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Two muonium states have been found in diamond. ‘“Normal” muonium shows an iso-
tropic hyperfine interaction with a coupling constant 4 /h =3711+21 MHz.
“Anomalous” muonium is described by a {111) axially symmetric spin Hamiltonian with
coupling constants extrapolated to 0 K | 4| /A =167.98+0.06 MHz and
| Ay | /h =392.59+0.06 MHz. A and A4, are of opposite sign, and they exhibit a tem-
perature dependence describable by a Debye model. The amplitudes of the three
anomalous muonium hyperfine transitions in zero applied field increase with increasing
temperature and show relative variations which give information about muonium forma-
tion and indicate that anomalous muonium is the most stable state for muons in dia-
mond. These diamond results are compared with those from the isostructural materials

silicon and germanium.

I. INTRODUCTION

A positive muon stopped in an insulator or sem-
iconductor may bind an electron to form muonium
(ute~=Mu). Since the muon mass is much
larger than the electron mass, muonium can be
considered a light isotope of hydrogen, and Mu
and H have similar properties in vacuum (see
Table I). It is expected that these two atoms when
implanted in a solid also have similar electronic
structures.

Two different muonium states named normal
muonium Mu and anomalous muonium Mu* have
been detected in Si (Refs. 1 and 2) as well as in
Ge.3 In an extension of this research, we have in-

vestigated diamond and have again found the
corresponding states. Our measurements were per-
formed on a powder sample and on a single crystal
as a function of temperature and applied magnetic
field.

The formation of a paramagnetic muon state can
be observed via the characteristic precession pat-
tern of the muon spin polarization under the influ-
ence of the bound electron and the applied field.
In a muon-spin-rotation (#SR) experiment,* polar-
ized positive muons are stopped in the material to
be investigated, and the positrons from the muon
decay (7,=2.2 us) are recorded as a function of
the time after a muon stop. Since positron emis-
sion is most probable in the direction of the muon

TABLE 1. Comparison of hydrogen and muonium.

H Mu
Mass (m,) 1837.15 207.769
Reduced electron mass (m,) 0.999456 0.995 187
Ground-state radius a (A) 0.529 465 0.531736
Ground-state energy (eV) —13.5984 —13.5403
Nuclear gyromagnetic ratio y (s~!T™') 2.67520x 108 8.51607x 10}
Hyperfine frequency v, (GHz) 1.42041 4.463 30
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spin, the counting rate is modulated with the muon
precession frequencies. This type of measurement
requires that not more than one muon be present
in the sample at any one time.

The Hamiltonian which determines the time evo-
lution of the muon spin in normal muonium has
the form of that for vacuum muonium:

HMu=AY.§_geﬂ§§'§_gu“§_f.§ ’ 1)

where T and S are the spin operators of the muon
and the electron, respectively. The vacuum values
of the g factors and magnetic moments are given
in Sec. II. For the 1s state, the hyperfine constant
A is proportional to the electron density at the
muon site

A=hvo=— g8 | Y0 |2 . )

The values of 4 for Si and Ge are considerably re-
duced compared to the vacuum values

A(Si)/A (vac)=0.44
and
A(Ge)/A (vac)=0.53 .

The diamond result is given in Sec. IVA. Mu can
probably be considered a “deep” impurity in Si and
Ge, the theory of which is difficult and incom-
plete. Various models for Mu in Si and Ge which
treat the reduced 4 values have been reported, and
in Sec. V these models are reexamined in light of
the diamond data.

Anomalous muonium in Si and Ge can be
described by a Hamiltonian whose hyperfine in-
teraction has axial symmetry about one of the four
equivalent (111) directions z:

Hyye = A, (IS, +1,S,) + A IS, —g.u5S B
—8ul LT-B. (3)
The Mu* hyperfine parameters are much smaller
than the vacuum Mu value
A,(Si)/A (vac)=0.020,
A,(Ge)/A (vac)=0.029 ,
A)/4;=0.20 .

These small values and the large anisotropy indi-
cate that Mu* is very different from vacuum
muonium, and no satisfactory model of its elec-
tronic structure has been reported so far. The

measurements on single crystal diamond presented
|

in Sec. IV B show that Hy,. also applies for dia-
mond, with the same symmetry axis.

The temperature dependence of 4, and 4, in Si
was first reported by Blazey et al.,” and our meas-
urements on diamond described in Sec. IV C give a
similar result. In these measurements a large and
nonmonotonic variation of the precession ampli-
tudes was observed at high temperature. A model
is presented in Sec. IV E which attributes this vari-
ation to thermally activated transitions among the
various muon states.

A “magic”’-field method is described in Sec. IIB
which allows powder measurements on Mu* in an
external field. This method makes possible the
study of the Mu* hyperfine parameters without an
expensive single crystal.

II. ENERGY LEVELS OF MUONIUM

A. Normal muonium (Mu)

The eigenvalues of the spin Hamiltonian Hyy,
[Eq. (1)] for normal muonium are

E1,3 =A/4+hv_B ,

4
E,4s=—A/4+[A*/4+(hv B)]'?, @
where
ve=(—gup+8,u's)/(2h) .
For vacuum muonium the constants are
g =8(1—3a?)=—2(1.0011419) ,
8, =8y (1—3a*)=+2(1.0011481) , 5

s =e#i/(2m,)=9.27408 10~ JT!,
ph=eti/(2m,)=4.48524X 10" J T,

where g, and g, are the free-particle g factors, g,
and g, are the bound g factors, and « is the fine-
structure constant. The numerical values for v, are

v, =14.07987 GHz/T,
v_=13.94434 GHz/T .

(6)

The energy-level diagram for normal muonium is
shown in Fig. 1. In an external magnetic field
transverse to the initial polarization P,(0), the in-
dicated Am = +1 transitions can be observed.

