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Sign of the hyperfine parameters of anomalous muonium in diamond
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Observations with the muon-spin-rotation (p,SR) technique of the thermally activated transition
from the isotropic muonium state Mu to the anisotropic muonium state Mu in diamond are used
to determine the sign of the Mu hyperfine constants. It is found that the isotropic part of the Mu
hyperfine interaction is negative, indicating the importance of exchange polarization. The transi-
tion rate from Mu to Mu follows an Arrhenius law over more than four decades. Finally, data are
presented on the temperature dependence of the hyperSne interaction of isotropic Mu in diamond.

I. INTRODUCTION

Positive muons implanted into insulators and semicon-
ductors often bind an electron to form Mu, a paramag-
netic atom electronically similar to hydrogen but with ap-
proximately one-ninth the mass. ' This state is character-
ized by an isotropic hyperfine interaction which may be
significantly weaker than that of muonium in vacuum. In
the semiconductors diamond, silicon, ' germanium,
GaP and GaAs, an additional muonium state, Mu', is
observed whose hyperfine interaction has [111]-axial sym-

metry. The hyperfine interaction of Mu' is in general
strongly anisotropic, and its isotropic part A, is more
than 1 order of magnitude weaker than that of vacuum
Mu.

The electron spin density at the muon is rejected by
A„hence, knowledge of its sign is required in order to
construct a realistic model of Mu'. For example, a posi-
tive spin density might indicate that a single paramagnet-
ic electron occupies an orbital which is centered on the
muon, while a negative spin density suggests that initially
diamagnetic electrons at the muon are exchange polar-
ized by a more distant paramagnetic electron. In this pa-
per, an investigation is presented of the thermally activat-
ed transition from the isotropic Mu state to the aniso-
tropic Mu' state in diamond which allows an experimen-
tal determination of the sign of A, .

The spin Hamiltonian for the isotropic Mu state in an
external field B is given by

H =h A I.S—g„p„I.B—g,p~S-B,

where I and S are the muon and electron spin operators,
respectively, and A is the hyperfine frequency. For Mu
in vacuum A„„=4463 MHz, and for Mu in diamond at
low temperature A =3711 MHz. In this paper, we
present measurements of A ( T) in diamond up to 398 K.

The spin Hamiltonian for the anisotropic Mu' state

differs from Eq. (1) by the addition of an anisotropic
term:

H =h A, I S+h( A~~
—A, )(I.n)(S n)

(2)

Here I is a unit vector along one of the four equivalent
[111]axes in the diamond lattice. It is convenient to ex-
press the Mu' hyperfine constants A~~ and Az in terms of
the isotropic and anisotropic contributions A, =(Al
+2A&)/3 and A~=(Al —A~)/3. For Mu' in diamond,
pSR measurements extrapolated to 0 K yield

~
A,

~

=205.7 MHz and
~

A
(
=186.6 MHz, with A,

and A of opposite sign.
At low temperatures, both the Mu and Mu' states are

observed in diamond. With increasing temperature, first
the Mu signals disappear, and at still higher temperatures
the Mu' signals become stronger. Zero-field measure-
ments of the temperature-dependent Mu' signal strength
in a powder sample demonstrated that a thermally-
activated transition occurs from the Mu to the Mu* state,
adding to the "prompt" Mu* fraction seen at lower tem-
perature. Soon after this observation it was suggested
that measurements on a single crystal would show a reso-
nant transfer of the muon polarization at applied magnet-
ic fields where Mu and Mu* precession frequencies coin-
cide and that such a resonance could be used to deter-
mine the sign of the Mu* hyperfine parameters (relative
to that of the isotropic state, taken to be positive). Such a
measurement was attempted, but since the sample was
rich in nitrogen (type Ia), rapid Mu relaxation due to im-
purity trapping prevented an unambiguous sign deter-
mination.

