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Muonium centers in the cuprous halides
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Muon-spin-rotation measurements in the group I-VII semiconductors CuCl, CuBr, and CuI reveal

muonium centers with weak isotropic hyperfine (hf) parameters which range between 0.2716 and

0.3744 times the hf parameter for muonium in vacuum. The observed centers display several unusu-

al characteristics when compared with muonium in other tetrahedrally coordinated materials. In
particular the hf parameters in the copper halides are much smaller than expected on the basis of
their ionicity. Also, in CuCl and CuBr two distinct muonium centers (Mu' and Mu") with almost
identical isotropic hf parameters are observed for the first time. The Mu' center is populated

preferentially at low temperature but makes a thermally activated transition to Mu", indicating that
Mu' is less stable than Mu". Measurements of the line broadening in the magnetic field region
0.2—1.2 T indicate that there is no motional averaging of the nuclear hyperfine interaction and

therefore that the centers are close to being static.

I. INTRODUCTION

An energetic positive muon (p+) which is implanted
into a semiconductor or insulator may end up in a variety
of different locations and charge states in the crystal.
Those centers which are paramagnetic are termed muoni-
um defect centers since, as in the hydrogenlike atom
muonium (p, +e }, there is a hyperfine (hf) interaction be-
tween the muon and the unpaired electron. Muonium de-
fect centers provide a unique opportunity to compare the
electronic structure of a simple defect in a unprecedented
range of materials which now include elemental semicon-
ductors, ' solid noble gases, molecular solids, " and very
recently, ionic insulators and group —III-V compound
semiconductors. Furthermore, the technique of muon-
spin rotation (@SR) allows one to observe directly dynami-
cal processes involving muonium which occur within the
lifetime of the positive muon in the sample (2.2 ps}. Un-
like the EPR of hydrogen, the technique of @SR is per-
fectly selective since only centers involving the muon are
observed. Also, the number of implanted muons is typi-
cally less than 10 per sample and, consequently, the radi-
ation damage caused by the muons is negligible.

Muonium in semiconductors is of special interest since
there have been no EPR measurements of hydrogen in a
semiconductor. Over the past ten years a large body of
information on muonium defect centers in the group-IV
elemental semiconductors has become available. ' Two
types of muonium centers, "normal" muonium (Mu) and
anomalous muonium (Mu'), have been observed in Si, Ge,

and diamond. Mu is characterized by a large isotropic hf
interaction about half that of muonium in vacuum,
whereas Mu' has a relatively small and anisotropic hf in-

teraction with (111) symmetry. Several theoretical stud-
ies " indicate that Mu is a neutral atom which has a
minimum potential energy at the tetrahedral interstitial
site but with only a small barrier between equivalent sites.
Experimental work confirms that Mu is moving rapidly
in the elemental semiconductors. ' There has been consid-
erable debate on the site of Mu'. Recent theoretical
work' ' indicates that Mu' is located at a vacancy rath-
er than at the hexagonal interstitial site as proposed ear-
lier. ' However, there are still difficulties in explaining
the formation of a muon-vacancy complex.

There are numerous reasons for extending the study of
muonium defect centers to compound semiconductors.
For example, the effect of covalency of the host on the
electronic structure of the muonium centers can be inves-
tigated by comparing results in the group —IV,
gr' oup —III-V, group —II-VI, and group —I-VII materials
with the same crystal structure. Also, the group —III-V
and group —I-VII compounds contain a high percentage of
nuclear moments and thus provide an opportunity to
study nuclear hyperfine (nhf) structure. Unlike the isotro-
pic hf structure of normal muonium, the nhf structure is
sensitive to diffusion. In addition, measurements of the
nhf parameters would provide important new information
on the electron-spin-density distribution away from the
muon.

Recently, in the group —III-V compound semiconduc-
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tors GaAs and GaP, we have observed muonium centers
which resemble the Mu and Mu centers seen previously
in Si, Ge, and diamond. All muonium parameters in
GaAs are remarkably similar to those in GaP, indicating
that sites with Ga nearest neighbors are occupied pre-
ferentially.

In this paper we report detailed measurements on the
electronic structure of muonium defect centers in the
group —I-VII compound semiconductors CuC1, CuBr, and
CuI. These are the most ionic of all the tetrahedrally
coordinated materials and in this sense lie between the
pure covalent group-IV semiconductors and the highly
ionic group —I-VII insulators, the alkali halides. The re-
sults are surprising in two ways. First, the hf parameters
for muonium in CuCl, CuBr, and CuI range between
0.2716 and 0.3744 times the hf parameter for muonium in
vacuum. This is considerably smaller than for normal
muonium in ionic crystals or covalent semiconduc-
tors. ' ' Second, in CuC1 and CuBr two distinct muoni-
um centers with almost identical isotropic hf parameters
are seen for the first time. One center, which we call Mu',
is populated preferentially at low temperatures, but makes
a thermally activated transition to a second center, Mu".

II. THEORY

A. The spin Hamiltonian

When the muonium defect center is localized about a
site with high symmetry the spin Hamiltonian is of the
following form:

4 /h =AS I+y, S 8—yqi 8

+g(S C" J"+J"Q" J"—y J" 8)

m, 2viv2+ (vi+ vi )v&

m& v&(vi+v2+2v&)

For muonium in vacuum

A =4463.302 MHz,

g, =2(1.001 141 9),

gq ——2(1.001 148 1),
vq ——135.5537 XB MHz/T,
I"+ ——14079.87 MHz/T,

I = 13 944.34 MHz/T,

(4b)

(4c)

where the g factors include relativistic bound-state correc-
tions to the free-particle values. "

equal to A /21 +. In the high-field region v, and v2 corre-
spond to M, =+1 transitions, for which S,=+ —,