The time-dependent polarization of the muon is
then

P ()= %[( 14+ k) cos(wyt)+(1—k) cos(w,st) + (1 —k) cos(w 42) + (1 + k) cos(w342) ] P, (0) (7
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with
k =v, B/[v{/4+ (v B)*]'/?
and

(l),'j=27TV,'j=(Ei —EJ)/ﬁ .

Owing to the limited time resolution of the particle detectors in this experiment, only the transition frequen-
cies v, and v,; in the low-field Zeeman region are observed. A direct observation of the hyperfine frequen-
cy v, in zero external field has recently been performed in Si, Ge, and SiO, with a uSR apparatus of high

time resolution.®

B. Anomalous muonium (Mu*)

The eigenvalues of the spin Hamiltonian Hyys for anomalous muonium [Eq. (3)] depend on the angle 6
between the symmetry axis and B. Exact analytical solutions can be found for 6=0 and 7/2 by diagonaliz-

ing HMu‘:
E,3(6=0)=A4)/4+hv_B ,
E;4(0=0)=—A/4+[4}/4+ (kv B}]',

8

E\;(0=m/2)=A,/4+[(4—A,)*/16+(hv_B)?]'?,
Ey 4(0=m/2)=—A,/4+[(4+4,)*/16+ (kv B?]'* .

The indices are chosen in such a way that for

A =A,=4, Egs. (8) transform into Eqgs. (4). As
an illustration, Fig. 2 gives the energy-level di-
agram for Mu* in diamond using the hyperfine
constants determined in the experimental part of
this article. At high fields only the transitions v,
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FIG. 1. Breit-Rabi diagram for normal muonium.
The magnetic field X is measured in units of By. In va-
cuum, By(vac)=0.158 68 T. The transitions indicated
correspond to the observable uSR frequencies in a trans-
verse field.

l
and vy, can be detected, since the amplitudes for

the others are practically zero.

Approximate expressions for the transition fre-
quencies v, and v;, at fields B >>(4,,4))/up can
be obtained’ for arbitrary angles 6:

vig, = [V, T 7 (A, sin?0+4) cos’6) /h ]’
+[%(A|| “Al)Sin(ZO)/h]z }1/2 , ©)
where

v,=v. B =0.135537B GHz/T (10)

600, DIAMOND
All=-167.7 MHz .=~
| AL"3%25MHz_

3
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FIG. 2. Energy-level diagram for anomalous muoni-
um in diamond for 6=0° and 90°.



25 MUONIUM IN DIAMOND 1275

is the Larmor frequency of the free muon. It is in-
teresting to note that for

B=By=(4,+4)/(4hv,),
Eq. (9) implies that

vip=vy=(4,—A4))/h

is independent of the crystal orientation 6. As will'

be shown in Sec. IV D this allows the observation
of a Mu* signal at the magic field By, in a powder
sample.

More accurate expressions for By, and vy, can be
obtained from Eq. (8) by setting

V12(9=0)=V|2(6=1T/2) .

The result, to order (m,/m ,,)2, is

1 m, A||(2A1+A||)
M 4hVL ! l t n (A_L—i—A”) my an
4 gy A4y 447 2434, +34, A5+ 4], [ m,
Vy=— — _— _—
MZan TN U4 | my, (A, +4))? m,

If vy and By, are known, the hyperfine coupling constants may be determined by

iﬁ__ 2By —v )+2(BMVL + vy )? me 2B,f,vi—3vﬁ,BMvL—2v,3w m, 2+ o
h MTL— M BMVL m,, BMVL mp ’
(12)
AL By 4y )+2B1%,,v,2_—vM m, 6vi,+v,2”BMvL+2vMBf,v,2_—Bi,vi m, 2
ML M BMVL m,‘ B}!Vi m,‘

From the high-field approximation’ for P (1), 1t
can be shown that at By, a fraction < = - of the ut
polarization in Mu* oscillates with v, 55 are time
independent, and 5 remain unobservable.

In zero field, three Mu* frequencies can be ob-
served. These are given by [Eq. (8)]

V|=(A1+A”)/2h ,
vy=(4,—A4))/2h , (13)
V3=A_|_/h ’

and satisfy the relation v, +v,=v;.

The case of zero field was also treated in Ref. 7,
and the polarization P, () averaged over all crystal
orientations (i.e., for a powder sample) is given by

P (t)= %[ 142 cos(w ) +2 cos(w,t)
~+cos(w;t) P, (0) . (14)

III. EXPERIMENTAL DETAILS

The measurements reported were performed on a
powder sample and on a single crystal. The
powder sample consisted of 10 g of type-Ila dia-
mond with a grain size of 1 —6 um. Type-Ila dia-

[
mond is characterized as the purest diamond found
in nature.

The single crystal sample was the “Maltese
cross” diamond, a 46-ct (9.2-g) diamond of type Ia.
Ia diamonds contain on the order of 0.1 at. % ni-
trogen and are therefore slightly yellow. The cry-
stal is a cube with 14-mm edges parallel to the
(100) directions. This large diamond contains
what is believed to be an aggregation of inclusions
which appear optically as a beautiful three-
dimensional Maltese cross.

The experiments were performed at the Swiss In-
stitute for Nuclear Research (SIN), where intense
beams of polarized positive muons from the super-
conducting muon channels are available. A SR
setup with either two or four positron counters was
used. The time resolution of 1.0—1.2-ns full width
at half maximum (FWHM) allowed the observa-
tion of frequencies up to approximately 500 MHz.
Magnetic fields up to 0.5 T could be generated by
Helmbholtz coils, and the earth field could be com-
pensated by three pairs of “zero-field” coils. For
the zero-field measurements of anomalous muoni-
um in the powder sample, the residual field at the
sample was smaller than 2 uT. A more detailed
description of our apparatus is found in Ref. 4.