We have performed this resonance experiment on a
nitrogen-poor crystal of type IIb. This leads to narrow
precession lines and a sharp resonance, as required for a
conclusive sign determination. Furthermore, the elimina-
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tion of Mu trapping allowed us to follow the transition
from the decay of the precursor Mu state to the enhance-
ment of the product Mu signals and to describe both
processes with a single Arrhenius law. A preliminary re-

port of these experiments has been presented elsewhere. '

The large temperature region over which Mu signals
could be observed in this sample also permitted us to ob-
serve the variation of the Mu hyperfine frequency with

temperature.

II. THEORY

Assuming that the muon captures spin-up and spin-
down electrons with equal probability, the spin-density
matrix for a muonium state at time zero is given by

p(0)=-,'[1+p„(0)o], (3)

where cr = —,'I are the Pauli spin matrices and p„(0) is the
initial muon polarization. With the expression

p(t) =exp( iHt /A)p—(0)exp(iHt /fi) (4)

for the time dependence of the density matrix, the muon
polarization at later times is obtained from

p(t) =Tr[p(t)tr ] .

The muon polarization oscillates at frequencies co „
given by differences in the hyperfine energy levels:

(g)
If the muon polarization is carried over from one state to
the other but the electron polarization is lost, the density
matrix at the time of the reaction t' is given by

p(t') = —,'[1+p(t') o ] . (9)

If, on the other hand, the electron polarization is also
conserved during the transition, as is generally the case in
radical termination reactions, ' then p(t') is given by Eq.
(4) with t = t'. Integrating over all transition times t', one
obtains"

co „=2@v „=(E E—„)/A .

Here we denote by E the energy eigenvalue of the eigen-
state

~

m ) of H (H
~

m ) =E
~

m )). We now assume
that this "precursor" muonium state undergoes a transi-
tion at a rate A to a different "final" state described by a
spin Hamiltonian H. The spin dynamics of such transi-
tions have been treated by Percival and Fischer" and by
Meier. The resulting muon polarization is given by

p„,(t}=p(t)exp( A—t )+p„(t)
with

p«(t}=AJ dt'exp( —At')Tr[exp[ iH(t —t')/fi]—p(t')
0

)& exp[iH(t t'—)/fi]. o I .

p„,(t)= g [(m
~
p(0}

~

n )(n
~

tr
~

m ) —P „& „exp(ia „")]exp[ (iso „—+A)t]
m, n, m, H

+ g P „„exp( iso „t+ia—„"),
m, n, m, h

(10)

and

~mn
tana „"= (12)

Two points should be noted: (i) The damping rate of the
precursor precession signals (at the frequencies co „) is
simply the transition rate A. (ii) The amplitudes of the
final-state signals (co „) are sensitive to the angle a and
show a maximum when a =0 (i.e., when co „=co „).

We apply this description to the case of a Mu~Mu*
transition, where the angle 8 between the Mu* symmetry
axis n and the applied field B is 90' and where the elec-
tron polarization is conserved. The indices of the
hyperfine energy eigenstates for both Mu and Mu' are
taken to be those used in Ref. 2. There are two particular
values B =15.4 mT and B+ —17.2 mT of the field
where the precursor Mu precession frequencies coincide
with the 1-2 Mu' line (see Fig. 1). If the Mu hyperfine in-

where

P „q „——(m
~

m )(m
~
p(0)

~

n )(n
~

n )

(n
)
a

)
m )cosa „"(11)

teraction is taken to be positive (by analogy with vacuum
Mu), then a resonantly large fraction of the muon polar-
ization will be carried over from Mu to Mu' at either 8
or 8+, depending upon whether A, (Mu')/A(Mu) is less
than or greater than zero. The Mu' 3-4 signal precesses
in the opposite sense and thus does not produce a reso-
nance.