' and
S,= ——,', respectively. Note that the sense of precession
of frequency vz is opposite to that of vi except in the ex-
treme high-field limit, x & m&/2m, =103. The field
dependence of these frequencies is shown in Fig. 1. At
the special field corresponding to

(3)

the muonium frequencies have a broad maximum and
minimum, respectively. Thus, near xsr or above the fre-
quencies are much less sensitive to field inhomogeneity
than in the low-field region. The hf parameter and ratio
between the electron and muon g factors can be expressed
in terms of vi, v2, and the Larmor precession frequency of
the muon, v&,

(4a)

where S, I, and J" are the electron, muon, and nth neigh-
boring nuclear spin, A is the isotropic muon hf parameter,
C" is the nhf tensor, Q is the nuclear electric quadrupole
(neq) tensor, and 8 is the magnetic field. The g tensors,
contained within the gyromagnetic ratios (y;=g;p&/h),
are all taken to be positive and isotropic. A more general
form for 4 may be obtained by allowing the elcetron Zee-
man and muon hf interactions to be anisotropic. ' This
would be necessary if the muonium defect center were in a
site with lower symmetry.

0.6

vi ———,A[1+(I" /I +)x —(1+x )' ],
vz ————,A[1—(I /I'+)x+(1+x )'i ),

(2a)

(2b)

where I + ——(y, +y„)/2, x =8/80, and 80 is the hf field,

8. Frequency spectrum in the absence
of nuclear hyperfine interaction

In the absence of nhf interaction the time evolution of
the muon polarization is determined by the first three
terms in Eq. (1), which are of the same form as for
muonium in vacuum. If the electron is unpolarized and a
high magnetic field is applied transverse to the initial
muon polarization, then two muon precession frequencies
of equal amplitude are expected:

0.0

B/BG
40 50

FIG. 1. The absolute value of the two dominant precession
frequencies for vacuumlike muonium in a high transverse mag-
netic field. The sign of v2 is opposite to that of vl in this field
region. The magnetic field and frequencies are in units of the
hyperfine field So and hyperfine parameter A, which for
muonium in vacuum are equal to 0.1585 T and 4463.302 MHz,
respectively.
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Wh =AS.I+y, S B—yqI B+CS J—y„J B, (5)

where J is the total nuclear spin and C is the isotropic nhf
parameter. Roduner and Fischer' have treated a similar
problem in regard to muonated free radicals. Provided
that y,8 ~~A ggc, and there are no accidental degenera-
cies, then an approximate muon-spin frequency distribu-
tion in high transverse fields may be obtained from non-
degenerate perturbation theory, treating the nhf interac-
tion as a perturbation. The first-order splittings in the
precession frequencies are proportional to the component
of J along the magnetic field direction, z:

C. Line broadening due to nuclear hyperfine interaction

Inclusion of the nhf terms in Eq. (1) leads to a compli-
cated frequency spectrum in low transverse fields consist-
ing of many small-amplitude lines which cannot be
resolved. However, in high transverse magnetic fields
where the muon, electron, and nuclear spins are essentially
decoupled, the frequency spectrum reduces to the simple
two-component spectrum observed in the absence of nhf
interaction. ' ' In the intermediate-field region the nhf in-
teraction produces small splittings in the primary lines
which appear in our spectra as a line broadening. For the
purpose of calculating this line broadening, we consider a
model spin system consisting of a muon, an electron, and
X identical nuclei with spin J". We assume that the nhf
interaction is isotropic and neglect the effects of neq in-
teraction. The resulting spin Hamiltonian is then

teraction. However, present techniques do not permit us
to resolve the nhf structure and so we are only interested
in calculating a linewidth parameter, which should be rel-
atively insensitive to these latter effects. We define a
Gaussian linewidth parameter,

cr(x)—:m.(2M')' =b, sin 8,
where Mz is the second moment of the frequency distri-
bution and

(7b)

The multiplicity factor m(J, ) is the random probability
of finding the N nuclear spins with a total z component
of nuclear spin J, . It is clear from Eq. (7a) that field
dependence of cr can be used to determine the parameter
5, which may be interpreted as the overall strength of the
nhf interaction. If the number of nearest neighbors and
their spins are known, then an approximate nhf parameter
can be determined from b, .

Until now we have implicitly assumed that the muoni-
um center is static in the crystal. If the center is diffusing
at a rate fast compared to the static linewidth, then the
frequency lines will be motionally narrowed. Fast hop-
ping results in a Lorentzian line shape with a width pa-
rameter k given by

A. =2a r, =26, sin 8r, ,

v, (J, )=v, (0)+CJ,sini8,

vq( J, ) =vi(0) +CJ,sin 8,
where

sin 8= —,[1—x /(1+x )
'~ ]

= I/4x for large x,

(6a)

(6b)

(6c)

where ~, is the mean time between hops. This expression
is valid provided o~, ~~1. Note that A, varies as 1/x in
the high-field limit, whereas tr varies as 1/x . Thus from
the field dependence of the linewidth (or depolarization
rate) we can determine if the muonium center is diffusing
slowly or rapidly with respect to the static linewidth.
This is considerably more sensitive to rapid diffusion than
the line shape itself.

and v~(0) and vq(0) are the precession frequencies in the
absence of nhf interaction given by Eqs. (2a) and (2b).
Thus the nhf interaction causes frequencies vi and vi to
split into 2NJ" +1 frequencies which are weighted by the
probability of finding the N nuclear spins with total 0
component of spin, J,. Assuming there is no nuclear po-
larization, the resulting discrete frequency distribution lies
within an approximately Gaussian envelope. The number
of frequencies increases rapidly if one includes second-
order corrections, the anisotropy of the nhf interaction,
the presence of next-nearest neighbors, and the neq in-

