicular phf (nhf) parameters, re-
spectively, and Q is the neq parameter. We have assumed that the uhf, nhf, and neq tensors are all axially symmetric
about a common axis Z, which is one of the crystalline (111) axes, and that the g tensors are isotropic. For each of the

electron-spin states, one may derive an approximate effective muon-nuclear spin Hamiltonian, which is valid for high
fields and small Q:

Her=—guu,H" 1—gu,H" I+ + Q[3(z-2)>— 11132 —J (U + D], )
where J, is the component of J along A, the unit vector in the direction of H”. The components of the effective fields
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H' parallel and normal to H are respectively

Hi=H F (4’ sin?0+ A} cos?0)/2g;p;, H' = F (4, — A})sin26/4g;u;, 3)

where i equals u or n, 6 is the angle between Z and H, and the upper (lower) sign is for Mg positive (negative). The
frequencies of the magnetic-dipole transitions for the muon and nuclear spins are given by

hv,(Mj—M;—1)=g,u,H*",

(4)

hvaMy—M;—1)=gu,H"— 3+ Q[3(z-4)>—112M; —1), (5)

where M; (M) is the magnetic quantum number for
quantization along H* (H"). Note that for each value
of Mg there is one possible value for v, and 2J values for
Vn. The most prominent LCR’s occur at applied fields
where the muon transition frequency [Eq. (4)] equals
one of the nuclear transition frequencies [Eq. (5)],7:%12
the same condition as for muon-nuclear cross relaxation.

This experiment was carried out at TRIUMF on the
M 15 beamline, using low-momentum (28.6 MeV/c) pos-
itive muons that were highly polarized (> 95%), either
parallel or perpendicular to their momenta. The muons
were stopped in a single-crystal wafer of high-resistivity
(8x107 @ cm) GaAs supplied by Cominco Ltd., Trail,
B.C., Canada. It was maintained at 10 K with one of
the primary crystal orientations ((100?, {111), or {110))
along H. The muon spin-rotation frequency spectra in a
transverse magnetic field of 1.2 T, where the muon spin
is decoupled from all nuclear spins,'? were in good agree-
ment with the phf parameters for Mu* reported previ-
ously® (see Table I), with a typical crystal misalignment
of 1°. The LCR’s were detected as a reduction in the
time-integrated muon decay asymmetry along H, the
direction of the initial muon polarization.” A square-
wave modulation field of =5 mT was applied, causing
the LCR’s to appear to be differentiated in the resulting
asymmetry-difference spectra (see Fig. 1).

Part of the LCR spectrum for Mu* in GaAs with H
parallel to the {100) direction is shown in Fig. 1(a). It is
particularly simple because for this orientation the four
possible Mu* centers, corresponding to the four (111)
symmetry axes, are all equivalent (§=>54.7°) and there-
fore there are fewer LCR’s. Also, for H along a (100)

TABLE I. The measured hyperfine and nuclear electric
quadrupole parameters for Mu* in GaAs and the inferred s
and p atomic spin densities. The s and p spin densities are cal-
culated from n2a?=7j5 (4f§+24%)/Af< and n2Bp2=1 (4]
— AL )/Afr, respectively, where the free-atom values for s and
p valence orbitals are obtained from Morton and Preston (Ref.
14). All measured parameters have the same sign.

Af/h A'L/h O/h
Nucleus (MHz) (MHz) (MHz) 7p%? p?p?
ut 218.54(3)  87.87(5) 0.0294
5As 563.1(4) 128.4(2) 6.26(7) 0.0186 0.434
Ga 1052(2) 867.9(3) 0.36(1) 0.0761 0.301

direction H4 is large [see Eq. (3)] and thus v, has an
appreciable minimum value. Consequently, there are no
level crossings with nuclei which have hf couplings less
than about 70 MHz, as there can be for 6=0° or 90°.
The six prominent LCR’s in Fig. 1(a) are all attributed
to one ">As nucleus (spin 3 and 100% abundant) on the
(111) symmetry axis of Mu*. Each value of Mg gives
rise to three resonances which are split by the neq in-
teraction and small off-diagonal terms in g [not shown
in Eq. (2)1. The ">As nhf and neq parameters given in
Table I were obtained by the fitting of the positions of all
the observed LCR’s with those predicted from an exact
diagonalization of Eq. (1).