A He-bath cryostat was used for the single-
crystal measurements at 4.2 K. The temperature
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of the powder sample was controlled by a He-flow
cryostat below room temperature (RT), and above
RT a high-vacuum hot finger oven was used. The
ratio of muon stops in the sample to muon stops in
the cryostat or oven material was measured by re-
moving the target from the beam and was in the
range 3.5:1 to 4.5:1. The signal amplitudes quoted
in this article have been corrected by this ratio.

The general form of a uSR spectrum consists of
an exponential decay which is modulated by a sum
of damped sinusoidal oscillations corresponding to
the time-dependent muon polarization

Nt =Nge "™M1+X(1)]+b , (15a)

n
X(0= 2, a;R;(t)cos(2mv;t +¢;) . (15b)
j=1
N, is a normalization constant and b is a back-
ground assumed to be constant. The aj, v;, and ¢;
are the amplitudes, precession frequencies, and ini-
tial phase angles of the n different contributions to
the muon polarization. In the data analysis, the
damping functions were assumed to have the form

Rj(t)=exp(—Ajt) .

To determine the number n of significant signals
and the approximate frequencies, the modulation
spectra X (t) were Fourier transformed. Then,
least-square fits of the data to Eq. (15) were per-
formed. A single damping rate A was assumed for
all the signals corresponding to a particular muoni-
um state. Some of the single-crystal spectra
showed a large number of weak signals. In these
cases least-square fits of the complex Fourier spec-
tra to the Fourier transform of Eq. (15b) were per-
formed. A comparison showed that the two
methods yielded identical results.

In each run, (2—3)x 107 good events were accu-
mulated, corresponding to a counting time of 2 to
3 h and resulting in a typical statistical accuracy of
the frequencies of the observed signals in the range
0.1 to 0.01 MHz.

IV. EXPERIMENTAL RESULTS
A. Normal muonium

Mu was observed in the powder sample in the
low-field Zeeman region. Measurements were per-
formed in fields from 1 to 20 mT, and signals
could be observed at temperatures from 4.2 to 150
K (Fig. 3). The two lines seen in the frequency
spectrum are the transitions v, and v,; indicated

20
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FIG. 3. uSR spectrum of normal muonium in dia-
mond. powder at 6 K in a field of 20 mT. The observed
frequencies v, and v,; are indicated in Fig. 1.

in the Breit-Rabi diagram (Fig. 1). The third line
at 50.63 MHz is a background signal at the cyclo-
tron frequency of the SIN accelerator. From the
formulas in Eq. (4), an expression for the hyperfine
frequency v, can be derived which contains only
experimentally measured quantities:

vo=A/h =5 [(vip+vi+2v,) /Av—Av],  (16)
where
Av=vy—viy,

and v, is the free-muon-precession frequency [Eq.
(10)]. Under the assumption that the muonic g
factor g, is not appreciably influenced by the solid
host, we obtain in addition the electronic g factor

ge’
m,
ge:——g#[(V12+V23)/V#+l] . (17)
my

The results from the measurements at 6 K are
A/h =3711+21 MHz ,
g, =—2.0034+0.0017 .

(18)

The hyperfine coupling constant corresponds to
83.240.5% of the vacuum value (see Table I) or a
6.3% increase over the vacuum radius ayy,.

The amplitude and relaxation rate of the Mu
signal was studied as a function of temperature at
a field of 0.975+0.015 mT. At this field the fre-
quencies v, and v,3 are approximately equal

(viy=vy3=v_B =13.6 MHz)

and were not resolved. The result of the fits, as-
suming R (t)=exp(—At), are listed in Table II.
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TABLE II. Experimentally determined asymmetry
and relaxation rates for normal muonium in powdered
diamond. The measurements were performed at 0.975
mT.

T (K) a (%) A (us™h
8.1 1.75+0.20 1.95+0.27
22.7 1.30+0.18 1.78+0.30
42 1.52+0.17 1.77+0.26
66.5 1.84+0.20 2.85+0.42
87 1.35+0.15 2.3840.37
105 1.29+0.15 2.33+0.37
123 1.20+0.25 3.02+0.78
150 2.0 +0.5 4.6 +1.6

Within errors, the amplitude is temperature in-
dependent, whereas A increases with increasing
temperature such that above 150 K no Mu signal
could be detected. For measurements of ~2Xx 10’
decay positrons, the upper limit for a detectable
Mu signal is A=5—10 us~'. The asymmetries
were normalized by a measurement of the effective
asymmetry for a Cu sample (a.4=0.20) to give
the formation probability of Mu in diamond. The
result is given in Table III. It is worthwhile to
note that the Mu signals in Ge (Si) vanish at about
100 K (300 K) also due to strong relaxation ef-
fects.

B. Hyperfine parameters of Mu*

In order to unambiguously determine the sym-
metry and the parameters of the hyperfine interac-
tion of Mu*, measurements on a single crystal are
required. The field dependence of the uSR fre-
quencies was measured at 4.2 K with the (110)
axis parallel to the applied field. In this orienta-
tion two of the (111) axes are at 6=90" and two
(111) axes at 6=35.26° with respect to the exter-
nal field. The observed frequencies for the (110)
orientation are shown in Fig. 4. Additional meas-
urements were made with the field parallel to the

(100) direction (Fig. 5). For this orientation all
four body diagonals make an angle 0=54.74" with
the field. At all nonzero applied fields, the only
Mu* signals observed were v, and v3, (see Fig. 2).
These two frequencies critically depend on the an-
gle 6, and a misalignment of the crystal by =0.2°
for 0=135.26° (54.74°) already makes the observa-
tion of the lines difficult. A misalignment is the
reason for the limited number of data points for
0=35.26". The effect of a deviation A6 from
6=90° is much smaller, because at that angle the
frequencies only depend on A2

The experimental points are well represented by
the spin Hamiltonian given by Eq. (3). The uSR
frequencies v,(B) and v34(B) from the 6=90" data
(Fig. 4) were fitted to Eq. (8) resulting in X?>=33
for 19 degrees of freedom. The best estimates for
the hyperfine parameters are

|4, | /h =392.52+0.07 MHz ,

|4y | /h =167.72+0.23 MHz ,

A,/4 <0, (19)
ge=—1.9932+0.0043 ,

g, =+2.0016+0.0017 .

