PHYSICAL REVIEW RESEARCH 8, 023049 (2026)
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Muonium (Mu), a bound state of a positively charged muon and an electron, can diffuse through crystal
lattices and interact with defect centers in insulators and semiconductors. We demonstrate that this Mu’s diffusive
property can be used to probe defects in a diamond crystal lattice, specifically, substitutional nitrogen atoms (N?)
and nitrogen-vacancy (NV) centers in type-Ib diamond. Upon interaction with these defects, Mu can exchange
its electron’s spin or change its charge state, which results in muon spin relaxation. However, muons in diamond
(and semiconductors in general) can be in a few distinctive muonium states, with each state contributing to the
muon signal. In addition, these states can undergo site and charge exchange interaction, forming a dynamic
network. Hence, to study the Mu interaction with point defects, the muon data have to be deconvoluted to isolate
signals from the diffusing species. To achieve this goal, we have modeled the Mu state exchange dynamics and
numerically simulated the time evolution of muon spin polarization by the density matrix method. With a global
curve fit to a set of longitudinal field scan data, one can extract the Mu transition rates that involve interaction
with the defect centers. The diffusing tetrahedral interstitial Mu was found to interact with the paramagnetic N?
center via electron spin exchange. In contrast, they are converted to form a diamagnetic center upon interaction

with the negatively charged NV center.

DOI: 10.1103/jn9c-fprb

I. INTRODUCTION

Muonium (Mu) is a monatomic bound state made of a
positively charged muon u* and a single unpaired electron
e~ [1]. When muons are implanted in materials, they can
capture the electron during thermalization. In semiconductors
and insulators, where there is negligible screening, Mu can
exist as a metastable state in the timescale of muon’s mean
lifetime (2.2 us) [2—4]. They are metastable because, in anal-
ogy with the highly reactive nature of isolated hydrogen in
semiconductors, they should be eventually trapped by lattice
defects if they could live long enough. Among several Mu
species known to date, a monatomic Mu state in tetrahe-
dral (T) interstitial sites can be found almost universally in
intrinsic tetrahedral semiconductors (e.g., diamond, Si, and
GaAs). This charge-neutral Mu state, denoted as Mu%, can
be characterized with an isotropic hyperfine (HF) coupling
constant A,. In general, the value of A, is on the order of
~GHz and thus indicates that Mu. is a compact defect center
huddling at the center of T sites. This light interstitial particle
can hop between adjacent equivalent sites and diffuse rapidly
through a crystal lattice. In diamond, thanks to the large
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interstitial voids, the Mu$ diffusion is considered to be fast
with an estimated diffusion coefficient ~10~2 cm?/s at room
temperature (RT) [2,5]. Hence, Mu$ propagates in a wavelike
manner and can interact with defects (if any) in the system.
For instance, as discussed below, there can be spin exchange
interaction between Mu$ and paramagnetic centers, or charge
exchange interaction between Mu$ and an electron-rich site to
form a diamagnetic center.

This paper aims to utilize Mu$ as a potential probe of
point defects in semiconductors and demonstrate this princi-
ple with type-Ib diamond. The method is unique because it has
sensitivity for detecting not only unpaired electrons but also
charged defects without magnetic moments. Charged defects
play a key role in charge carrier recombination processes
in semiconductors, which ultimately determine the overall
device performance. Hence, the ubiquity of Mu$ implies its
potential application to industrially important semiconductors
such as Si and SiC. In addition, because muons have a well-
defined momentum, their implantation depth (and spread) in
materials can be readily determined. Traditional “surface”
muons used in this study may not give a good spatial resolu-
tion. However, in combination with a low-energy muon source
[1,6], the method can potentially be a unique probe for defect
physics in subsurface layers.