I

D. Transition between muonium states

Percival and Fischer and Meier ' have developed gen-
eral theories to calculate the time evolution of the muon
polarization when a transition occurs between muonium
states with different hf parameters. If it is assumed that
electron and muon spins are conserved at the instant of
transformation, then in the limit of high transverse mag-
netic fields x &&1 the expectation value of the complex
muon polarization, p„(t)=p„(t)+ip„(t-), reduc-es to

p~(t) =
2 g (exp[( A icoj'—)t]+—I 1 —exp[ A i (toj —coj"—)t] I exp(—icoj't)/[1+i(—co)' a)J )/A]), — (9)

where vJ =coj/2m and vj'=coj'/2n are the high-field tran-
sition frequencies for the initial and final states, which we
call Mu' and Mu", respectively. %hen the transition rate
A is small compared to co' —co", the first term in bold
parentheses dominates, corresponding to the initial-state
frequencies, and the final-state frequencies corresponding

to the second term are not observable. Note that the am-
plitudes for the initial state decrease exponentially in time
at a rate A. On the other hand, if A is comparable to or
larger than co&

—~J- and provided At pal, then the second
term dominates corresponding to the final state. The am-
plitudes aj' and initial phases PJ associated with the final-
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state frequencies are given by

2aj =co+I= I 1+[(~,' —~,")/A] I
' ', (10a)

tang j= (eJ —coj.)/A . (10b)

If there is a fraction of the muonium atoms fz which
form Mu" promptly in addition to the slow fraction f,"
which begins as Mu', then the amplitudes and phases of
the final state are given by

2aj =[(f~") +2f,"fz'cos2PJ+(f,")icosi/,']'~i, (1 la)

u' (111)

If the transition rate from Mui to Mu" is temperature
dependent, then the amplitude of Mu" and depolarization
rate of Mui signal should also be temperature dependent.
For example, if A has an Arrhenius behavior,

(12)A( T)=A(00)exp( E, /k—st),
one expects that the Mu' signal will disappear at a rate
A(T) and that the total amplitude of the Mu" signal will
rise monotonically from fz to fz +f,". The phases PJ are
also temperature dependent but are difficult to measure
accurately because the muonium precession frequencies
are large.

III. EXPERIMENTAL DETAILS

Single crystals of CuC1, CuBr, and CuI were cut from
rods grown previously from the melt by one of us (C.S.),
using a traveling-heater technique with BaClz, KBr, and
KI as the respective fiuxes. i2 The dimensions of the crys-
tals were approximately 12 mm in diameter by 12 mm
thick. The crystals were oriented in the case of CuC1 and
CuBr but not in the case of CuI. The overall contamina-
tion level has been estimated to be ~ 100 ppm. The sam-
ples were cooled with a He-gas-flow cryostat and tempera-
ture measurements were made with a carbon resistor
below SO K and a platinum resistor above SO K.

A diagram of the high-field (1.2 T} high-timing resolu-
tion p, SR apparatus is shown in Fig. 2. The incoming
beam of polarized positive muons from the pE4 beiunline
at the Swiss Institute for Nuclear Research are collimated
down to a diameter of 10 mm before detection by the M,
counter. The incoming muons stop in the target crystal at
an average rate of 10 /s. The positrons from muon decay
are detected by the E, counter. A compact iron-core elec-
tromagnet (25-mm gap} is used to apply a magnetic field
(0—1.2 T) transverse to the initial muon polarization. The
design of this magnet is crucial in achieving the timing
resolution necessary to resolve high-field muonium fre-
quencies, which can be in excess of 2500 MHz for muoni-
um defect centers with vacuum-hke hf parameters. Note
that the iron return yoke completely surrounds the mag-
net poles except for small entry ports for the muon beam,
incoming muon counter M„ the muon decay positron
counter E„and the cryostat. Kith this design and @-
metal shielding the stray fields are reduced to 10 pT at a
distance of only 10 cm from the magnet center. This per-
mits the use of relatively short light guides between the

S5 MeVic ~+

iron re
yoke

iron magnet
face

cryostat

20&20&30mm
NE 11$ scintillator
(Et3

lead collimator

20&20&10mm Pilot Ufscintillator (M, 3

p -metal shield

XP 2020
Photomultiplier

~ * ~ I ~

~ ~

light guide
0 2 46 810

XP2020
Photomultiplier

FIG. 2. The high timing resolution (205 ps) apparatus is used

to resolve muonium precession frequencies in a large (1.2 T)
transverse magnetic field. The return yoke of the compact
iran-care electromagnet serves to contain the stray magnetic
field and thus permits the use of short light guides between the
fast plastic scintillators and photomultipliers.

(i= —[ln21n(ai/ai)/(v2 —vi)]'~ (13)

where a i and a2 are the amplitudes of frequencies vi and
v2, respectively. The ratio Qi/0i was iileasured to be
0.656(37) in single-crystal Si02 at 305 K in a field of 1.15
T where v& ——1936 MHz and v2 ——2559 MHx. This implies
that the timing resolution of the detector system is
205(13) ps.