As already noted, a crystal misalignment has more
serious consequences for the 6=35° frequencies
than for those with 6=90". The observed position
and splitting of the 35° lines was used to estimate
the true orientation of the crystal. The deviation
from 60=90° was AG=1.0°+0.5°. The effect of this
deviation was investigated by fitting simulated data
to Eq. (8) and was found to be 150 (440) ppm for
Ay, A) (8.,8,). The values above include a correc-
tion to account for this deviation, and the quoted
errors are the sums of the statistical standard devi-
ations and the corrections. The lines drawn
through the data points for 6=35.26° (Fig. 4) and
6=54.74° (Fig. 5) were calculated from the values
given in Eq. (19). Figure 6 shows the measured 8
dependence of the Mu* frequencies v, and v34 ob-
tained at a field of 0.2 T and clearly indicates that

TABLE III. Formation probabilities for muon states in diamond. The values are correct-
ed for background from cryostat, etc., and normalized with the precession amplitude in a Cu

sample.

T (K) Mu (%) Mu* (%) ut (%) Missing (%)
Powder 42-90 18.5+0.9 9.9+0.7 <10 > 60
Powder, magic field 296 14.5+1.3 <5 >80

Single crystal 4.2 20 +4

11.9+0.9 <10 > 60
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FIG. 4. Mu* frequencies as a function of the applied
field for single-crystal diamond with B||[{110). At this
orientation, two (111) axes are at 8=90° and two
(111) at 6=235.26" with respect to B. Alignment errors
cause a splitting of the 6=35.26" signals, making their
detection difficult. Curves are calculated with the
parameters from Eq. (19).

Mu* has (111) symmetry.

It is noteworthy that 4|, and 4, have opposite
signs, in contrast to the case of Si and Ge, imply-
ing an even stronger anisotropy. We cannot
discount the possibility that g, is anisotropic.
Since the analysis above was performed for 6=90°,
“g,” would then be “g,”. For an estimate of an
upper limit of an anisotropy in g,, we refer to Sec.
IVD.

The measurements on the single crystal at low
fields also exhibit normal muonium signals. The

FREQUENCY (MHz)
3

100 DIAMOND
B 11 <100>
T=42

S0 © =54 74°

Q6 o 0z ©°35 04 05
B(T)

FIG. 5. Mu* frequencies as a function of the applied
field for single-crystal diamond with B||{100). At this
orientation the four (111) axes are at §=54.74°. In the
experiment, a slight splitting of the lines due to align-
ment errors of <2° was observed. Centers of the split
lines are plotted. Curves are calculated with the param-
eters from Eq. (19).
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FIG. 6. Mu* precession frequencies as a function of
the angle 6, the angle between the applied field, and the
[111] symmetry axis. Curves are calculated with the
parameters from Eq. (19).

formation probabilities for the muon states in this
sample are included in Table III.

C. Temperature dependence
of the Mu* hyperfine interaction

The temperature dependence of the anomalous
muonium hyperfine constants in Si has been meas-
ured by Blazey et al.> With an increase in tem-
perature from 4 to 150 K, a decrease of both 4,
and 4, by about 1% was observed. This tempera-
ture dependence was attributed to the interaction
of the paramagnetic Mu* center with host pho-
nons. For an interaction with the long-wavelength
part of a Debye phonon spectrum, the hyperfine
interaction should vary as®

(¢

4
f ’
0

T x3

e*—1

T

o, dx

1-C

A(T)=4(0)

(20)

where O is the Debye temperature and C is a
coupling constant.

A second model of phonon interaction considers
only coupling to a single-phonon mode with fre-
quency v and leads to the temperature dependence

A(T)=A(0){ 1 —C'[coth(hv/kT)—1]} . (21)

9

Zero-field frequencies of anomalous muonium in
diamond were measured with the powder sample in
the temperature range 4.2 to 925 K, and the ob-
served frequencies (Fig. 7) always satisfied the rela-
tion v;+v,=v;. The hyperfine constants resulting
from Eq. (13) are plotted in Fig. 8.

A fit of the data to the Debye model Eq. (20)
yields the following parameters:
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FIG. 7. Zero-field frequency spectrum of Mu* meas-
ured in diamond at 325 K. The lines v,, v,, and v; are
characteristic for Mu*.

| 4,(0) | /h =392.586+0.055 MHz ,
| 4;,(0)/h =167.983+0.057 MHz
C,=0.379+0.019, (22)
€} =0.727+0.036 ,

©p=1902+51K .

The Debye temperature found compares well with
the averaged calorimetric Debye temperature of di-
amond'® (6, =1860 K) in this temperature range.

The curves shown in Fig. 8 are calculated with
Eq. (20) using the parameters given above. Within
errors, 4;,(0) and 4,(0) are equal to the values ob-
tained from the single-crystal measurements [Eq.
(19)].

