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The nuclear hyperfine structure of anomalous muonium in GaP has been resolved using muon level-
crossing resonance. We find that 43% of the unpaired electron spin density resides on the nearest-
neighbor Ga and 35% on the nearest-neighbor P on the {111) axis of symmetry. The s and p character
of the unpaired spin density indicates that the Ga and P are displaced 0.23 and 0.54 A away from the
bond center. The now complete set of measured muon and nearest-neighbor nuclear hyperfine parame-
ters for anomalous muonium in GaP and GaAs allows a detailed comparison of the two compounds,
showing that the distribution of spin density among the group-III and group-V nearest neighbors in GaP
is almost exactly the opposite of that in GaAs. This is contrary to what one would expect from a simple
model of anomalous muonium in compound semiconductors involving an account of bonding charac-

teristics.

I. INTRODUCTION

Hydrogen is important to our understanding of defects
in crystalline semiconductors. An isolated hydrogen
atom is the simplest interstitial impurity and is therefore
of fundamental interest both to theorists and experimen-
talists. It has also been found recently that hydrogen pas-
sivates the electrical activity of shallow and deep accep-
tor and donor dopants in a wide variety of semiconduc-
tors.’2 Since hydrogen is present in many steps during
the processing of Si or III-V devices, there is considerable
additional motivation to understanding the microscopic
properties of hydrogen, both in an isolated form and
when it is complexed with the defect.

Most of our knowledge of isolated atomic hydrogen in
semiconductors stems not from hydrogen itself, but from
the light hydrogen “isotope” muonium (ute ™), which
can readily be studied with the technique of muon spin
rotation (uSR).»* These studies have shown that two
types of muonium may be formed in many covalent semi-
conductors: ‘“‘normal” muonium (Mu) with an isotropic
hyperfine (hf) interaction with a magnitude of typically 2
of Af, the value for Mu in vacuum, and ‘“anomalous”
muonium (Mu*) with a small anisotropic hf interaction of
less than 10% of A%, with axial symmetry along a {111)
crystalline axis.

Recently, there has been an enormous increase of
structural information -available on several of these
muonium centers. Specifically, muon level-crossing reso-
nance (uLCR) experiments, which probe the unpaired-
electron spin density on the neighboring nuclei of muoni-
um, have provided detailed and precise nuclear hf param-
eters for Mu* in Si (Ref. 5) and GaAs (Ref. 6) and for the
two normal muonium centers (Mu' and Mu')) in CuCl.7-3
As a result of the uLCR studies we now know that Mu*
in Si and GaAs is muonium near the center of a covalent
bond with unpaired-electron spin density primarily on
the two nearest neighbors, which have relaxed appreci-
ably away from the muon (bond-center model).

There have also been significant theoretical develop-
ments. Over the past few years, a number of ab initio cal-
culations of the electronic structure and stability of hy-
drogen and muonium in elemental semiconductors®™ 20
and III-V compounds®' ™% have been made. Van de
Walle reported hf parameters for the muon and the first
two shells of silicon atoms for Mu* in Si which were cal-
culated wusing spin-density-functional theory, norm-
conserving pseudopotentials, and a large-supercell
geometry.!® These results agreed with the uLCR deter-
mination of the hf parameters to within about 20%, even
though the calculations did not allow for some important
effects, such as the large u* zero-point vibration.
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Similar calculations are expected to be available soon
on Mu* in GaAs (Ref. 29) and GaP.*®* For compound
semiconductors it is important to evaluate the effect of
ionicity on defect properties and on how well theory can
explain them. For example, no Mu* centers have been
observed in the more ionic (compared to GaAs and GaP)
II-VI compounds.® In addition, the formation probabili-
ty’! of Mu* in GaP (Phillips ionicity: 32.8%%) is only
about half that of Mu* in GaAs (Phillips ionicity:
31.0%%?). Therefore a complete set of measured muon
and nearest-neighbor hf parameters for GaP would allow
such an evaluation for these two semiconductors. In-
dependent of how successful theory may be in predicting
nuclear hf parameters of Mu* in GaAs and GaP, a com-
parison of the experimental results for the two crystals
could permit systematic trends to be detected.