The existence of a single resonant field follows from the
assumption that the electron polarization is conserved
during the transition. Due to the smallness of the Mu'
hyperfine coupling constants, the Mu' electron spin is
decoupled from the muon at magnetic fields greater than
—10 mT. For A, (Mu )/A (Mu) & 0, the Mu' precession
signal co&2 then corresponds to a muon spin Hip with the
electron spin up, and for A, (Mu )/A(Mu) &0 to the
electron spin down. Further, the Mu hyperfine states

~
1) and

~

3) are also eigenstates of S, with the electron
spin up and down, respectively. The factors (m

~

m)
and (n

~

8') in Eq. (11) thus imply that a coincidence be-
tween to, z and co,2(io, 2 and co23) will cause a resonant po-
larization transfer for A, (Mu' }/A (Mu }& 0 ( & 0). In the
absence of electron spin conservation this selection does
not occur, and an enhanced transfer of muon polarization
is expected at both B and B+.
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20% were from muons which stopped in the copper tar-
get holder. The precession frequencies, their amplitudes
and their relaxation rates were extracted by multifrequen-
cy fits to the @SR time histograms. The transition model
[Eqs. (10)—(12)] was fitted to the weighted average of the
amplitudes from both histograms and corrected for the
finite time resolution. In the analysis, account was taken
of the temperature dependence of the Mu' hyperfine con-
stants.

IV. RESULTS

494 K

10 20
Field (mT)

30

FIG. 1. Expected Mu and Mu precession frequencies for
the magnetic field along the [110]axis in diamond. Also shown
are the measured and fitted amplitudes of the Mu* precession
signals 1-2 (solid circles, solid curves) and 3-4 (open circles,
dashed curves) as a function of the applied field at 454 and 494
K. The resonant maximum at the field B = 15.4 m T estab-
lishes that A, (Mu )/A(Mu) ~0. For comparison, the dot-
dashed curve shows the expected resonance at B+ for the oppo-
site sign (p 0).

III. EXPERIMENTAL DETAILS

The muon spin rotation technique has been described
earlier. ' The experiments were performed at the Swiss
Institute for Nuclear Research (SIN) using 28 MeV/c
muons on a single-crystal diamond sample with no evi-
dence of nitrogen impurities in its infrared absorption
spectrum. The diamond was in a high-vacuum hot finger
oven with the applied magnetic field along [110]. Fine
orientation adjustments of the crystal were made based
on the Mu* line splitting. In this orientation, two [ill]
symmetry axes are at 0=90', and the other two are at
0=35.26 with respect to the external field. The mea-
surements were performed in the temperature region
300—600 K, and magnetic fields up to 25 mT were ap-
plied. The uncertainty of the sample temperature was
less than O. l K and that of the field less than 0.4%%uo. To
minimize background, muon decay positrons were detect-
ed perpendicular to the incoming beam. Our time resolu-
tion of approximately 900 ps FWHM allowed the obser-
vation of frequencies up to 500 MHz. In each run,
2-5 X 10 good muon decay events were accumulated in
each of two time histograms, of which approximately

A. Sign determination of A,

Assuming electron-spin conservation, a field scan at
constant temperature should yield a 1-2 Mu* precession
amplitude with a resonant maximum at either B or B+,
depending on the sign of A, . The width of this resonance
is a function of the transition rate and therefore tempera-
ture dependent; a sign determination requires a narrow
resonance and, hence, a measurement at as low a temper-
ature as possible. Field scans were performed at 454 and
494 K, and the field was varied in the vicinity of the fre-
quency crossing. Combined fits of the transition model to
the amplitudes of both L9=90' Mu* lines were made un-
der the assumptions that a temperature-independent
"prompt" Mu* fraction f, is always present and that a
Mu fraction f2 is a precursor for Mu'. Note that with
the [110] crystal orientation, there are two 90' Mu'
centers whose contributions must be added in phase.