A fit to the second model [Eq. (21)] results in
the parameters

R R
L DIAMOND 392
170t 1
L 4390

Ay (MHz)

3 x 382
-160
L {380
0 200 _400 600 800 1000
TEMPERATURE (K)

FIG. 8. Temperature dependence of A || and 4, meas-
ured on the diamond powder sample. The lines fitted to
the data points correspond to the Debye model [Eq.
(20)].

|4,(0) | /h =392.528+0.070 MHZ ,
| 4,(0)| /h =167.936+0.075 MHz,

C), =0.0407+0.0021 , (23)
C||=0.0781+0.0041

©=hv/k =653+19K .

The fit to this model results in a considerably infe-
rior X2, and the fitted frequency

v=kO/h =1.36x10"* Hz

cannot be associated with any special feature in the
phonon distribution.!” Since the data are better
described by Eq. (20) and since the obtained Debye
temperature has the correct value, the Debye model
seems preferable. Blazey et al.’ argued that the
monotonic decrease of their 4 values and the non-
monotonic variation of the thermal expansion of Si
excludes the possibility that lattice dilation is the
major cause of the temperature dependence of 4,
and 4. Since the thermal expansion of diamond'!
is even smaller (but monotonic) than that of Si, we
may conclude by analogy that also for diamond
lattice dilation is not the major cause of the effect.
It is noteworthy that the coupling constants ob-
tained for Si (C||=0.5, C;=1.1 for the Debye
model in our notation) are similar in magnitude to
those for diamond. Because of the limited tem-
perature range where signals of Mu* in Si could be
observed, the data of Blazey et al. did not allow
a discrimination between the two models, nor was
it possible to extract a value of ©p from the data.

D. Measurement on Mu*
at the “magic” field

Since the Mu* Hamiltonian and the energy
eigenvalues [Egs. (3) and (9)] strongly depend on
crystal orientation 6, in general, no uSR frequen-
cies can be detected in a powder sample in an ap-
plied field. But as has been shown in Sec. IIB,
there exists a magic field By, where the frequency
vy, is independent of 8 and hence the magic fre-
quency vy =vi, can be observed. The field depen-
dence of the frequency v,,, obtained by numerical
diagonalization of Hy,s for various angles 6, is
shown in Fig. 9. The lines cross to an extremely
good approximation at one point.

Experimentally, the linewidth A of the frequency
vy, is measured as a function of B near the es-
timated Bj,, and a minimum occurs at By,. Such
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FIG. 9. Calculated frequencies v, for Mu* in dia-
mond as a function of the external field B for various
angles 6. The parameters used were obtained from
zero-field measurements at 296 K, and g, =g.(vac) was
assumed. Curves cross at the magic field By =0.407 18
T and the magic frequency vy =142.36 MHz. Meas-
urement shown in Fig. 10 was done at the indicated
field B and gave the indicated frequency.

measurements are relatively fast and give precise
values for the hyperfine constants without accurate
sample orientation, but approximate starting values
for 4| and A, are required.

Using the parameters from the zero-field meas-
urements (Fig. 8), it can be predicted [Eq. (11)]
that

By =0.4072 T
and
vy = 142.36 MHz

at 296 K. A measurement at the slightly lower
field B =0.4059 T and at 296 K (Fig. 10) gave the

DIAMOND
T=296K
B=40586%0.07 mT

viz

FOURIER POWER

I

50 100 150
FREQUENCY (MHz)
FIG. 10. Frequency spectrum of Mu* in the diamond

powder sample near the magic field By. Magic fre-

quency vy, is observed. Line at 55.01 MHz corresponds

to the Larmor precession of muons stopped in the sam-

ple container.

o 200

results
vy =142.37+0.02 MHz ,

24)
A=0.25+0.10 us~'.

This confirms the result of Sec. IV B that 4, and
A, have different signs, because in the opposite
case By, would be 1.0 T.

The accuracy with which the frequencies v,(8)
cross at a point is a sensitive function of any aniso-
tropy in the electronic Zeeman energy. This fact
can be used to give an upper limit for the anisotro-
py. Comparing the damping rate A of Eq. (24)
with the expected frequency distribution at By, for
an anisotropic g, factor in Hyg+ [Eq. (3)], one ob-
tains

lg,—gy | <0.02, 25)

where g, and g also refer to the (111) axis.

E. Formation of Mu*
at high temperatures

The investigation of Mu* in the powder sample
in zero field showed the following two unexpected
phenomena (Figs. 7, 11, and 12):

(i) a strong increase of the precession amplitudes
with temperature, and

(ii) a variation of the relative amplitudes of the
three lines. The expected amplitude ratio for lines
v1, v, and v; should be 2:2:1, as given by Eq. (14).

These two phenomena shed light on the process of
Mu* formation in diamond. Assuming that there
exists a short lived and hence unobserved precursor
state to Mu*, the observed zero-field polarization
of Mu* is changed from that given in Eq. (14) and

x10 DIAMOND
V2
B=0OT

601 | T=636K
o
H
5 40-
x
i
% Vi
3 20

V3
0 ddi . + h[ A 1 LI ik
1 %o 200 300 400 500

FREQUENCY (MHz)

FIG. 11. Zero-field frequency spectrum of Mu*
measured in diamond at 636 K.
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FIG. 12. Frequency spectrum for diamond measured
at 925 K in zero external field.

may be written in the form
Py ()=¢[142a; cos(wt +¢)
+2a, cos(w,t +¢5)
+ajcos(wst +¢3)1P.(0) , (26)

where the amplitudes a; (j =1,2,3) and phases ¢;
depend on the state of the muon prior to its incor-
poration in Mu* and on the transition rate from
this state to Mu*. The measured precession ampli-
tudes (not normalized) are plotted in Fig. 13. The
constant values for T' <400 K can be explained by
almost instantaneous Mu* formation for a particu-
lar fraction of the incoming muons. In this case

2 T T T T T T T T T T
g
I F Vs , 1
..-Onoo."“ ! i
ot
2k
<
< v
w T 2
% he ety b
= ‘
st
CRYOSTAT! OVEN
o
i
fo"“"o.
'
O 1 1 1 L | 1 ) E— 1 A
[0} 200 400 600 800 1000

TEMPERATURE (K)

FIG. 13. Measured precession amplitudes (not nor-
malized) of the zero-field Mu* lines v;, v,, and v; as a
function of temperature. The curves correspond to the
fit discussed in the text.

one has
a)=a;=asz= l
and

$1=¢,=¢3=0.