We report here on a uLCR experiment that allowed us
to resolve the nuclear hf structure of Mu* in GaP. Sec-
tion II gives the theoretical background for interpreting
ULCR spectra as well as for estimating nearest-neighbor
relaxation from the measured hf parameters. Section III
introduces the experimental setup; the measurements are
described in Sec. I'V; and in Sec. V the results are summa-
rized and discussed, both in view of those for Mu* in
GaAs and of theoretical work.

II. THEORY

A. uLCR

The spin Hamiltonian for Mu* and a neighboring nu-
cleus n may be written as

H=H T s (1)
with

P ygor =Celtp BS, — 8, BL+ ALS, I,

+ AY(S I, +S,1,) @)
and
Hp=—8ulyBI,+ AS, T, + ANS, T +5,J,)
+Q[IF—LIJ+D)]. 3)

Ff \ro* 1s the Hamiltonian describing the hf interaction be-

tween the muon spin I and the electron spin S in a mag-
netic field B applied parallel to 2’, and #, consists of ad-
ditional terms involving the nuclear spin J. Aj{ and 4
are the muon hf parameters, Aﬁ’ and A7 are the nuclear
hf parameters, and Q is the nuclear electric quadrupole
(NEQ) parameter. It is assumed that the hf and NEQ
tensors are axially symmetric about a common axis Z,
which is given by the muon-nucleus direction, and that
the g tensors are isotropic. In our notation all g factors
are positive, up is the Bohr magneton, and p, (u,, ) is the
muon (nuclear) magneton. Note that because the
uLCR’s from one nucleus are effectively independent of
other nonequivalent nuclei, it is sufficient to consider a
spin Hamiltonian involving a single nucleus.3?

The measured quantity in a gLCR experiment is pro-
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portional to the time-integrated muon spin polarization p
parallel to both the applied field and the initial muon spin
direction (see Sec. III). p is given by

2.2
2 a;;w;;

p=1--=3 ——, (4)
Ni,j>i 7»2+a),2]

where a}=|(¢g;|2L,|¢;}|?, |g;) is the ith energy eigen-
vector, N =4(2J +1) is the dimension of the energy ma-
trix, A is the inverse muon lifetime, and hw,-j is the
difference between the ith and jth energy eigenvalues. In
high fields [B >> AY | /(g.up+g,1,)] and away from a
uLCR, all g;’s in Eq. (4) are essentially zero, and hence
p(B)=1. However, at certain fields B, where the Larmor
precession frequency v, of the muon in the effective field
matches that of a neighboring nucleus v, in its effective
field, the two levels involved in the uLCR become mixed
and the corresponding a;; assumes a large value, leading
to p<1 (Fig. 1). Therefore one expects a dip in the
uLCR spectrum p(B) at B=B,. Approximate expres-
sions for B, for Mu* interacting with a spin- nucleus,
valid in high fields and for small Q, are given by>*

B | AR F AT+ (CHF C") cos®0| F2Q(3 cos?0—1)k
’ 208y T &uttn)

’

(5)

where C'= f' — A, 0 is the angle between the symmetry
axis of Mu* and the field, k assumes the values
—1,0,+1, and the upper (lower) sign corresponds to a
A=0 (A=2) resonance. A is defined by

A=|mE@)+mi)—mEG) —miG)], (6)
where m# and m) are the eigenvalues of I,, and J,, and i

and j refer to the two hf levels involved in the resonance
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FIG. 1. Energy-level diagram of a paramagnetic system con-
sisting of an electron (e), a muon (u), and a single spin—% nu-
cleus (n). At specific fields B, a part of the muon polarization
oscillates with the “gap frequency” v,, causing a reduction in
the time-integrated muon polarization (“level-crossing reso-
nance”). The kets |[TI1)=|mi=+1imi=—Imi=+1),
etc., indicate the approximate spin eigenstates of the system in a
high magnetic field applied along z’. A is the absolute of the
difference in m# + m, between the hyperfine levels involved in a
given resonance [see Eq. (6)].
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(Fig. 1). At a A=0 (A=2) resonance, the muon and nu-
clear spins undergo a coherent oscillation with frequency
v, defined in Fig. 1, with a phase difference of 7 (0),
sometimes referred to as a “flip-flop” (“flip-flip”) oscilla-
tion, that causes the reduction in the integrated muon po-
larization. In addition, there is in general a A=1 reso-
nance involving only the muon spin, at the field