This paper focuses on Mu interaction with two well-known
point defects in type-Ib diamond: substitutional nitrogen
atoms (Ng) and nitrogen-vacancy (NV) centers. The Ng cen-
ter, known as the “P1” center in diamond studies, substitutes
a carbon with nitrogen atom, and thus is in a deep donor state
with a single paramagnetic electron [7]. Type-Ib diamond,
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by definition, contains a high concentration of dispersed N°
atoms (=100 ppm), which are introduced to the host crys-
tal lattice during the growth process. The NV center, on
the other hand, is composed of a nearest-neighbor pair of
a substitutional nitrogen atom and carbon vacancy site [8].
This photoluminescent point defect, its negatively charged
species in particular, has attracted immense research interest
for decades because of its unique property in hosting a pair
of coupled electrons, which can have a total spin of mg = %1
or 0. With their exceptionally long spin coherence time on
the order of milliseconds, NV centers in diamond provide
a leading platform for various quantum applications such
as quantum information processing and high-sensitivity local
field probing [9].

For NV center generation, it is now a standard procedure
to start with type-Ib diamond as a host substrate, which is
then exposed to an electron beam for generating carbon va-
cancy (V) sites [10]. Subsequent annealing activates the V
site, which then diffuses and pairs with a Ng atom to form
an NV center. Generated NV centers are in a neutral NV
state, which requires one more electron to form the electron
pair and become a negatively charged NV~ state. The key
property with NV centers is that, because the energy level
of NV~ is lower than that of NV°, the NV° state can ac-
cept an electron to form an NV~ state [11,12]. It is widely
known that this additional electron is provided by a charge
transfer from a nearby N center [12]. Obviously, generating
a high concentration of stable NV~ states is important for
the quantum applications; to date, the concentration can reach
as high as 10'® cm =3 with NV centers fully converted to the
negative state [13]. We consider that this system provides an
ideal test bench for studying Mu interacting with defects in
diamond.

In diamond, two neutral Mu centers have been identified
as metastable states: Mu} and Mujy.. The latter is a neutral
Mu state localized at the center of a C-C bond. The Mu$
center is therefore axially symmetric about (111), with A and
A representing HF components parallel and perpendicular to
the (111) axis, respectively. In diamond (similarly with other
tetrahedral semiconductors), these HF constants are an order
of magnitude smaller than A,,, i.e., A, = 3711 MHz, A =
168 MHz, and A| = —393 MHz [14]. Because of the electron
orbital spread along the bond, Mu$. stretches the C—C bond
and hence is polaronic. As a result of this self-trapping, Mu%8
in diamond is immobile up to 1000 K [15]. Reportedly, Muy
and Mu$}. exist in diamond with f(Mu$) = 0.7 and f(Mu3.)
= 0.2, where f denotes a promptly formed fraction of a Mu
state [16]; the rest, 1 — f(Mu?) — f(Mu$), is considered to
be in diamagnetic states.

The muon spin relaxation («SR) time spectrum is therefore
a convolution of signals from these Mu centers, which can
spontaneously exchange their state. In addition, their muon
spin can relax upon Mu interacting with the host system.
Hence, in order to fully understand underlying Mu exchange
processes and characterize interaction with the host crys-
tal lattice, it is imperative to numerically simulate the uSR
time spectra. Below, we identify a model of the dynamically
exchanging Mu system in diamond and characterize Mu inter-
action with the two point defects. With this model, the density
matrix method can calculate the time evolution of the muon
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FIG. 1. Schematic diagram of the experimental setup. Muons
propagate through the beam snout and irradiate a sample (“S”). Muon
spins are fully polarized in a direction antiparallel to their momentum
vectors (shown by the arrows). The sample was mounted on a closed
cycle refrigerator (“CCR”) with a radiation shield. Forward (“FD”)
and backward (“BD”) detector segments surrounding the vacuum
chamber (shown in gray) detect high-energy decay positrons. There
are a total of 96 detectors in EMU with a count rate of 120 million
events per hour. A Helmholtz coil (not shown here) applies a uniform
longitudinal field at the sample position along the z axis.

spin [17,18], which is used to curve fit uSR time spectra
from the experiment.! Zeeman splitting by a longitudinal field
(LF) application decouples Mu’s HF interaction and helps
differentiating the Mu states. The interaction with the host
crystal lattice can be extracted from relaxation rates of Mu
spins.