Normal muonium was observed below 150 K in
a transverse field with a hyperfine frequency
wo=2m(3711) MHz (see Sec. IV A). If this muoni-
um state disappears with increasing temperature
because of transformation into Mu*, the ampli-
tudes and phases of the three zero-field frequencies
will depend strongly on the Mu—Mu* reaction
rate A.

The general theory of spin-polarization transfer
in transitions among muon states will be discussed
elsewhere.'? Here, the results pertinent to the
zero-field experiments are given. Assuming that
the electron polarization is conserved in the reac-
tion Mu—Mu*, one obtains

a,=1/[1+(wo—w;)*/A?]'/?,
a,=1/(1+w3/A}"?,
ay=1/[14+(wg—w;3)*/A*"/?, 27
¢1=arctan[(wy—w,)/A],

¢,=arctan(w,/A) ,

¢3=arctan[(wg—w;)/A] .

Since wy is one order of magnitude larger than o},
the amplitude a, shows a A dependence distinctly
different from a, and a;, as shown in Fig. 14.
One obtains quite different results if the electron
spin polarization is not conserved in the reaction

o
N
AMPLITUDE A

PHASE® (1)

(OA]

0] 10° 10 1
REACTION RATEA(s™')

FIG. 14. Amplitudes and phases of the three Mu*
lines in zero field as a function of the reaction rate A
for the transformation Mu—Mu*. Notice that 4, at in-
termediate A is much stronger than lines 1 and 2.
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Mu—Mu*:
—2a; sing; = @ /A 1 (@o—w)/A
T 140l /A 2 14 (09— )2 /A
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2 1+(wo+w;)* /N
1 1 1

2a; cosp; = +—=

16059 1+@]/A? " 2 1+(wg—w))? /A"
1 1

+ :
2 1+(&)0+601 )Z/AIZ

In contrast to the case where the electron polariza-
tion is conserved, there is no dramatic difference in
the amplitudes for a given value of A’, and one al-
ways has the sequence a; >a, >a; as shown in
Fig. 15.

For the case where Mu* is formed directly from
a “naked” put with reaction rate A’, Egs. (28)
reduce to

a;=1/(1+0j/A?)'72,
(29)
¢;=arctan(w;/A’) .

Equations (27), (28), and (29) apply to the case
where a single transformation (Mu—Mu* or
pt—Mu*) occurs. Each type i of transformation
involves not only a A-dependent amplitude a; for
each Mu* line, but also a A-dependent initial phase
angle ¢; If both transformations occur simultane-
ously, the resulting amplitudes and phases are
given by

2 . .
a;sing; = a;sing; ,

=1 (30)
2 . 3
= ! L
ajcosp; =, ajcosp; .
i=1
05 . T 10
AN
)
oal ' —o8
A A7 fa,

Posl —os <
- W — My u
w A =]
2 =
EO.Z— —o0.4 ¢
s
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o —02

00 ! Lol 1L 1 100

107 1010

108 0°
REACTION RATE A 1(s-‘)
FIG. 15. Amplitudes of the zero-field Mu* lines v,

v,, and v; as a function of the reaction rate A’ for the
transformation p* —Mu*.

The observed variation of the amplitudes with
temperature can now be discussed in terms of these
theoretical results. The high-temperature data (see
Fig. 13) show a dramatic increase of the amplitude
a, at 600 K accompanied by a slight increase of a,
and a;. This distinctive behavior of the intermedi-
ate frequency line is strong evidence for the forma-
tion of Mu* from Mu with the conservation of
both muon and electron polarization.

The problem of the conservation of electron po-
larization during reactions of muonium has been
discussed extensively.!* Conservation of polariza-
tion is generally assumed in current theories of
radical termination reactions and has been demon-
strated in several ESR experiments. In uSR chem-
istry, the precession frequencies obtained with
tetramethylethylene in zero field'* have been inter-
preted with muonium as radical percursor and as-
suming spin conservation during the reaction.

An attempt was made to fit the data to this
Mu—Mu* reaction model under the assumption
that at low temperature 10% of the incoming u*
form Mu* instantaneously (see Table III). It was
further assumed that the reaction rate is given by

A=vexp(—U/KT) .

The fit indicated in Fig. 13 corresponds to values
for the reaction Mu—Mu*:

U/k=7000 K ,
P=4Xx10"s"",

(31)

This temperature dependence for A is not com-
patible with the measured Mu relaxation rate
(Table II). The latter is describable using quite dif-
ferent values: U/k =500 K and ¥=10% s~!. The
discrepancies suggest that an additional process
such as a temperature-dependent relaxation of the
muonium electron spin is responsible for the disap-
pearance of the Mu signals.

V. ELECTRONIC STRUCTURE
OF Mu AND Mu*

Table IV lists the hyperfine coupling constants
of Mu and Mu* in diamond together with the
corresponding values obtained for the isostructural
materials silicon and germanium. A point to be
noted is that, although diamond has the smallest
lattice constant of the three elements, its coupling
constants for Mu and Mu* are largest and hence
most vacuumlike.
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TABLE 1V. Comparison of the hyperfine coupling constants of Mu and Mu* at 0 K.