_ | A¥ 4+ CH cos?6)|
28,1,

Finally, it will be useful to consider the result of an
effective-field approximation,®> valid in high magnetic
fields, giving the two observable frequencies expected for
Mu* in a high transverse field setup (see Sec. III):

hvi=%[( C*sin6 cos6)?

)

r

+(F2g,1,B+ Ak +CFcos?0)*]2, ()

where the upper (lower) sign corresponds to a transition
with the electron spin along (opposite to) the field direc-
tion.

B. Molecular orbitals

Consider the unpaired electron’s wave function 3 for
Mu* in a III-V compound. It can be approximated as a
linear combination of normalized atomic valence orbitals
centered on the muon and the nearest-neighbor group-III

and group-V element:*¢
v=n,4, ¥t vdy - 9)
If overlap of the atomic orbitals is neglected, we get
=1, (10)
i

where the index i runs over y, III, and V for the muon,
the group-III element, or the group-V element. Hybridi-
zation is taken into account by decomposing each ; into
its s part a? and its p part 5? according to

Y=o +Biv, (D
with

at+pi=1, (12)
since the y;’s are also normalized. Also, we decompose
the hf interaction into a Fermi contact part A; and a di-
polar part 4,:

Aj=1A|+24)), A;=1(A]—A4]). (13)

The hf parameters are related to the hybridization pa-
rameters a; and f3; through
A A}
nei=—, MBl=—— (14)

Asi,f pf

where
: 87 Mo .
=73 2, 8eMn8itips (0,
(15)
3cos’a—1
2r3

i

Ho i
Ap,f=j4’;gel~‘3gi#i fd3" p;,’f(r)
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are the free atom values of A’ and Alﬁ. po=4mrX 1077
VsA~'m™! is the permeability of vacuum, p! ((0) is the
s spin density on i, pl",, r(r) is the p spin density at position
r with respect to i, and « is the angle between 2 and r.
Note that the s (p) spin density is equal to the square of
the normalized valence s (p) wave function of i. The in-
tegral D in Eq. (15) can be reduced to

2
=zf°°P’
>Jo

3
where P, is the radial part of the valence p wave function
of i. Calculated values of 4/, and Alf’f for i =31P, ¥Ga,
and °As can be found in Ref. 37. We thus have a set of
equations that allows an estimate of the wave-function
parameters 7;, a;, and 3; from the measured hf parame-
ters.

dr , (16)

C. Trigonal distortion of the nearest-neighbor bonds

The presence of Mu* causes a trigonal distortion of the
four bonds of each nearest-neighbor atom along 2. The
wave functions describing the four bonding orbitals may
be written as

Y=Y, +B.Y, 17
ba=ad,+Blay, +a,9, ta,9,), (18)
by=ap; +B(bey, +byy, +b.Yy ), (19)
Ye=ay, +Blc ), +e,u, Fe.1,), (20)

where a, b, and c are unit vectors pointing from a nearest
neighbor towards the three next-nearest neighbors, 0, is
the angle between Z and a, b, or c, and 6,,. is the angle
between a and b, b and c, or ¢ and a (Fig. 2). Requiring
that the four wave functions be mutually orthogonal, we

obtain
a,a

B.B

cosf, = — @2n

and

7

FIG. 2. The P nearest neighbor and the three Ga next-
nearest neighbors of Mu* in GaP. Without Mu*, 6, would be
equal to the tetrahedral angle 6, =109.5°.
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a2

cos0,p, = —E . (22)
From a straightforward geometrical consideration, one
obtains

080, =1(3 cos’0,—1) . (23)

Combining Egs. (21)-(23) yields
172

cosf,=— (24)

2
z
2—=+3

z

Note that by setting 6,=6,,.=60, in Eq. (23) we get
cosf, = —1 and 6,=109.5°, the tetragonal bond angle of
the undistorted lattice. Setting 6, =06, in Eq. (24) yields
B2 /a?=3, corresponding to a pure sp> hybrid orbital. By
comparing 6, with 6, and assuming fixed next-nearest
neighbors, one obtains for the relative displacement of
the atom under consideration

Ab
b

where b is the undistorted bond length.