II. EXPERIMENTS AND RESULTS

We measured two single-crystal diamond samples in gran-
ular form with an average grain diameter of 1.2 mm. One
is as-received, synthetically grown type-Ib diamond contain-
ing a NY concentration of approximately 100 ppm, which
has been estimated from electron paramagnetic resonance
measurements [20,21]. For simplicity, we call this sample
“Pristine.” The other is diamond with NV centers (hereafter
called “NV”). For making the NV sample, the Pristine sam-
ple was exposed to an electron beam for the vacancy site
generation and subsequently heat treated at 900 °C for 2 h
for NV center generation. The resulting NV concentration is
estimated to be &4 x 10'7 cm ™3 (or 2.5 ppm). The conversion
efficiency from an NV° to NV~ state depends on the avail-
ability of N? atoms for each NV center [12]. In our sample,
>90% of NV centers are considered to be in the NV~ state at
RT [13]. Each sample weighed about 2 g.

'Historically, a model of Mu dynamics has been developed to study
1SR signals from Si (similar to the models shown in Fig. 4) [3,4].
Modern computing resources have enabled calculations with these
models. Though there are not many studies done yet, Fan et al., for
example, calculated the muon spin evolution in illuminated Si with
a slightly different method but based on the same principle as this
paper [19].
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FIG. 2. uSR time spectra measured on the Pristine [panels
(a) and (b)] and NV [panels (c) and (d)] samples at 290 and 20 K
under five representative longitudinal fields, i.e., 0 (black), 200 (yel-
low), 600 (green), 2000 (blue), and 4000 G (red). Five million muon
decay events were averaged for each spectrum. Error bars are due to
the random decay of the muons, mean lifetime 2.2 us, and the Pois-
son counting statistics of the decay positrons (hence the shorter error
bars in the earlier time bins). The full muon asymmetry in this EMU
setup, ~22.0%, was used to normalize the spectra and get P(t) (i.e., a
full asymmetry gives a unity on the y axes). Solid lines denote results
of the curve fitting (see text). The numbers of fit parameters are six
for panels (a) and (b), and five for panels (c) and (d) (see Table I).
Reduced chi-squared values were (a) 1.196, (b) 1.174, (c) 1.483, and
(d) 1.279. In high LF, there can be systematic errors associated with
decay positrons spiralling around field lines, resulting in a small shift
in the offset.

The experiment was carried out using the high-rate,
general-purpose uSR spectrometer, EMU [22], in the ISIS
Pulsed Neutron and Muon Source located at the STFC Ruther-
ford Appleton Laboratory in the UK [23]. As shown in Fig. 1,
the experiment was carried out in a typical LF-uSR geometry,
where the magnetic field is applied parallel to the direction
of the initial muon spin polarization [1]. Measurements were
taken for fields ranging between 0 and 4000 G. The sample
was loaded in a packet made of a piece of thin silver (Ag)
foil, which was then mounted on a Ag plate with a small
amount of grease for better thermal conductivity. The plate
was then mounted on a closed cycle refrigerator for cooling.
A 100% spin polarized muon beam with a kinetic energy of
4 MeV (known as “surface” muons) was incident on the
sample. The muon range (i.e., an areal density to fully stop
muons) in this setup is 200 mg/cm?, and the beam diameter
is &1 cm FWHM. Therefore, the 2 g samples in the square
Ag packet, whose area was 2.5 x 2.5cm?, should be enough
to stop most of incoming muons in the sample volume.