Mu Mu*
A/h (MHz) f=A/A, A,/h (MHz) A,/h (MHz)
Diamond 3711 0.831 —167.9 392.5
Silicon 2012 0.450 16.8 92.6
Germanium 2361 0.529 26.8 130.7
Vacuum 4463 1.000

Shallow donors and acceptors in semiconductors
are well described by the effective mass theory.!
Deep levels whose bound-state orbits are compar-
able to the interatomic spacing, on the other hand,
are more difficult to treat. Hydrogen and its “iso-
tope” muonium are the simplest examples of inter-
stitial donor impurities, and their microscopic
description has been the subject of several theoreti-
cal investigations.!6—23

Wang and Kittel'® studied muonium in Si and
Ge using phenomenological models. They obtained
reasonable values for the hyperfine constants both
in a cavity model and in a model using a space-
dependent dielectric function, provided that the
electron mass was taken as the free-electron mass.
The latter assumption, however, cannot be justified
in the framework of the effective-mass theory as
has been discussed by Pantelides.?’

Recent theories’>2} which take into account the
intervalley mixing effect on donor impurities in
many-valley semiconductors lead to a deep
ground-state level for a hydrogen impurity.
Whereas in Ref. 22 this deep state is predicted to
occur only for an interstitial impurity, the interval-
ley interference effect considered in Ref. 23 should
cause a deep level for both interstitial and substitu-
tional sites. In both theories the effective-mass ap-
proach is extended to account for many-valley con-
tributions. For a point-charge impurity, the
ground-state binding energy then becomes larger
than the fundamental gap, indicating that the
effective-mass approach breaks down. This break-
down is attributed to the formation of a deep level.
Thus the prediction of the deep donor character of
hydrogen and muonium is only a qualitative one,
and extended effective-mass theories are inherently
inadequate to quantitatively describe deep states.

The new data on muonium in diamond have led
us to the investigation of the question whether the
models introduced by Wang and Kittel'® (the so-
called “cavity model” and the “dielectric function

approach”) also work in the case of normal muoni-
um in diamond. These phenomenological models,
although admittedly crude, are at present the only
ones which lead to quantitative statements.

In the cavity model, the potential is assumed to
be given by

2
—e 1 1
———4+—1 f <R,
41e, l r R + orrs
Vir)= 5 (32)
=€ | = | forr>R,
4mey | €r

where € is the static dielectric constant and ¢, the
permitivity of vacuum. The potential is continu-
ous at the cavity radius R. There are two probable
symmetrical interstitial sites for muonium in the
diamond structure; one with tetrahedral local sym-
metry and one with hexagonal local symmetry.?*
If the corresponding cavity radii R; and Ry are
determined from the radius of the interstitial
sphere that fits inside the touching hard spheres of
the lattice atoms, one obtains Rr=0.227a and

Ry =0.198a, where a is the lattice constant. The
values for Ry and Ry are given in Table V. The
ground-state energies for C, Si, and Ge of the po-
tential (32) are shown in Table VI. The enhance-

TABLE V. Parameter values for diamond, silicon,
and germanium. Ry and Ry are the cavity radii for the
touching spheres model for the tetrahedral and hexago-
nal interstitial sites. Q is the inverse screening length
for the dielectric function, € is the static dielectric con-
stant, a the lattice constant, and a, the Bohr radius
(ao=0.53 A).

a (A) € Ry (ag) Ry (ap) Q (agh)
C 3.56 5.7 1.45 1.33 1.15
Si 5.43 11.9 2.22 2.03 0.92
Ge 5.65 160 2.31 2.12 0.82
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TABLE VI. Results obtained for Mu in diamond, silicon, and germanium for different models. The potentials refer
to the corresponding equations in the text. The ground-state energies E are in Rydberg units (1 Ry =13.6 eV). The se-
quence of the calculated enhancement factors f =4 /A ,. should be compared with the experimental results. T stands

for tetrahedral site and H for hexagonal site.

Potential Eq. 32 T Eq. 32 H Eq. (35) Eq. (36) Experiment
E f E f E f E f f

C —0.108 0.419 —0.086 0.313 —0.151 0.381 —0.054 0.114 0.829

Si —0.220 0.834 —0.168 0.754 —0.115 0.428 —0.033 0.170 0.450

Ge —0.226 0.856 —0.174 0.786 —0.129 0.487 —0.028 0.175 0.529
Sequence fe<fsi<fae fe<fsi<foe fe<fsi<fae fe<fsi<fae fe> fGe> fi
ment factor f is defined by in Table VI. All models lead to deep bound states,
which is a consequence of the use of the bare elec-

F=190) |2/ | $a0) | *, (33) q

where
[ ¥vac(0) | 2:(77‘1(3))—x .

Although the actual cavity radius could be some-
what different from Ry or Ry, it is evident that
the cavity model always leads to f¢ < fsi <fge in
contrast to the experimental results.

The dielectric function approach of Wang and
Kittel assumes a potential of the form

92

Vir)=— dmese(r)r ’

(34)

where the space-dependent dielectric function e(r)
is obtained as the Fourier transform of e(q), which
can be calculated from the band structure. In Ref.
16 the model dielectric function

2, N2
g=e 1+ (35)
€q°+Q
proposed by Hermanson“’ was used with the
screening parameter Q determined by fitting Eq.
(35) to the spherically averaged calculated®® values
of e(q). The corresponding values for Q used in
the present calculation are given in Table V.
Another model for €(r) was proposed by Resta?’
who, by solving the linearized Thomas-Fermi equa-
tion, obtained the following form:

25

€xR { sinh[«(R —r)+«r] }_' forr <R ,
€ forr>R ,

€r= (36)

where k= (4ky/m)!/? and R =2.76, 4.28, and
4.71a, for C, Si, and Ge. The f values obtained
for the dielectric function (36) are generally even
lower than those obtained from (35).