The general form of the @SR spectrum consists of an
exponential decay modulated by the time evolution of the
muon polarization. This modulation is a result of the
asymmetric muon decay in which the decay positron is
emitted preferentially along the muon-spin polarization
direction. In a magnetic field transverse to the initial

plastic scintillators and photomultipliers which cannot
operate in magnetic fields in excess of a 100 pT. The
short light guides minimize the spread in transit times be-
tween the scintillator and photomultiplier, which is essen-
tial in achieving good timing resolution with this method
of charged-particle detection. A significant (15%) im-
provement in the timing resolution was obtained by using
quartz light guides instead of normal Plexiglass, since its
transmission in the near-uv region allows a better match-
ing to the light output spectrum from a NE111 scintilla-
tor obtained from Nuclear Enterprises Limited, Scotland.
The frequency spectrum for muonium in high transverse
magnetic fields provides a convenient measure of the tim-
ing resolution. In the high-field region where the muon
and electron are decoupled, the two muonium frequencies
[so: Eqs. (2a} and (2b)] should have equal precession am-
plitude. However, the amplitude of the higher frequency
is observed to be smaller than the amplitude of the lower
frequency due to the finite timing resolution of the parti-
cle detection system. If one assumes a Gaussian resolu-
tion function, then using Eq. (7) of Ref. 23 the full width
at half maximum 5 may be expressed
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muon polarization direction the lifetime spectrum takes
the form CuCI

1

10.5 K

N (t) =Noexp( t /—r„)[1+X(t)]+b, (14a)

X(t)= ga;R;(t)cos(2+v;r+P;),

where No is a normalization, r„ is a muon lifetime (2.2 ps
for positive muons), and b is a time-independent back-
ground. The parameters a, , v;, and P; are the amplitudes,
frequencies, and initial phases of the n different frequency
components. The relaxation functions R; (t) are often as-
sumed to be exponential,

0 I I
A

f

Cuar 88K

R; (t) =exp( —I,;r ),
or Gaussian,

(15a)

R;(t)=exp( o;t—), (15b)

IV. RESULTS

A. The muon hyperfine parameters for Mu' and Mu"

The muon-spin frequency spectra for CuCl, CuBr, and
CuI in a high transverse magnetic field (1.2 T) are shown
in Fi . 3. In CuC1 and CuBr two pairs of frequencies (v;
and v; ), attributed to two distinct muonium centers (Mu'

corresponding to a I.orentzian or Gaussian line shape,
respectively. In the present analysis the complex Fourier
transforms of the time spectra were fitted to the finite
Fourier transform of Eq. (14b). In many instances the
raw-time spectra were fitted directly to Eq. (14a) with no
significant difference in results. Fits assuming Gaussian
and exponential relaxation functions were compared in
selected cases.

The time digitization was performed with a time-to-
amplitude convertor (TAC) coupled to a 8192-channel
analog-to-digital convertor (ADC). A high-resolution set-
ting of 45 ps/channel was necessary to resolve the high
frequencies expe:ted in the experiment. This limited the
length of the time spectra to 400 ns. The timescale was
calibrated with a precession quartz calibrator. The errors
on all precession frequencies include a small systematic
uncertainty (less than 50 ppm) due to drifts in the time
calibration. Typically, (5—10)X 10 events were collected
in each spectrum with a good event rate of approximately
500/s.

5.0-
LLI

CL
2.5-

Ld

CL

LL
CuI 10 K

20-

10-

0
500 500 700 900

FREQUENCY (MHz)

1100

and Mu"), are observed at low temperature, whereas in
CuI only a single pair of frequencies is observed. The fre-
quencies were independent of crystal orientation, indicat-
ing that the hf interaction for these centers is isotropic.
The reduced hf parameters (A, =A/A""), determined
from Eq. (4a) and extrapolated to 0 K, range between
0.2716 and 0.3744 (see Table I). Also included in Table I
are ratios of g, /g„determined from Eq. (4b). In all cases

FIG. 3. The pSR frequency spectra in the Cu halides in a
transverse magnetic field of 1.156 T. In CuCl and CuBr the two
pairs of frequencies v,' and v," are attributed to two distinct
muonium centers (Mu' and Mu") with isotropic hyperfine in-
teractions.

TABLE I. Debye model parameters describing the temperature dependence of the reduced hyperfine
parameter (A, =A/A"") of Mu' and Mu" [see Eq. (16)]. The ratio between the electron and muon g
factors for Mu' at 5 K and Mu" at 150 K are also included.

Mu'-CuC1
Mu"-CuC1
Mu'-CuBr
Mu"-CuBr
Mu'-CuI

0.298 935( 18)
0.271 608(29)
0.314491(13)'
0.280 256(47)'
0.374 373(52)

1.0292(40)
1.0335(36)
1.0207(15)
1.027(16)
1.0313(24)

—0.0858(6)
—0.0796(5)

+ 0.0080(2)

110(7}
130(1)

11.4(2)

'Extrapolated to T =0 with a modified Debye model in which 8, was allowed to vary above 100 K.
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the observed g, /g„ is about 2—3% higher than for
muonium in vacuum.

The temperature dependences of the Mu and Mu hf
parameters in the Cu halides (see Fig. 4) were fitted to a
Debye model, in which it is assumed that the tem-
perature variation in the hf parameter is due to muonium
interaction with a Debye spectrum of acoustic phonons.
This leads to the following functional form,

8 /T ~3
A„(T)=A„(0) 1 —~(T/8, ) f „dx

O eX
(16)

where 8, is the effective Debye temperature, A, (0) is the
reduced hf parameter at 0 K, and a is the coupling con-
stant. The fit results for CuC1 and CuI are given in Table
I and shown in Fig. 4 (sohd lines). In the case of CuBr,
Eq. (16) does not fit the data because of the downward
curvature above 100 K. The dashed curves in Fig. 4 for
CuBr were obtained by allowing 8, to vary above 100 K
and are only intended to guide the eye.

The temperature variation in the hf parameters in the
Cu halides are unusual in several respects. First, in CuC1
and CuBr the hf parameters increase monotonically with
temperature=opposite of what is observed for most nor-
mal muonium defect centers. Second, the effective Debye
temperature for the Mu' center in CuI is an order of mag-
nitude too small when compared with the literature value
of the Debye temperature determined from specific-heat
measurements. 6 Third, in CuBr the Debye model [Eq.
(16)] fails to describe the high-temperature behavior of the
Mu' and Mu" hf parameters. These facts suggest that lat-

tice expansion, anharinonic effects, or details of the
acoustic-phonon spectrum may be more important in the
Cu halides than in other materials. Although a hydrostat-
ic pressure experiment indicates that thermal expansion
has no appreciable effect on the Mu hf parameter in Si, it
should be noted that the linear coefficients for thermal ex-
pansion in the Cu halides are 4—6 times larger than in
Si (Ref. 28) and increase from CuC1 to CuBr to CuI.
Also, the Cu hahdes are noted for their anharmonic vibra-
tional properties.