Figure 2 shows representative (SR time spectra measured
on the Pristine and NV samples at 290 and 20 K. Zeeman
energy applied by the longitudinal field decouples HF inter-
actions, resulting in the recovery of muon spin polarization.
To measure this decoupling behavior, the time spectra have
been integrated and averaged, and plotted as a function of LF.
Namely, the quantity, P = [Zfil P(t;)]/M, has been calcu-
lated for each field, where, in the numerator, the normalized
muon spin asymmetry P at time #; is summed over all bins
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FIG. 3. Repolarization curves (P vs LF) for the Pristine and NV
samples measured at (a) 290 and (b) 20 K. Solid lines denote the
curve fit results (see text). The same set of data are replotted for
the (c) Pristine and (d) NV samples for comparing their temperature
dependence. For clarity, the plots are color coded as follows: black
circles for Pristine at 290 K, red squares for Pristine at 20 K, green
triangles for NV at 290 K, and blue diamonds for NV at 20 K. Note
that the difference in the offsets (=0.02) in panels (a) and (b) are
associated with background signals from the silver materials. Even
if the two samples were mounted in the same way, there always is a
small difference in muon beam coverage. The Supplemental Material
has panels (a) and (b) after the offset correction [24]. With this
adjustment, the decoupling of Mu} can be more clearly compared
between Pristine and NV.

from i = 1 to M.? These so-called “repolarization curves” are
shown in Fig. 3. Since most of the muon spin polarization is
lost at 0 G (P ~ 0.1), it is clear that there are fast dynamics in
the system, which depolarizes Mu in their triplet state (with its
total spin my = +41). This fast depolarization appears to be too
fast to observe at pulsed sources. The signals are then quickly
recovered by the field to 400 G, followed by the slower re-
polarization that continues to 4000 G. Based on the previous
studies [4,16], Mu3. and Mu? can be associated with the

2This simple sum of polarizations for P, however, is applicable only
for simulations. For experimental data, in order to take account of the
larger error bars in later time bins (see Fig. 2), the following quantity
is calculated instead:
NF — aN; B
N + aNg’

M M
NF = ZHF(I,'), NB = ZnB(ti)v
i=1 i=1

F:

where ¢ is a geometrical correction factor for detectors [1], and ng (¢;)
and np(t;) are collective positron counts in forward and backward
detectors at f;, respectively.
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FIG. 4. Model of Mu state exchange in the (a) Pristine and
(b) NV samples. A superscript and subscript of A indicate the charge
state and Mu site, respectively, with a forward slash between before
and after a transition.

repolarization in the low and high fields, respectively. Clearly,
the repolarization behavior in the high-field range is depen-
dent on the sample and temperature, presumably reflecting
changes in how Mu? interacts with the host systems. However,
in order to fully understand physics behind the curves, we
need to simulate the SR time spectra with a model.

Note that the applied field should hardly change the spin
state distribution of NV~ centers, and hence its interaction
with Mu. Since this experiment was carried out without op-
tical excitation, all NV~ centers were in their ground state
and not spin polarized. The ground state is split by 2.87 GHz
between the mg = 0 and degenerate +1 states [8]. An external
magnetic field By along the defect axis splits the mg = %1
levels by 2ynv By, where yny = 28 GHz/T is the gyromag-
netic ratio of an NV~ center. The spin states are populated
according to the Boltzmann distribution. Both the zero-field
and Zeeman splitting in 4000 G are 2 orders of magnitude
smaller than the thermal energy at 20 K. Therefore, the field
application (and potential magnetic impurities) exerts a negli-
gible impact on the population of the sublevels.

III. DENSITY MATRIX SIMULATIONS

To build the model, we simply assumed that MuoT and
Mu%C are the only active Mu states in the system, and the
rest is diamagnetic giving a small constant background. In
diamond, Mu interaction with nearby nuclear spins is neg-
ligibly small because there is no nuclear spin in '>C nuclei,
which take up ~99% of naturally occurring isotopes. Hence,
the system’s interaction with the bath takes place only via
the electron spin exchange (hence inducing relaxation) and
Mu state transitions. This model is shown in Fig. 4(a). Here,
there are site exchange interactions, where Mu$ can be spon-
taneously converted to Mu. and vice versa. Each transition
process can be characterized by an exchange rate A. In addi-
tion, Mu} and Muj}. can exchange their electron’s spin with
the bath at rates, A% and Agc, respectively. The diamagnetic
component is part of the simulation but assumed only to give a
time-independent background. Note that the diffusive motion
of Mu(T) is not part of the model; however, these rates can carry
contribution from the Mu motion and interaction with the host
crystal lattice.