=1{1—-2/[(B/a})+1]'%}, 25)

D. Estimate of the spin-polarization effect

Ohta et al. performed an ab initio calculation of the hf
constants of the radicals CH,, SiH;, and GeH;.’® These
authors obtain the total spin density p, from

Ps=PspTPsp » (26)

where pgp arises from the delocalization of the radical or-
bital and is thus always positive or zero, while pgp is due
to the spin-polarization correction to the restricted
Hartree-Fock wave function by the pseudo-orbital theory
and can be positive or negative.*® Using Eq. (15) to con-
vert spin densities into hf parameters, Eq. (26) translates
to

Aj=Ap+ Akp . 27)

Since the tabulated free-atom parameters 4 s’ s do not
contain a spin-polarization term, Agp = A;— Agp rather
than 4/ should be compared with A, ; in order to get an
estimate of the “real” s atomic spin density 5?a2(C),

Asi*Aép

2a2(C)= -
na,; A,

(28)
We can estimate A4 Lp for i =%°Ga, "*As, and *'P using the
tabulated pgp values from Ref. 38 and Eq. (15).

III. EXPERIMENTAL DETAILS

The measurements were carried out at TRIUMF on
beamlines M15 and M20, both of which provide intense
beams [(1-2)X10° p*/s] of low momentum (28.6
MeV/c), 100% backward spin-polarized positive muons.
The GaP sample, an undoped single-crystal wafer with a
carrier concentration of less than 3X10'® cm™3 and
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measuring 45 mm in diameter by 0.5 mm in thickness,
was obtained from Hamaoka Toshiba Corporation,
Japan. It was mounted in a He gas flow cryostat, where a
constant temperature of 9 K was maintained throughout
all measurements.

Figure 3 shows a schematic diagram of the center re-
gion of TRIUMF’s HELIOS spectrometer. Note that
such an arrangement of the positron telescopes [four for-
ward (F1-F4) and four backward (B1-B4) counters,
each covering 7/2 of a cylindrical surface coaxial with
the magnet axis] allows an easy changeover from a uLCR
to a transverse-field setup. The spectrometer is shown in
the uLCR mode with the forward positron telescope at
position 4. The measured quantity

[S1]
]

s==, (29)
+

]
]

where
B=B1+B2+B3+B4,

— (30)
F=F1+F2+F3+F4

is a measure of p in Eq. (4). Bi and Fi are the total num-
ber of positrons counted by the respective detectors in the
time interval defined by the total number of incoming
muons one wants to accumulate per field point. Often it
is advantageous to modulate s with a small flip field B 1
with a magnitude of typically 5 mT, applied alternatively
along and opposite to B, to smooth out fluctuations in the
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FIG. 3. Center region of the experimental setup inside the
warm bore of the 7-T magnet. The incoming muons, whose
spins are aligned antiparallel (perpendicular) to their momenta
for a uLCR (transverse-field) experiment, are detected by the
muon counter on entering the sample. In the uLCR mode
shown here (forward positron counters in position A4), the decay
positrons are detected by the four forward and four backward
counters, each of which covers 7 /2 of a cylindrical surface co-
axial with the magnet axis. In transverse-field mode, only the
forward positron counters, which are moved to position B, are
used.
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beam intensity which can cause steplike features in s (B).
In this case the measured quantity

is usually called ‘“asymmetry difference.” In the
transverse-field time-differential mode, the spin of the in-
coming muons is set perpendicular to the muon momen-
tum, and the forward positron telescope is moved over
the sample to position B in Fig. 3. In this case, four uSR
time spectra are collected, one for each forward positron
counter.