In the case of CuC1 the Debye model fits the data and
gives a reasonable value for 8„equal to 110(7) K for Mu'
and 130(1) K for Mu '. For comparison, the Debye tem-
perature (8&) in CuC1 derived from specific-heat data
varies considerably over the temperature range of interest.
At T =0 K, 8D equals 164 K, passes through a
minimum at T= 10 K where 8D equals 123 K, and rises
to a maximum at T =100 K where 8D equals 260 K.
Our effective Debye temperature should be compared
with 8D at low temperature where the primary contribu-
tion to the heat capacity is from acoustic phonons. Con-
sidering the unusual thermal properties of the Cu halides,
this apparent success of the model in CuC1 is perhaps
more surprising than its failure in CuBr and CuI.

B. The transition from Mu' to Mu"

The temperature dependence of the Mu' and Mu" pre-
cession amplitudes and exponential depolarization rates
are shown on the left- and right-hand sides of Fig. 5,
respectively. The total precession amplitudes are correct-
ed for finite timing resolution and normalized to the max-
imum experimental asymmetry (the free-muon precession
amplitude in Cu), after taking into account a small frac-
tion of the muons which stop in the cryostat (-10%).

Below about 100 K the amplitudes for both Mu' and
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FIG. 4. The hyperfine parameters for muonium in the Cu
halides as a function of temperature. In CuCl and CuBr two
centers, Mu' and Mu" are observed, whereas in CuI only a sin-

gle center is observed. The solid lines are a fit to a Debye model
of the muonium phonon interaction. The dashed lines for CuBr
are a guide to the eye.

TEMPERATURE ( K )

FIG. 5. The temperature dependence of the precession ampli-
tudes (left) and depolarization rates (right) of the muonium
centers observed in the Cu halides. The open and solid data
points are for Mu' and Mu~', respectively.
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The fitted parameters are found in Table III. There are
several possible origins of this depolarization. The Mu"
center itself might be unstable to a transition to a diamag-
netic muon center, which is observed to be the most stable
state in Ge at high temperature. ' Raman processes and
Korringa relaxation are other possible mechanisms which
have been proposed to explain relaxation of muonium at
high temperature in other semiconductors. The tem-
perature dependence of the Mu depolarization rate is sub-
stantially different (open triangles and squares on the
right-hand side of Fig. 5). The data do not fit well to a
simple exponential. This is most evident in the case of
CuCl where there is a sharp increase between 5 and 10 K.

TABLE II. Model parameters describing the thermally ac-
tivated transition from Mu' to Mu" (see Sec. IID). The fitted
parameters f,",f~", A( oo ), and E, lk are defined as in Eqs. (11a)
and (12). The measured Mu' amplitude (f') and the fraction Of
muons processing as bare muons (f„)are also included.

CuI

f," (%)
f~" (%)
A(a&) (ps
E, /kg (K)
f' (%)
f„(%)

66(3)
9.9(8)

1330(100)
383(12)

69(4)
16(4)

66(5)
5.8(8)

1195(107)
582(18)
65(3)
23(4)

72(3)
18(8)

Mu" are independent of temperature. However, at higher
temperatures the amplitude for Mu", which is observed
only in CuCI and CuBr, increases monotonically and ap-
proaches the total precession amplitude observed at low
temperature for both centers. The Mu center is not ob-
servable at the higher tempertures due to a sharp increase
in the depolarization rate, although the amplitude of the
signal remains constant. These facts indicate that Mu'
makes a thermally activated transition to Mu". The CuCl
and CuBr data were therefore interpreted in terms of the
transition model described in Sec. II D. The dashed lines
on the left-hand side of Fig. 5 are fits to Eq. (1 la) assum-
ing an Arrhenius form for the transition rate [Eq. (12)].
The slight temperature dependence in v~ and v2 was taken
into account using the fitted Debye model parameters.
Since the amplitude of Mu" is nonzero at low tempera-
ture, it was necessary to allow for a prompt fraction of
muons (f~ } which form Mu" at time zero in addition to a
slow fraction (f, ) which begin as Mu'. The fitted param-
eters defined as in Eqs. (1 la} and (12}are found in Table
II. The Mu' fraction (f') observed at low temperature and
the bare muon fraction (f& ) are also included in Table II.

The dramatic difference in the temperature dependence
of the depolarization rates for Mu' and Mu" in CuCl and
CuBr (solid triangles and squares on the right-hand side
of Fig. 5} su~port the hypothesis of a transition between
Mu' and Mu (see Sec. IID). The depolarization rate of
the Mu" center increases gradually with temperature and
was described well by an Arrhenius law with a
temperature-independent background term:

A,"(T)=A, ( oo )exp( E~lks T)+—A.(0) .

TABLE III. Parameters describing the Arrhenius tempera-
ture dependence of the depolarization rate of the Mu" center in
CuCl and CuBr [see Eq. (17)].