The simulation was carried out using QUANTUM, a Python
program to solve the time evolution of the muon spin using

the density matrix method. As full details of the program are
available elsewhere [17,18], here we summarize its computa-
tional flow. The program solves an equation of motion,

ap
ar
where p and H are a density matrix operator and Hamiltonian,

respectively. A physical quantity at time ¢, such as the muon
spin polarization P(t), can be calculated from

(P(1)) = Tr[p(t)P]. @

The program applies a basis set and expands Eq. (1) with the
completeness relation, Ziv |k) (k| = 1, such that

(M, pl, ey

N
8(,;.% = Xk:(Hikij — picHij), 3)
where p;; = (i| p | j), Hij = (il H|j), and N is the dimension
of the basis. Here, the basis set has each spin as a good quan-
tum number. For a Mu system, for example, the basis states
are |1) = [++), 12) = [+-), 13) = |—+), and [4) = |——)
(N = 4), where the first + or — sign refers to the muon and
the second to the electron. The code then flattens the matrix p
into a vector R (there are N x N = 16 vector components in
this example). Since the right-hand side of Eq. (3) is a linear
combination of p;;, Eq. (3) can be written as

R _ R )
ar

where X is a large square matrix with H;; in its components
(this is a 16 x 16 matrix for the example system). Clearly,
Eq. (4) is a matrix expression of coupled linear ordinary
differential equations and is readily solvable as an eigenvalue
problem. By diagonalizing X, Eq. (4) can be written as
oR _ DR 3)
a7
where D is a diagonal matrix with the eigenvalues in its
diagonal components, and R is a projection of R to the new
coordinates. The solution is then of the form

R@) = P'R(0). (6)

For a system with multiple Mu states, the code appends the
vectors R for each state (as pr for Mu% and ppc for Mu$)
to give a single long vector. Accordingly, for X, it joins the
matrix for each Mu state as block diagonals and gives a single
large matrix, while setting the off-diagonal blocks to 0. For
our model in Fig. 4(a), but before considering any Mu state
transitions and spin relaxations, X will be then of the form

| X | 0
where Xt and Xpc are the X matrices for Mu$ and Mu$., re-
spectively. In this context, the promptly formed Mu fractions
discussed above can be written as f (Mu%) = Tr[pr(t = 0)]
and f(Mu$c) = Tr[ppc(t = 0)].
The Hamiltonian for Mu?. is given by
Hr

=78 B—yd B+AS. 8)
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where /i is the reduced Planck constant, and y, and y, are
the electron and muon gyromagnetic ratio, respectively. Here,
we have also defined the spin operators, S and I, for the
electron and muon, respectively, and the applied magnetic
field B. In the current case, B is parallel to the initial muon
spin polarization and directed along z (see Fig. 1). The first
two terms in Eq. (8) account for the Zeeman energy, and the
last term represents the isotropic hyperfine interaction in Mu?..
For Mugc, the Hamiltonian is given by

H
B = —y.S-B—y,d-B+AS.L + AL (Sely + Syly).

h
€))

The last three terms describe the axially symmetric hyperfine
interaction with the symmetry axis z’, which can be tilted
at an angle from z. Indeed, the program calculates Mu$.
along the four bond axes separately (i.e., (111), (111), (1171),
and (111)). Hence, to be exact, there should be four block
diagonals for Mu%C in Eq. (7). In addition, to account for the
granular sample form, the code uniformly distributes the ori-
entation over the sphere. Finally, in the actual computation, A
and A, for Mu%C are decomposed into an isotropic (Ajs,) and
traceless dipolar (Agp) term given by Aj, = (A} +2A41)/3
and Adip = 2(A|| - AL)/3