IV. MEASUREMENTS

From Eq. (5) it is clear that in order to determine the
nuclear hf constants 4| and A7 (the muon hf constants
are assumed to be known), uLCR spectra containing res-
onances due to at least two different orientations of the
symmetry axis of Mu* with respect to the field have to be
taken. A typical procedure, which was also used in the
present case, is to take a uLCR spectrum with a (110)
axis along the field at one point during the experiment,
which contains resonances for which 6=90° and
6=135.3°. The position of the 90° resonances determines
AT directly [Eq. (5)]. A can then be obtained from any
other group of resonances caused by the same nucleus
and for which 6 is known.

If the sample is mounted with a (100) axis aligned
with the field, as it was in the first part of the experiment,
all four (111) axes form the same angle with the field.
If, on the other hand, there is a small misalignment, one
expects four slightly different angles 0 and hence four
times the number of resonances compared to the aligned
case [Eqgs. (5) and (7)]. This would be undesirable because
it would (a) make the interpretation of the spectra more
difficult and (b) prevent an accurate determination of the
nuclear hf parameters.

Equation (8) implies that it is possible to align a crystal
in which Mu* is formed using transverse-field uSR. Fig-
ure 4 shows uSR frequency spectra taken at B =1 T dur-
ing the alignment of a (100) axis parallel to the field.
All lines shown correspond to v* in Eq. (8). At the be-
ginning, the sample was coarsely aligned, with two {(111)
axes in the horizontal plane and the other two in the vert-
ical plane (a). The two outer (inner) lines are from Mu*
states with their symmetry axes parallel to the two (111)
axes in the horizontal (vertical) plane (the sample was
deliberately misaligned by a few degrees in the horizontal
plane). In (b) the sample is aligned in the vertical plane,
and (c) shows an intermediate step of the alignment in the
horizontal plane. (d) shows the final alignment where all
four (111) axes form the same angle 8=54.7(3)° with
the field.

The resulting uLCR resonances for **Ga are shown in
Fig. 5(a). As expected from Eq. (5), the spectrum is par-
ticularly simple in this case, consisting of one triplet for
A=0 and one for A=2. The solid line is an exact numer-
ical calculation of a uLCR spectrum [Egs. (4) and (31)],
using the parameters given in Table I.

In the second part of the experiment, the sample was
aligned with a (110) axis parallel to the field. A part of
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FIG. 4. Alignment of the GaP sample with a (100) axis
parallel to the applied magnetic field of 1 T using transverse-
field time-differential uSR. (a) shows the starting point where
each of the four crystalline {(111) axes is at a slightly different
angle with the field, giving rise to four distinct uSR frequencies
[v" in Eq. (8)]. In (b) the two {111) axes in the vertical plane
are aligned, and (c) shows the alignment of the two {(111) axes
in the horizontal plane. In the final alignment (d) all four {111)
axes form the same angle 6=>54.7(3)° with the field. The sample
temperature was 9 K.
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FIG. 5. Measured pLCR spectra of Mu* in GaP for
(100)|B (a) and {(110)|B (b) at a temperature of 9 K. 6, the
angle between the symmetry axis of Mu* and the magnetic field,
is given in parentheses for each group of resonances. Also indi-
cated is the type of resonance A [Eq. (6)]. The solid lines are
from an exact numerical calculation using Egs. (4) and (31) and
the parameters given in Table I.
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TABLE 1. Measured hyperfine and nuclear electric quadrupole parameters for Mu* and its nearest

neighbors in GaP and GaAs and

the s and p atomic spin densities obtained from

nai=1(A,+24,)/A,; and W’Bi=1(A— A,)/ A, ;. The free atom values A, and 4, , are from
Morton and Preston (Ref. 37). 5%a2(C) is the spin-polarization-corrected value of n’a?.