Sample

CuCl
CuBr

A,(0)
( s

—i)

0.14(13)
0.1(3.5)

60(12)
48(22)

520(43)
443(110)

It is important to note that A, '(T) increases in the tempera-
ture region immediately before the amplitude on the Mu"
center begins to rise. This is predicted from the transition
model described in Sec. IID. The solid lines on the
right-hand side of Fig. 5 are the predicted disappearance
rate of Mu' based on the rise of the Mu" signal ampli-
tudes. Note that the observed values for A, '(T) lie above
the predicted curves, especially in the case of CuC1. A
similar discrepancy has been reported for the Mu-to-Mu'
transition observed in diamond' and was attributed to
some additional relaxation process which affects Mu but
not Mu'. Such an explanation seems unlikely in the
present case since the Mu' and Mu" are so similar.
Another possibility is that the transition itself is more
complicated than we have allowed for. For example, the
anomalous relaxation of Mu' signal could be explained if
there is an intermediate state between Mu' and Mu" or if
there is some slow modulation of the Mu' hf interaction
prior to the transition. It is interesting to note that the
preexponential factors A( oo ) are quite small (see Table II),
indicating that low-frequency acoustic vibrations control
the transition.

The transition model parameters for CuC1 and CuBr
are compared in Table II. Note that in CuBr the initial
occupation probability for Mu" (fz') is smaller and that
the activation energy (E, /ks) for the transition is larger.
If this is a trend which continues to the case of CuI, then
this might explain the nonobservance of Mu" in CuI. It
suggests that the Mu" center in CuI might be observed at
higher temperatures.

C. Line broadening due to nuclear hyperfine interaction

Since all nuclei in the Cu halides have spin —, except for
I (100% abundant and spin —,), one expects line

broadening due to nhf interaction in low magnetic fields.
As explained in Sec. IIC, the field dependence of the
linewidths provides information on the strength of the nhf
interaction and on the mobility of the defect center. Sig-
nificantly better fits to the @SRspectra taken at low mag-
netic fields were obtained assuming a Gaussian relaxation
function for the Mu depolarization rates at low tempera-
ture, indicating that Mu is not moving rapidly. In the
case of Mu" the signals are too weak to distinguish be-
tween Gaussian and exponential depolarization functions.
The static behavior of the Mu' center is substantiated
from the field dependence of the measured linewidth pa-
rameters determined froin fits to Eq. (15b} and shown in
Fig. 6. The solid curves are fits to the functional form

cr=b, sin 8+o(oo),
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TABLE IV. Parameters obtained by fitting the field dependence of the Gaussian line width parame-
ter of muonium in the Cu halides to Eq. (18). An approximate nuclear hyperfine parameter, C, is ob-

tained from 6 [defined in Eq. (7b)t by assuming that the muonium center interacts isotropical1y with

four identical spin-Y nuclei, yielding 6=m.~lOC. The parameter 0(ao) is a field-independent back-

ground term.

Center

Mu'-CuCl
Mu"-CuCl
Mu'-CuBr

un-CuBr
Mu'-CuI

10.5
10.5
5.5
5.5

10.5

10035(970)
929(129)
2002(70)
1675(338)
2767(71)

o(co)
(ps ')

12.3(8)
0.0(3.5)
0.24{7)
0.80(54)
0.72(10}

C
(MHz)

1010{98)
94(13)
202(7)

169(34)
279(7)

IOQ

MU
I I

where 5 and 8 are defined as in Eq. (7a) and cr( oo ) is a
field-independent background term. Equation (18) is
valid if the Mu centers are static or moving slowly with
respect to the static linewidth. The fitted parameters are
given in Table IV. An effective nhf parameter assuming
four nearest-neighbor spin- —, nuclei is also included. In
the case of Mu' a much inferior fit to the data was ob-
tained using Eq. (8) with a field-independent term. This is
valid when the centers are moving rapidly F.or example,
the dashed curve in the bottom left of Fig. 6 is a fit to the
fast-diffusion model in CuI. Due to the small amplitudes
of the Mu" center, it was not possible to distinguish fast
diffusion from the static limit, although the magnitude of
the linewidth itself suggests that no significant motional

narrowing takes place.
With the exception of the Mu' center in CuC1 at 10.5

K, the effective nhf parameters in Table IV are of the or-
der of a few hundred MHz. This compares well with the
nhf parameters measured for other types of paramagnetic
defect centers in the Cu halides such as CuC1:S and
CuC1:Se. However, in the case of Mu' in CuCl at 10.5
K the field dependence of the line broadening indicates
the nhf parameter is about 5 times that measured in CuBr
and CuI, which seems unreasonably large. Interestingly,
the two data points at a lower temperature of 5.5 K lie
considerably below the points at 10.5 K (see top left of
Fig. 6) and are consistent with a nhf parameter of a few
hundred MHz or less. The muon hf parameter, on the
other hand, shows no such dramatic change in this tem-
perature region, indicating a smooth dependence of the
electron-spin density on temperature. This puzzling
behavior of the line broadening in CuC1 is not understood.

80-
o- $.5K
+- IQ.5K V. DISCUSSION

40-

20-
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A. Site possibilities for Mu' and Mu"

It is useful to summarize the relevant experimental in-
formation contained in the preceding section before dis-
cussing the site possibilities for the observed centers:

lO-

Ltl 0
I

30-
CuI l0.5 K

20-

IO-

0 I I I I I

0.2 0.4 0.6 0.8 I.O 0.2 0.4 0.6 0.8 l.O l.2

MAGNETIC FIELD ( T )

FIG. 6. The Gaussian relaxation parameter u as a function
of magnetic field for Mu' (left) and Mu (right) in the Cu
hshdes. The solid curves are fits to a static model [see Eq. (18)].
The dashed hne in CuI is a fit to Eq. (8) with a field-
independent background term, which is valid in the limit of fast
diffusion. Mui' was not observed in CuI.

(1) In CuC1 and CuBr we have observed two distinct
muonium defect centers, Mu' and Mui, which have near-
ly identical isotropic hf parameters, approximately 30%
of the value for muonium in vacuum.

(2) The Mu center forms with a high probability at low
temperatures but appears to be unstable, making a
thermally activated transition to Mu".