The code applies a relaxation of the electron spin in Mu.
by adding a relaxation rate A to some of the elements in Xt.
Here, we discuss a system made only of Mu$ as an example,
but the same discussion can be applied to Mul.. Because
Mug interacts with unpolarized electrons in the system (hence,
A= A%/2), we expect p(t — 00) = #1 (i.e., it is eventually
completely unpolarized), while maintaining the condition,
Tr[p(¢)] = 1. Therefore, the program adds —X to the whole
diagonal of Xt and then +A/2 to selected elements. The first
operation gives the relaxation of p;; by adding —Ap;; in the
differential equation, whereas the second operation keeps the
balancing of p’s and maintain the normalization condition.
Understanding this procedure is easier by considering an ex-
ample with a single spin system, which is available in the
Supplemental Material for interested readers [24].

The same idea can be applied to add the Mu state transition
to the X matrix. For diagonal elements of a Mu state, the
program subtracts the sum of transition rates out of the state.
In contrast, to account for the incoming rate to the other
Mu state, the code adds it to the diagonal elements in the
off-diagonal blocks joining these states. For example, if we
consider the transition from Mu$ to Mu$., which is charac-

terized by A%gc’ Eq. (7) is modified such that

XTI — A0 0
X=|: u OT/’fC | , (10)
0ii + Agpc | Xc

where X/ and 0;; represent diagonal elements in the X7 and 0
matrix, respectively (Xg and 0;; for i # j remain the same).
Again, Eq. (10) is only for illustration purposes because the
actual X matrix should contain the four block diagonals for
Mujc.

After including all Mu states and dynamics in X, the pro-
gram solves Eq. (4) as an eigenvalue problem with a numerical
library subroutine. In general, X matrices are not Hermitian,
and obtained eigenvalues are complex. Hence, the solution is

obtained in the form

Rt)=3 e Ru(O), (n

k

where the real (A;) and imaginary (wy) parts of the eigenvalues
represent a damped oscillation of the vector component Ry.
Finally, Eq. (2) is evaluated for an observable, in our case, for
P(t). The program returns a normalized time domain signal,
which can be used to curve fit a measured uSR spectrum.
Global curve fitting on all of uSR time spectra in an LF
dataset enables us to distinguish contributions from Mu$} and
Mu. and narrow the model down to a single candidate. A
representative source code and details of the curve fitting
procedure are provided in the Supplemental Material [24].

IV. DISCUSSIONS

We start by discussing data from the Pristine sample,
where the single point defect, Ng, is expected to dominate
the interaction with Mu. The good-quality fitting, as shown
in Figs. 2(a) and 2(b), supports the model in Fig. 4(a) as a
good candidate for the Pristine sample. This agreement can
also be seen in the calculated repolarization curves as shown
in Fig. 3(c), where the simulated time domain signal has been
integrated and averaged. Here, the data points for 290 and
20 K are broadly similar. This observation is reflected in the
obtained fit parameters, as summarized in Table I, where we
can draw a few physical insights. First, prompt Mu yields,
fMu) ~ 60% and f(Mu$.) =~ 30%, were obtained at both
temperatures. This result agrees with the reported values [16].
The negligibly small difference between 290 and 20 K may
suggest that the Mu yields stay constant in this temperature
range. It is no wonder that these fractions stayed roughly the
same in the NV sample because the process of NV generation
cannot change bulk properties of the host crystal.