The amplitude of the 1-2 Mu* 1ine showed a single res-
onance at B (see Fig. 1), establishing that the electron
polarization is conserved during the transition and that
the isotropic part A, of the Mu* hyperfine interaction is
negatiue (and hence that A is positive). For comparison,
the dot-dashed curve in the figure shows the expected re-
sults for a positive A, and negative Az and unchanged
values for the other fit parameters. The fitted transfor-
mation rate A was found to be 46(5) && 10 s ' at 454 K
and 142(12)X 10 s ' at 494 K.

B. Temperature dependence of the
Mu ~Mu transition rate

As mentioned above, in the absence of additional depo-
larization such as from trapping at impurities, the damp-
ing rate of the precursor Mu state is equal to the
Mu~Mu transition rate A. The temperature depen-
dence of the Mu relaxation rate was studied in the range
300 to 400 K in an applied field of 1.25 mT. At this low
field, the Mu precession frequencies v&2 and v23 are cen-
tered at 17.1 MHz with an unresolved splitting of -0.18
MHz. With account taken of the splitting, a fit of the Mu
relaxation rate A, to the Arrhenius law

A(T) =A(T)+ho=%'exp( —UlkT)+ko

yielded the dot-dashed curve in Fig. 2. A,o denotes a
temperature-independent background.

At still higher temperatures, the transition rate A can
be determined from the temperature-dependent increase
of the Mu* amplitude. Such measurements were per-



38 SIGN OF THE HYPERFINE PARAMETERS OF ANOMALOUS. . . 4391

7 20- 10

15-
CL

O 10-
C3
Ne»
00
CL

Cl

I I

'fi g
5 I

/

0 I

/
/

/
/

/
/

/
/

2 47a
~ ~
CL
E

1

CP

O
810—

O
O~

O
I—

10—

, 1.2fA

300 400 500 600
Temperature (K) 1/T {10 K }

FIG. 2. Mu damping rate for a field of 1.25 mT (triangles and
left-hand scale) as a function of sample temperature. The dot-
dashed curve is a fit to an Arrhenius law. Also shown are the
measured amplitudes of the 1-2 (solid circles) and 3-4 open cir-
cles) precession signals for 8=90' Mu centers in a field of 16.5
mT (right-hand scale). The solid and dashed curves are fits to
the Mu~Mu transition model assuming the same Arrhenius
law for the transition rate.

4=1.14(28}X10"s-',
U=0.476(9) eV .

(14)

The entire muon polarization in the nitrogen-poor dia-
rnond at room temperature could be accounted for by the
prompt Mu' fraction f, =25(2)% and the precursor Mu
fraction f2

——75(6)%. Any missing fraction was less than
6%. The temperature-independent quotient f, /f2 ob-
tained as a weighted average from all the measurements
was 0.328(12).

formed from 300 to 600 K in an applied field of 16.5 mT,
i.e., between the crossover fields 8 and B+. The mea-
sured 8=90' Mu* precession amplitudes are presented in
Fig. 2. The constant value for T &400 K corresponds to
the prompt Mu' fraction fi. The shift of the rise in the
3-4 amplitude to higher temperatures is a consequence of
its opposite sense of precession. A second increase of the
Mu* amplitudes, from the transfer of Mu polarization
components at higher frequencies ( & 3 GHz) is expected
above 670 K. The solid and dashed curves in Fig. 2 are
the results of a fit to the transition model assuming an
Arrhenius law for A.

Values of A(T) are thus available from the field-
dependent Mu* amplitude, the temperature-dependent
Mu relaxation rate, and the temperature-dependent Mu'
amplitudes. A global fit to these values (see Fig. 3) was
performed to an Arrhenius law with the resulting values

FIG. 3. Experimental values of the temperature-dependent
Mu~Mu transition rate A obtained from the indicated experi-
ments. The solid line is a fit to an Arrhenius law.