For the (110) orientation the crystal was aligned so
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FIG. 1. The level-crossing-resonance spectra of Mu* in
GaAs for H applied along the (a) {100) and (b) (110) direc-
tions. The resonances are labeled by the nucleus involved, the
sign of Ms, and 6, the angle between the symmetry axis and
the magnetic field.
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that there were no measurable splittings in the muon
precessional frequencies associated with the 6=35.3°
centers. Eight LCR’s were observed between 3.0 and 3.3
T [see Fig. 1(b)], all attributed to one ®*Ga nucleus
(spin 3+ and an isotopic abundance of 60.4%) on the
Mu* symmetry axis. Six correspond to centers where
0=90° and two to those with 6=35.3°, as indicated in
Fig. 1(b). Four additional ®®Ga LCR’s and the twelve
""Ga LCR’s are predicted to occur in higher fields,
beyond the limit of our magnet. However, they are not
needed to obtain the hf and neq parameters which are
given in Table I.

Effects of nhf interactions were also observed in the
frequency spectra in transverse magnetic fields between
0.3 and 0.5 T [see Fig. 2(a) for a (110) spectrum]. In
such intermediate fields, the muon is selectively coupled
to the nuclei with the larger hf parameters,'> giving rise
to the observed structure. Theoretical spectra [e.g., Fig.
2(b)] were obtained by exact diagonalization of the spin
Hamiltonian with use of the parameters in Table I and
inclusion of both gallium isotopes. From the striking
similarity of the experimental and theoretical spectra, we
may conclude that there are no other nuclei with compa-
rable or larger hf parameters and that our assignment of
the LCR’s is correct.

Many other LCR’s were observed in the (111) and
(110) spectra in the magnetic field range 0.3-0.8 T,
where one expects LCR’s from nhf parameters less than
about 100 MHz. These smaller nhf couplings will be de-
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FIG. 2. (a) Resolved nuclear hyperfine structure in the
spectrum of muon precessional frequencies for Mu* with
6=90°, Ms=— %, and the magnetic field (0.30 T) applied
parallel to (110). (b) The corresponding theoretical frequency
spectrum with use of the parameters in Table .
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scribed in a later publication.

Comparison of the measured hf parameters to valence
s and p atomic-orbital values'* gives estimates of the
contribution of these atomic orbitals to the defect molec-
ular orbital of the unpaired electron.'® In this way we
obtain a total spin density on the As (Ga) of 45% (38%)
with the p-to-s density ratio 23 (4) (see Table I). The
large spin densities on both atoms and the appreciable
distance between two like atoms along the {111) axis im-
ply that the Ga and As are nn nuclei on this axis. Fur-
thermore, the magnitude of the anisotropic uhf interac-
tion, which is about 1.5 times that from a 2p orbital,
demonstrates that the g ¥ is within a few atomic radii of
this Ga-As pair.

The present results strongly support a recently pro-
posed model'®!'! in which Mu* is a neutral interstitial
located near the center of a Ga— As bond. This model
predicts that most of the unpaired spin density is located
on the two nn nuclei on the (111) symmetry axis and
that the muon is near a node in the spin density, all in
agreement with the present results. For the bond-
centered site to be a minimum in the total energy, there
should be an increase in the Ga-As spacing, as has been
predicted theoretically for Mu* in diamond and sil-
icon.!®!"" From the measured ratios of p to s spin densi-
ties, assuming orthogonal s-p hybridized atomic valence
orbitals directed along the internuclear axes and fixed
next nn, and estimating s-orbital spin polarization from
theoretical calculations on the GeHj radical,!” we esti-
mate that the nn As and Ga are displaced 0.65(17) and
0.14(6) A away from the bond center, respectively.
(The uncertainties arise from spin-polarization effects
which are not known accurately.) These displacements
imply an increase in the Ga— As bond length of about
32(71)%.

Our results cannot be explained by any other model
proposed for Mu* in semiconductors. In the vacancy-
associated model'® the unpaired spin would be primarily
on the nn As (Ga) if the muon is in a Ga (As) vacancy.
The distance to the closest Ga (As) on the symmetry
axis is so great that no significant spin density is expect-
ed there. In the hexagonal site model'® one would ex-
pect the spin density to be primarily on the six nn nuclei
off the symmetry axis. In the back-bonding model?°
there is no reasonable explanation for the almost equal
spin densities on the two nn nuclei on the {111) axis and
the small s spin density on the muon.

In conclusion, we have obtained detailed information
on the electronic structure of Mu* in GaAs, having used
LCR spectroscopy to determine unambiguous and accu-
rate values of all the larger hyperfine parameters. We
find that most of the electron spin density is on the
nearest-neighbor Ga and As on the (111) symmetry axis.
The atomic characters are considerably more p-like than
sp?, thus implying large lattice relaxation. These results
strongly support the bond-centered interstitial model for
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Mu* in semiconductors and virtually rule out all other
models proposed to date.
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