Second, the values of A% are significantly large and in-
terestingly comparable between the two temperatures. This
is the reason for the fast depolarization of Mu(T), as can be
seen at the earlier times in Fig. 2. Since the dominant defect
in the Pristine sample is N centers, Mu$ can exchange its
electronic spin with the paramagnetic center upon scattering.
After the spin exchange and flipping, the muon spin in Mu(T)
is depolarized via HF interaction. Assuming that Mu. centers
propagate in a wavelike manner, we consider A% as a collision
rate with N? such that

AY = nvo, (12)

where 7 is the density of N” atoms, v is the effective velocity
of Mu, and o is the scattering cross section between Mu. and
N?. With the mobile Mu$ and high-density N, Eq. (12) de-
scribes how many times the Mu-N? collision takes place per
unit time.®> Though # can be estimated as n = 2 x 10" cm™3

3This notation has been widely used to describe a Mu-electron
(or hole) collision rate in semiconductors, n.v.0,, where n, is the
electronic density, v, is the electron’s thermal velocity, and o, is the
scattering cross section [25,29]. Hence, n,v, represents the electron’s
flux relative to Mu with its cross section defined by o,. Here, we have
adapted the notion to describe the Mu3--N? interaction.
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TABLE I. Results of the global curve fitting.

Sample T(K)  f(Mu}) f(Mul)  AY(MHz) A9 (MHz) AYS. (MHz) AYS. (MHz) AY (MHz)  Ap)) (MHz)
Pristine 290  0.600 +0.005 0.315+0.007 58+4  0.02+0.02 1.19£0.09 0.034 % 0.002
20 0.586+0.004 032440007 53+3 022+004 1.00+0.06 0.034 £ 0.002
NV 290 0.632+£0.004 0317 £0.005 73+6 1.19 0.034 28404  0.065 % 0.004
20 0.595+0.004 0.355=+0.005 100+ 12 1.00 0.034 941 0.034 £ 0.003

in this sample, it is difficult to determine v and o separately.
However, since N¥ is a deep donor state with its energy
level located at 2.2 eV below the conduction band edge, the
unpaired electron should be tightly bound to the Ng atom;
it is expected that its wavefunction, and hence o, is nearly
unchanged between 290 and 20 K. As a result, v’s at the two
temperatures are considered to be in the same magnitude.

Note that the diffusive motion of MuOT is governed by
different physical processes in high and low temperatures
[26,27]. It is known that, above a crossover temperature, Mu%
states are thermally activated and phonon-assisted tunneling
is predominant for diffusion; below the temperature, incoher-
ent quantum tunneling becomes the dominant process. For
instance, the crossover temperature in GaAs is reportedly
~100K [28]. The two diffusion processes can be equally ef-
fective, resulting in similar site hopping rates at low and high
temperatures in a group of semiconductors and insulators. In
this context, v at 290 K can be described with the equipartition
theorem, whereas v at 20 K should be described with the
group velocity of Bloch wavefunctions. The comparable v’s at
290 and 20 K can be plausible, but how does v change (or not
change) between the two temperatures? We leave this question
to a future temperature-dependent study.

In contrast to the mobile Mu% state, the slow rates on A%C
agree with the immobile picture of Mugc, although the value
at 20 K is an order of magnitude larger than 290 K. The
Mu. state can also hop between adjacent equivalent sites
but with much slower rates than Mu{.. This hopping behavior
certainly depends on the temperature and can have the same
driving mechanism as Mu$ with a different crossover temper-
ature. Indeed, Mu$}. in GaAs appears to have the crossover
temperature around RT, resulting in a higher hopping rate
in low temperatures [29]. For this reason, MugC in diamond
presumably diffuses faster in low temperatures than RT.

Finally, the site exchange interaction between Mu$} and
Mu$c, whose rates are denoted by A%(;C and Ag/CO,T with a
slash between before and after a transition, takes place com-
monly in tetrahedral semiconductors [3,29,30]. As shown in
Table I, the 2 orders of magnitude higher rate for A%gc than
AYO implies the transition Mu} — Mu$c to be predom-
inant. This observation agrees with the report by Odermatt
et al. [14], where they predicted this one-way transition and
Muj. to be the most stable site for all Mu states in diamond.

However, our analysis gave a small but finite rate for A(];/CO,F,
indicating the backward transition Mu3 — MuY. is still pos-
sible.