(3) The line broadening at low magnetic fields, presum-
ably due to nhf interaction, indicates that the observed
centers are not moving rapidly.
We will show that these facts together indicate that the
observed centers are most likely located at either one or
both of the inequivalent tetrahedral interstitial sites.

The isotropic hf interaction implies that the electron
and muon-spin densities are centered about a site with
high symmetry or the center is moving rapidly between
sites with lower symmetry (e.g., a site involving a native
impurity) in a way which averages out the anisotropy.
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Since there appears to be no motional averaging of the nhf
interaction, this virtually rules out the latter possibility.
In the zinc-blende crystal structure there are only four
high-symmetry site =the two substitutional sites and the
two tetrahedral interstitial sites.

There are several arguments against assigning Mu and
Mu" to the two different substutional sites. The hf pa-
rameters for Mu and Mu are quite small, indicating
there is substantial covalent bonding to the nearest neigh-
bors. Thus the hf parameters are expected to be quite sen-
sitive to the type of nearest neighbors. Since the two sub-
stitutional sites are extremely dissimilar, having four Cu
(halide) nearest neighbors and 12 halide (Cu) next-nearest
neighbors 1.63 times more distant, one would expect the
hf parameters for the two substitutional Mu centers to be
quite different. In contrast with this, the observed hf pa-
rameters for Mu' and Mu" differ by only 3% in both
CuC1 and CuBr (see Table I). In addition, we can find no
reasonable explanation for the observed transition from
Mu' to Mu" since it would necessarily involve the appear-
ance of a Cu (halide) atom and the disappearance of a
halide (Cu) atom.

One may overcome these difficulties if Mu' and Mu"
are located at the same substitutional site, implying that
Mu' is a metastable excited state of Mu". However, the
observed centers form with a relatively high probability
(-70%) with no other paramagnetic center being formed.
In order to be observed in a muon precession experiment
the center must be formed in a time much less than the
precession period (-2 ns). An unreasonably large vacan-
cy concentration and muonium mobility would be neces-
sary to account for such rapid formation. Alternatively,
substitutional muonium centers might form epithermally
via a knockout reaction or by trapping immediately after
thermalizaiion at a vacancy created by the muon. In this
case one would expect a considerable probability for other
types of centers to be formed, such as the interstitial
center. However, it is clear from Table II that the ob-
served centers account for almost all the muon polariza-
tion.

The arguments against one center being substutional
and one center being interstitial are similar to those made
against the two substitutional sites. A tetrahedral intersti-
tial site has four nearest neighbors of one type and six
next-nearest neighbors of the opposite type, 1.15 times
more distant. This is considerably different than the sub-
stitutional site described above. Thus it is doubtful that
such dissimilar environments would lead to nearly identi-
cal hf parameters. Note also that the Mu' center is not
moving rapidly and that neither center can be sitting next
to an interstitial atom or a vacancy since this would give
rise to an anisotropic muon hf interaction. Considering
these points, the observixi transition from Mu' to Mu" is
difficult to explain with this site assignment.

The two tetrahedral interstitial sites are the most
reasonable site assignment for Mu' and Mu". The normal
muonium center in the elemental semiconductors is be-
lieved to be diffusing rapidly between equivalent
tetrahedral interstitial sites. In a compound semiconduc-
tor one might expect to observe two such centers since
there are two inequivalent tetrahedral interstitial sites.

This would imply that the Mu' and Mu" are static since
equivalent tetrahedral sites are separated by an ine-
quivalent site. This is consistent with the linewidth mea-
surements in Sec. IVC. It is also reasonable that one
center be less stable than the other and that there be a
thermally activated transition froin one site to the other.
Moreover, one might argue that the similarity in the
muon hf parameters for Mu' and Mu ' is reasonable since
the two inequivalent tetrahedral sites are quite similar.
The next-nearest-neighbor nuclei of one type are only 1.15
times more distant from the muon than the four nearest
neighbors of the other type. Lattice distortion might tend
to further equalize the two environments. Even consider-
ing this, the near equality of the hf parameters for Mu'
and Mu" is remarkable. We have no explanation for why
the less stable center, Mu', is populated preferentially.

The only remaining site possibility is that Mu' and
Mu" correspond to the same interstitial tetrahedral site,
implying that Mu' is an excited state of Mu". Mu' cannot
be an electronically excited state of Mu ' since the hf pa-
rameters for the two centers are so close. Also, a vibra-
tional excited state of muonium seems unlikely to have a
lifetime in the order of microseconds. If Mu' is an excited
state of Mu", then the nature of the excitation is probably
connected with the distortion of the lattice around the
muon. This excited-state model would nicely explain the
close similarity in the hf parameters for Mu' and Mu"
and the observed thermally activated transition from one
center to the other. However, the suggestion that two
highly symmetric lattice-distortion modes around the
muon are both stable on a timescale of microseconds is
questionable considering there is no evidence for such a
phenomenon in other tetrahedrally coordinated materials.
On the other hand, it should be noted that the cuprous
halides have an ionicity close to the critical value which
separates tetrahedral from octahedral coordination. Con-
sequently, they display a number of peculiar properties
such as a complex phase diagram, large thermal-
expansion coefficients, ' and abnormally small bulk
moduli. 35

B.The sma11 hyperfine parameters for Mu' and Mu"