The results for all these models are summarized

tron mass, but they predict the wrong sequence for
the enhancement factor. The models with a factor
f close to the data for Si and Ge give an f value
lower than fg; or fge, in contrast to the measure-
ments.

From these results it is concluded that the ap-
parent quantitative success of the models of Wang
and Kittel for muonium in Si and Ge does not
hold in the case of diamond. Further calculations
are needed which take account of the detailed elec-
tronic structure of the host.

Recently, a self-consistent pseudopotential
method has been used?! to treat the hydrogen inter-
stitial impurity in germanium. By including
strong intra-atomic correlation effects, it was
found that a singly occupied H-1s deep donor state
exists which lies at least 1 eV and perhaps as much
as 6 eV below the Ge-valence-band maximum. To
decide whether this deep donor state is the one
seen in SR experiments, one should have similar
calculations for silicon and diamond.

The electronic structure of the anomalous
muonium state has so far not been investigated by
microscopic calculations. The phenomenological
models which have been proposed are reviewed by
Estle.”® The obvious difficulty in explaining the
two different muonium states are the unknown
sites of Mu and Mu*.

V1. SUMMARY AND CONCLUSIONS

The data presented in this article clearly estab-
lish the existence of two different muonium states
in diamond. The basic features of these two states
agree with those observed in Si (Ref. 2) and Ge.3
The normal muonium state (Mu) is described by an
isotropic spin Hamiltonian with a hyperfine fre-



25 MUONIUM IN DIAMOND

quency reduced from the vacuum value. The
anomalous muonium state (Mu*) is described by an
axially symmetric spin Hamiltonian with the sym-
metry axis parallel to one of the four (111) axes.
The hyperfine coupling constants are of the same
order of magnitude as those for Si and Ge (see
Table IV).

Differences in the behavior of the muonium
states in diamond as compared to Si and Ge are
apparent in the temperature dependence of the for-
mation probabilities and relaxation rates. In Si
and Ge the relaxation rates A of both Mu and Mu*
increase with increasing temperatures and the sig-
nals disappear (A > 10 us~!) at about 200 K (300
K) for Mu* (Mu) in Si and at 80 K (100 K) in Ge.
This relaxation is usually attributed to the scatter-
ing of phonons or charge carriers by the muonium
atom, resulting in a spin flip of the bound electron.
If at higher temperatures the rate of spin flipping
exceeds the hyperfine frequency, a signal with the
bare u* frequency should be observed. This effect
has been verified both in Si (Ref. 29) and Ge.*®

In C, on the other hand, the situation is quite
different. Mu disappears around 150 K, whereas
the Mu* signals show constant relaxation rates and
increasing amplitudes at higher temperatures. This
indicates that Mu* in diamond has a lower total
energy than Mu, whereas the situation may be re-
versed in Si and Ge. The stability of Mu* in dia-
mond is also indicated by the observed increase of
the Mu* amplitudes at about 600 K which can be
explained by Mu— Mu* transitions, as has been
discussed in Sec. IVE. Analogous transitions of
Mu*—Mu in Si and Ge have not been reported.
This may be due to the relaxation of the bound
electrons mentioned above which destroys the hy-
perfine structure of the paramagnetic states. In di-
amond, these relaxation processes are not effective
since there are no free charge carriers and since
Raman processes are suppressed at the relevant
temperatures due to the high Debye temperature.
In Si and Ge a similar transition should, however,
be indirectly observable since it influences the
behavior of the amplitude and phase of the u™ sig-
nal as a function of temperature and transverse
field as well as the dependence of the polarization
on an applied longitudinal field. In this respect it
should be noted that measurements of the u™ sig-
nal in Ge at around 200 K showed a temperature-
and field-dependent phase shift.’® This was inter-
preted by the authors as an indication of a chemi-
cal reaction or thermal ionization of Mu. The
present results for diamond makes it seem plausi-
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ble that this observation in Ge could be reinterpret-
ed as being due to a transition between normal and
anomalous muonium.

Another question which must be addressed is the
possible influence of impurities on the formation
of Mu or Mu*. Despite recent experiments’!
which seem to indicate that the Mu state in Ge is
related to C impurities, we believe that the forma-
tion of Mu and Mu* is an intrinsic property of
group-IV semiconductors for the following reasons:
(i) The formation probabilities in the two diamond
samples used in the present experiment are equal
(see Table III) although the impurity contents
differ markedly. (ii) The direct observation® of the
Mu hyperfine transition in zero field in high-purity
Si and Ge shows that Mu is formed in a time less
than 107" s after the u* enters the target. There
is insufficient time for a muon to reach an impuri-
ty and become trapped at low temperature. (iii) A
recent experiment’? showed no difference in
muonium formation in ultrapure Ge crystals
grown under quite different conditions. (iv) The
observations of Mu and Mu* with similar proper-
ties in Si, Ge, and diamond make the assumption
of any defect-related formation very unlikely.

The electronic structure of neither Mu nor Mu*
is understood. The models of Wang and Kittel,'®
which gave a reasonable explanation for Mu in Si
and Ge, fail for C. No quantitative model for
Mu* exists so far. Such a model should account
for the observed hyperfine parameters in all three
elements. The suggestion that the two muonium
states may be identified with muonium atoms at
the tetrahedral and hexagonal interstitial sites is
plausible but lacks any experimental or theoretical
evidence. The variation of the hyperfine constants
of Mu* with temperature is accurately accounted
for by a Debye model and is similar to that ob-
served in Si.

In conclusion, we hope that the data which are
now available for the muonium states in Si, Ge,
and diamond will stimulate more theoretical work
on this particularly simple example of an intersti-
tial impurity in semiconductors. The major experi-
mental challenge is the identification of the sites of
Mu and Mu*.
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