A, /h A, /h Q/h
Compound Nucleus (MHz) (MHz) (MHz) n%a? 732 72aX(C)
GaP ,u+ 219.0(2)? 79.48(7)? 0.0282
Ga 1017.8(1) 787.4(1) 3.94(3) 0.0708 0.377 0.0538
sip 620.2(4)° 249.7(1)° 0.0280  0.337 0.0082
GaAs ut 218.54(3)° 87.87(5)° 0.0294
Ga 1052(2)¢ 867.9(3)° 1.08(3)° 0.0761 0.301 0.0591
SAs 563.1(4)° 128.4(2)° 18.8(2)° 0.0186 0.434 0.0086

#Reference 31.
"Reference 4.
°Reference 6.

the uLCR spectrum for this orientation is shown in Fig.
5(b). In addition, the following resonances were observed
and used to determine the nuclear hf and NEQ parame-
ters given in Table I: "'Ga (90°) A=0,2 at 3.6-3.8 T,
%Ga (35.3°) A=2 near 3.8 T, 'Ga (35.3°) A=0 near 4.2
T. Note that natural Ga is an isotope mixture, consisting
of 60.2% “Ga (spin-2) and 39.8% 'Ga (spin-2), while
natural P is isotopically pure 3!'P (spin-}). From Egs. (5)
and (15) it is clear that, in general, there will be a
different group of resonances for each isotope of the same
element.

V. RESULTS AND DISCUSSION

A. Comparison of GaP and GaAs

The hf, NEQ, and bond parameters for Mu* and its
nearest neighbors in GaP and GaAs are summarized in
Table I. Note that the combined spin density on the two
nearest neighbors is about 80% in both III-V compounds.
However, the fractions of the spin density on the group-
IIT and group-V elements are almost exactly reversed:
For GaP, there is about 43% on the group-III element
and 35% on the group-V element, while for GaAs the
corresponding numbers are 36% and 44%. This seems to
be incompatible with a qualitative model for Mu* in com-
pound semiconductors,?>?* in which the distribution of
spin density among the two nearest neighbors X; and X,
is a result of two competing mechanisms: On one hand,
H or muonium is predominantly bonded to the element
X; for which the bond (X;-H) is the strongest, leaving the
unpaired electron in an antibonding orbital with a large
overlap with the other nearest neighbor. On the other
hand, the relative stability of the electron in the nonbond-
ing orbital, a measure of which is the Pauling electrone-
gativity of the element with which the nonbonding orbit-
al is overlapping, plays an important role. Table II lists
the (X;-H) bond strength and Pauling’s electronegativity
for X;=Ga,As,P. Consider first GaAs. In Ref. 23, the
experimental results are explained by stating that the
(Ga-H) and (As-H) bond strengths are not much different,
and that the higher electronegativity of As therefore

leads to the observed distribution of spin density, with
more on the group-V and less on the group-III neighbors.
For GaP, the difference between the (X;-H) and (X,-H)
bond strengths is even smaller than for GaAs, while the
electronegativity of P is slightly higher than that of As.
Therefore one would expect an even more pronounced
excess of spin density on the group-V neighbor for GaP,
contrary to the experimental findings.

The displacement of the nearest-neighbor atoms due to
the presence of Mu* is determined by the ratio of p to s
spin density [Eq. (25)]. For GaP, this ratio is about 7 for
Ga and 41 for P, while for GaAs, it is 5 for Ga and 50 for
As. The resulting lattice relaxation parameters are sum-
marized in Table III. In both compounds, the bond con-
taining Mu* is stretched by about 30%. In GaP, the Ga
(P) nearest neighbor is displaced about 10% (23%) away
from the muon. In GaAs, the corresponding numbers
are 6% (24%) for Ga (As).

B. Comparison of experiment and theory

As indicated in Sec. I, the muon and nearest-neighbor
hf parameters represent the most meaningful set of data
which one can use to test an ab initio calculation. The
reason for this is that in the experiment, these parameters
can be determined directly and with high precision (see
Table I). Until now, most theoretical works did not give
hf parameters, but rather bond relaxations, the relative
stability of the impurity at various sites, etc. Recently,
however, Van de Walle and Pavesi performed state-of-
the-art first-principles spin-density-functional calcula-
tions for neutral hydrogen or muonium in GaAs.” Their
work is of special interest because they give explicit
values for the muon and nearest-neighbor nuclear hf pa-

TABLE II. Bond strength (dissociation energy) of the (X-H)
bond at 298 K (Ref. 39) and Pauling’s electronegativity (Ref. 40)
for X =Ga,As,P.