The hf parameters for Mu' and Mu" in the cuprous
halides are unusually small when compared to the Mu
centers with isotropic hf parameters that have been ob-
served in other semiconductors and insulators. The
reduction in the hf interaction for muonium centers may
be considered a covalency effect: The unpaired-electron
wave function is a covalent mixture of the muonium ls
wave function and the surrounding host orbitals. This
lowers the spin density on the muon and reduces the hf
interaction. One might expect this local covalency to be
correlated with the covalency or ionicity of the host. In
Fig. 7 the reduced hf parameters in various semiconduc-
tors and insulators are plotted as a function of the Philips
ionicity, f; =1 f„where f, is the—covalency. In gen-
eral, there apped to be a positive correlation between the
muon hf parameter and ionicity. A nonlinear behavior
might be expected in materials composed of elements be-
longing to different rows of the Periodic Table since the
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FIG. 7. The reduced hyperfine parameter for muonium in

semiconductors and insulators as a function of the Philips ioni-

city. Compounds to the left of the critical ionicity (f; =0.785)
are tetrahedrally coordinated, whereas those to the right are oc-
tahedrally coordinated. The solid data points are for corn-

pounds (elements) lying on the same row of the Periodic Table.
The data for the elemental semiconductors are from Ref. 1, the

group —III-V materials from Ref. 7, KC1 from Ref. 6. The re-

duced hyperfine parameters for ZnSe at 13 K, ZnS at 10 K,
MgO at 300 K, and KBr at 232 K are 0.77405(8), 0.79489(8),
0.86246(6), and 0.92458(4), respectively, from the present work.

normally small bulk and shear moduli, rather complex
phase diagrams, and enhanced anharmonic lattice vibra-
tions. ' Thus, lattice distortion and lattice vibration
may play a prominent role in determining the muonium
hf parameters in the Cu halides.

Finally, considering the size of the anomaly in the Cu
halides one should also examine the possibility that the
observed centers in the Cu halides are somehow electroni-
cally inequivalent to the normal muonium centers ob-
served in the other materials. For example, in the Cu
halides the muonium defect centers (including the neigh-
boring atoms) might have an overall charge of + 2, rather
than being neutral. This would certainly alter the bonding
characteristics dramatically. However, it is difficult to
understand why the neutral defect is not formed with
some significant probability. Another possibility is that
the observed centers are the analogue of the Mu' center
observed in the group-IV and III-V semiconductors,
which has a small anisotropic hf interaction with (111)
symmetry. It is possible that the corresponding center in
the group —I-VII semiconductors has an isotropic hf in-
teraction. There is still considerable debate on the site of
Mu'. However, recent calculations' ' favor a substitu-
tional site. This is not consistent with our interpretation
of the present experimental results that the observe
centers in the Cu halides are interstitial.

hf interaction is most likely correlated with other parame-
ters as well, such as the lattice constant and the type of
valence orbitals. This is most evident in the case of pure
covalent materials, diamond, Si, and Ge, where there is
significant variation in A, . One might also expect a
discontinuity at the critical ionicity (f; =0.785), where the
coordination changes from tetrahedral to octahedral.
However, if one compares materials on the same row such
as Ge, GaAs, ZnSe, and KBr, one finds a near perfect
linear relationship between f; and A„, even though KBr
has rocksalt structure whereas all of the others have zinc-
blende crystal structure. The hf parameters observed in
the Cu halides are thus anomalously small when com-
pared with the other materials. The case of CuBr is par-
ticularly interesting since it is composed of elements on
the same row as Ge, GaAs, ZnSe, and KBr. Thus the
bonding characteristics of muonium appear to be substan-
tially different in the Cu halides compared with the other
materials.

The reasons for this anoinalous behavior are not clear,
but it should be noted that the Cu halides have a number
of unusual electrical and lattice-vibrational properties
which may be related to the present observations. For ex-
ample, it has been reported that the uppermost valence
band consists principally of Cu 3d states and not sp hy-
brid states as in the other tetrahedrally coordinated semi-
conductors. Detailed electronic-structure calculations
might reveal whether the peculiarity in band structure of
the Cu halides is related to the small hf parameters for
Mu' and Mu'. The Cu halides have an ionieity close to
the critical ionicity and therefore are on the limit of sta-
bility. This is believed to be responsible for many of the
unusual properties of the Cu halides, which include ab-

VI. SUMMARY AND CONCLUSION

We have reported detailed measurements on the hyper-
fine structure of muonium defect centers in the group —I-
VII- semiconductors CuC1, CuBr, and CuI. The centers
appear to be similar to the normal muonium observed in
other tetrahedrally coordinated semiconductors in that
they are characterized by isotropic hyperfine interactions
which are reduced in strength from the vacuum value by a
factor of about 2—3. Symmetry arguments suggest that
the centers are located at a tetrahedral interstitial site, as
is believed to be the case for normal muonium. However,
there are also peculiarities which distinguish the centers
observed in the Cu halides from those in other
tetrahedrally coordinated materials. First, in CuC1 and
CuBr two distinct centers with almost identical isotropic
hyperfine parameters are observed. Although in the
group-IV and group —III-V materials two centers are also
observed (normal and anomalous muonium), the hyperfine
interaction for anomalous muonium is much smaller than
for normal muonium, and, morixiver, it is anisotropic.
Second, if one plots the hyperfine parameters of muonium
in a variety of semiconductors and insulators versus their
ionicity, one finds that muonium centers in the Cu halides
have abnormally small hyperfine parameters. This indi-
cates that the covalent bonding of muonium in these ma-
terials is quite unusual. It is not clear whether this is be-
cause (1) there is a peculiarity in the host electronic struc-
ture, (2) the ionicity of the Cu halides is close to the criti-
cal value which separates tetrahedral from octahedral
coordination, or (3) muonium in the Cu halides is
someho~ electronically inequivalent to the normal muoni-
um seen in other materials.

We have also observed in interesting dynamical
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phenomenon in CuCI and CuBr—the Mu' center which is

populated preferentially at low temperature makes a
thermally activated transition to Mu" at higher tempera-
tures. We find that the most reasonable site assignment is
that Mu' and Mu" are located at the two inequivalent
tetrahedral interstitial sites, respectively, although we can-
not dismiss other more exotic possibilities such as that
Mu is a metastable excited state of Mu located at a sin-

gle tetrahedral interstitial site.
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