Vi2V&3+V (Vi2+Vi3+V~)A=2
v23 v12

(15)

Under the assumption tat the muon g factor g„ is not ap-
preciably influenced by the solid host, we obtain in addi-
tion the electronic g factor g, from the relation

m, v&2+ V23 +1
vp

ge = —gp
P

The experimental values for A and g, are summarized in
Table I. Because of the limited data available, we cannot
discriminate between the Debye and the Einstein models
for A ( T) discussed in Refs. 2 and 14.

V. CONCLUSIONS

Our study of the Mu~Mu* transition in diamond
clearly establishes that the isotropic part of the Mu'
hyperfine interaction is negative. This implies that Mu'

TABLE I. The hyperfine coupling constant A and electronic
g factor g, for isotropic Mu in a nitrogen-poor diamond as func-
tion of temperature.

ported. In our nitrogen-poor sample, we observed Mu
precession at the frequencies v&2 and v23 above room tem-
perature in fields up to 45.3 mT. Together with the pre-
cession frequency v„=135.54 MHz/TXB of free muons,
these measurements yield the Mu hyperfine frequency A

according to

C. Temperature dependence of the Mu hyper6ne parameter

The temperature dependences of the Mu hyperfine pa-
rameter in Si and Ge have been measured with the sensi-
tive zero-field, high-time-resolution technique. ' No mea-
surement of A ( T) for Mu in diamond has yet been re-

T (K)

6a

293.0
373.5
398.5

'Taken from Ref. 2.

A (MHz)

3711(21)
3710.9(1.0)
3693.0(8.6)
3568(69)

ge

—2.0034(17)
—1.9971(56)
—1.9972(57)

~—2.005(12)



%. ODERMAl I et al. 38

is not simply a distorted version of isotropic Mu, since
this would require a positive electron spin density at the
muon. A more promising model of Mu is a paramagnet-
ic complex similar to a molecular radical with the un-

paired electron removed from the muon. The weak nega-
tive spin density at the muon is then the result of an "ex-
change polarization" mechanism. The Mu* hyper5ne
constants A, and A have been studied previously in dia-
mond, silicon and germanium as a function of tempera-
ture. ' Although in that work the incorrect sign for A,
was assumed, in view of the similar behavior for the three
materials, it was convincingly argued that the same sign
assignments for A, and A should apply. A further re-
sult of the present investigation is that the thermally-
activated transition from Mu to Mu' in diamond
proceeds without loss of the electron polarization.

At room temperature, Mu and Mu' are observed
simultaneously in the @SR spectra; both are formed
promptly upon muon implantation. The thermally-
activated conversion of Mu to Mu*, together with the
fact that Mu' is observable in diamond up to at least
1100 K establishes that Mu" is the more stable state (in Si
and Ge, Mu disappears above 165 and 85 K, respective-
ly, perhaps under the influence of free carriers' ' ).

While normal muonium is generally accepted to be at a
tetrahedral interstitial site in the diamond lattice, '

the site of Mu' is still uncertain. The anisotropic
hyper6ne interaction of Mu' implies that it is immobile.
Of the many models that have been suggested for Mu',
the two models which are being most seriously developed
are (i) muonium which occupies a host-ion vacancy

and (ii) muonium situated near the center of a host
bond. ' Both of these models appear consistent with
A, &0, but the high Arrhenius prefactor 4= 10' s ' for
the Mu~Mu transition rate A(T) is incompatible with
a model where the precursor Mu searches for a preexist-
ing lattice vacancy in order to become Mu'. This value
for 4' is comparable to an optical phonon frequency in di-
amond and, hence, is approximately the maximum possi-
ble jump rate for Mu, implying that only a single jump is
required by Mu to form Mu*. A cluster calculation
of the potential energy surface traversed by muonium
from the tetrahedral interstitial site to the center of a
strongly stretched C—C bond in diamond reproduces our
observation that the Mu state is metastable but apparent-
ly overestimates the true barrier height. Further support
of the bond-centered model for Mu' has been provided
by the observation of its resolved nuclear hyperfine struc-
ture in Si, and with a single Ga and a single As in
GaAs.
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