Parameter Ga As P
(X-H) bond strength (eV) 2.8 3.6 3.1
Electronegativity 1.6 2.0 2.1
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TABLE III. Bond relaxation parameters for the nearest-
neighbor atoms of Mu* in GaP and GaAs. Ab/b is the total
bond relaxation obtained by adding the contributions from the
group-III and the group-V atoms. The undistorted bond length
b is 2.36 A for GaP and 2.45 A for GaAs. Aby, (Aby) is the
amount the group-III (group-V) atom has moved away from the
bond center with respect to the unrelaxed position. The experi-
mental parameters include a correction due to spin polarization.
The errors are estimated from the differences between the values
with and without spin polarization.

Ab/b  Aby  Aby
Compound (%) (A) (A) Reference
GaP 33(9) 0.23(7) 0.54(19) experiment

37 theory (Ref. 25)
GaAs 30(5) 0.15(7) 0.59(10) experiment®

40 0.31 0.66 theory (Refs. 26,28,29)
35 0.53 0.32 theory (Ref. 23)
42 theory (Ref. 21)

“Hyperfine parameters taken from Ref. 6.

rameters and because they used an analogous technique
as for Si, where the theoretical hf parameters agreed well
with experiment. Their results, given in pairs (A4 ﬁ, AY)in
MHz units, are muon: (172,73), ®Ga: (1126,958), "As:
(272,—25). Comparing these values with experiment
(Table I), we find generally good agreement, with the ex-
ception of A, for "*As. This discrepancy can be ex-
plained by the very small s spin density on this atom,
which is obtained in the calculation as the difference be-
tween two large numbers.?’ In addition to the hf parame-
ters, these authors give the bond relaxation parameters
for the nearest neighbors, which are in reasonable agree-
ment with experiment (Table III).

The only previous theoretical study giving hf parame-
ters for Mu* in a III-V compound, a Hartree-Fock clus-
ter calculation, is also for GaAs.?>?’ These authors find
Af{=130 MHz and A4%=—35 MHz, but they do not
give values for the nuclear hf parameters. The obvious
discrepancy between theory and experiment may stem
from principal difficulties of Hartree-Fock-type calcula-
tions in yielding accurate hf parameters.”’ However, the
qualitative picture of Mu* emerging from this work
agrees well with the experimental findings: Figure 1 in
Ref. 23 clearly indicates that most of the spin density is
on the two nearest neighbors, with slightly more on the
As than on the Ga. Also, the p-to-s ratio for the Ga and
As atoms nearest the impurity is 3.8 and 50, in excellent
agreement with experiment. The total bond relaxation
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given in this work is compatible with experiment, while
the calculated individual contributions of the group-IIT
and group-V atoms are not (Table III). However, since
the experimental values for the nearest-neighbor relaxa-
tions have been obtained in an indirect way and since the
theoretical values themselves must have large error bars
(an estimate may be obtained by comparing the relaxed
bond lengths given by the two groups), the discrepancy
between theory and experiment is not serious.

Finally, there are two more theoretical results on the
total bond relaxation: one on Mu* in GaAs (Ref. 21) and
one on Mu* in GaP (Ref. 25) (see Table III). Note that
the latter, which is from the only calculation on the elec-
tronic structure of bond-centered muonium or hydrogen
in GaP so far, agrees well with the experimental value.

VI. CONCLUSIONS

In conclusion, we have determined the electronic struc-
ture of Mu* in GaP using uLCR. Specifically, we report
precise nuclear hf parameters for the nearest-neighbor
Ga and P atoms, allowing an estimate of the s and p spin
density on Ga and P and of the displacement of each of
these atoms due to the presence of Mu*. We find that
439% (35%) of the unpaired spin is on the closest Ga (P),
both of which have moved away from the muon. This
distribution of spin density, with more on the Ga and less
on the P, is the reverse of what is found for GaAs and
thus disagrees with the trends predicted by a qualitative
model for Mu* in compound semiconductors. While no
calculations of the hf parameters for atomic hydrogen or
muonium in GaP have been performed so far, our
findings nevertheless match the unique features expected
from the bond-center model for Mu* in a III-V semicon-
ductor.
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