In contrast to the Pristine sample, SR time spectra from

the NV sample exhibited a remarkable difference in their re-

sponse to the applied field, as shown in Figs. 2(c) and 2(d); this
can be more clearly seen in the repolarization curves shown in
Figs. 3(a) and 3(b) (also see Ref. [24]). The model in Fig. 4(a)
apparently fails to curve fit this data. Since the system now
has the NV centers as a site potentially interacting with Mu,
it is natural to assume an additional path in the model. Since
the majority of NV centers in our system are in the negatively
charged state, Mu states are expected to become diamagnetic
after reacting with the NV~ center. In other words, the fast
diffusing Mu?. state can react with an electron-rich NV~ cen-
ter, presumably binding to it by forming a covalent bond.
This model is shown in Fig. 4(b), where Muy denotes the
diamagnetic state with the transition taking place in both
directions, i.e., Mul = Mug,. By applying the aforementioned
analysis procedure, this revised model can curve fit the data
accurately. This can be seen in the solid lines in Figs. 2(c),
2(d), and 3. For the fitting, A%c, A%%C, and Ag/é) T have
been fixed to the parameters obtained from the Pristine sample
to reduce the number of fit parameters. This assumption is
reasonable because they should be determined only by Mu in-
teraction with the host crystal lattice. The obtained parameters
shown in Table I gave consistent results, with the prompt Mu
yields and A9 relaxation rates comparable with the Pristine
sample.

The difference in the repolarization behavior is therefore
associated with the net transition converting Mu$. into Mug.
Since Ag//_D > Agﬂ, the transition is essentially one way,
with the NV~ centers acting as a trapping site for MuS.
Furthermore, the trapping seems to be more pronounced at
20 K, as shown in Fig. 3(d). Indeed, Table I shows a threefold
increase in Ag/ p With decreasing temperature. To address
physics behind this result, we consider the same relation as
Eq. (12) for A%‘D, i.e.,Ag//_D = n'vo’, where n’ is the density
of NV~ centers, and o’ is the cross section for an NV~ cen-
ter capturing Mu$. In principle, n’ is temperature dependent;
since NV centers are energetically more favorable in NV~
than NV states, a higher n’ is expected in a lower temperature.
However, in our sample, there is only a small room left for n’
to increase because of the nearly full conversion to NV~ at
RT. Due to the aforementioned discussion, the effective Mu%
velocity v is considered to be comparable between 290 and
20 K. Here, we note that there is a small but statistically sig-
nificant increase in A% when compared with the Pristine data,
which suggests an increase in v in the NV sample for unknown
reasons. Nevertheless, the temperature dependence of Ag/fD
may indicate that ¢’ is temperature dependent and larger at
20 K—this can be due to a wavefunction of the excess electron
in NV~ centers being delocalized due to quantum effects
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(e.g., tunneling and zero-point motion). Further investigation,
especially detailed temperature-dependent studies, would be
necessary to give a clear answer.

V. SUMMARY

In this paper, we have studied the interaction of diffusive
Mu states with N” and NV~ centers in type-Ib diamond.
Since the Mu interaction takes place predominantly with these
point defects whose concentrations are roughly known, this
system provides an ideal test bench to develop the Mu ex-
change model. The numerical simulation with the density
matrix method is key to deconvolute SR time spectra into
components and measure each Mu transition rate. While there
have been previous Mu studies on diamond, which measured
Mu states, their yields, and interaction with the host crystal
lattice, this paper identified the Mu state exchange dynam-
ics in diamond for the first time. For future development,
a temperature-dependent study may be able to answer the
questions about (1) the velocity of MuOT and (2) the Mu cap-

ture cross section of an NV~ center. Nevertheless, this study
suggests its potential application to defect centers not only in
diamond but also in other semiconducting systems. There may
be such applications in industrially important semiconductor
systems, such as Si and SiC, where Mu% centers have been
confirmed to exist in a stable form [31].
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