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Light-pump muon-probe experiment 
 … muon probes the photo-induced effect 
 … any sample with photoexcitation 
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Light source 

Advantages: 
–  High intensity 
–  Short pulse 
–  Tunable wavelength 
–  Narrow bandwidth 
–  Collimated 

Lamp Laser 

LED 

Disadvantages: 
–  Expensive 
–  More work for setup 
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Why pulsed laser + pulsed muon ? 

•  Time scales are just right: 

 Laser 10 ns, Muon 70 ns, Data bin <16 ns 
 
•  Arbitrary pulse timing 

- wide range of dynamics 
 
•  Small disturbance on the system 

 è high intensity & large stimulation 
100 ns 

Laser 

Muon 
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Light ON, Light OFF 

Can remove long-term drift 
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HiFi Laser System 

•  Laser beam transported through tubes 

•  Laser cabin in the down stream of HiFi 
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Geometry 

•  Two possible beam geometries 
•  Normally use the “back-pump” 

geometry 

(a)

(b)

manual

motorized

µ+ µ+

light
light

"back" "side"

µ+ 

Sample cell with optical window 
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Spatial overlap 
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Laser System 

ns Q-switched Nd:YAG & harmonic generation units  
Optical parametric oscillator (OPO) 

1064 nm
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Example 
 

Measuring photocarrier lifetime in intrinsic Si 
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Photocarriers in silicon 

•  Indirect transition (requires phonon) 
•  Photon creates e-h pair (excess 

carriers) 

•  Below-bandgap excitation to ensure 
spatial overlap 

= Eg 

Phonon 

h+ 

e- 
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Characterise excess carrier density using muon 

•  In dark, under a LF field, no relaxation. 
•  Higher carrier density causes faster 

relaxation. 
–  Spin exchange interaction 
–  Charge exchange interaction 
–  Site exchange interaction 

yardstick of Δn. But what is the underlying microscopic
mechanism? To answer this question it is necessary to study
the model of Mu dynamics, which was originally used to
analyze RF-μSR data [24], and later applied to a photo-
excited μSR experiment [17]. The four-state model shown
in Fig. 3(a) is based on the three-state model used by Fan
et al., but it has the Mu−T state in addition, which becomes
more important for Δn > 1014 cm−3 [17]. Transition from
one Mu state to another is characterized by a transition rate
Λ, which can depend on the capture cross section σ for
electron/hole, electron/hole density, activation energy, and
prefactor. Because this network is activated upon photo-
carrier injection, the μSR spectrum carries information for
the dynamics of Mu transition, rather than a signal from
static Mu states. To gain the comprehensive picture it is
crucial to study a full μSR time spectrum, where Δn stays
constant throughout. We therefore run the same set of
experiments as Fig. 1 but using a thicker wafer with a
longer carrier lifetime to satisfy this condition (see inset in
Fig. 4). Figure 3(b) shows three representative μSR spectra
out of eight Δn’s. We perform a simultaneous fit for the
spectra with σ’s as global fit parameters, from whichΛ’s are

calculated based on the known Δn. This simulation and fit
have been carried out using QUANTUM [25], a program to
solve the time evolution of the muon spin using the density
matrix method, running on MANTID [26]. See Ref. [20] for
details of this computation. The fit result first tells us
enhanced rates in Λ0=þ

BC and Λþ=0
BC upon carrier injection.

Because the rates are much faster than the HF frequencies
in Mu0BC (<92 MHz), the muon spin is hardly depolarized
in this cycling transition. Second, a high Δn opens two
channels, which “leaks” the MuBC states to the others.
Some of MuþBC escape to the Mu0T state via Λþ=0

BC=T , where
the HF interaction (2 GHz) depolarizes the muon spin—
this is the fast relaxing part in Fig. 3(b). Others are
converted from Mu0BC to Mu−T via Λ0=−

BC=T , which is an
inert, less interactive Mu center with carriers—and this is
the subsequent slow relaxing tail. As Δn decreases, these
channels become narrower, resulting in isolated MuBC.
Slow decay in the lowest Δn in Fig. 3(b) is thus attributed
to Λ0

BC causing the relaxation during the fleeting window
when the cycling MuBC state is in Mu0BC. Based on these
observations, we conclude that the first 1 μs window used
in the lifetime measurement corresponds to primarily fitting
the fast Mu0T relaxation. Tuning the Mu sensitivity in a
higher field (Fig. 2) is equivalent to decoupling the HF
interaction in Mu0T . The sublinear dependence of λ on Δn
(i.e., α ≈ 0.7) stems from the transition path for Mu0BC
leading to Mu−T .
Finally, Fig. 4 shows the carrier decay curve for the long-

lifetime wafer. The curve is apparently different from the
single exponential decay, but it has a shoulder of around
20 μs, where the fast surface recombination driven by
carrier diffusion comes into play. This lifetime spectrum
can be modeled with a simple one-dimensional diffusion
equation for Δnðz; tÞ, Dð∂2Δn=∂z2Þ − ðΔn=τbulkÞ ¼
ð∂Δn=∂tÞ, where D is the carrier diffusion constant.
Because the wafer surfaces have been lapped and chemi-
cally polished, the surface velocity should be >104 cm=s.
We therefore assume a boundary condition on the
surfaces, Δnð0; tÞ ¼ Δnðd; tÞ ¼ 0, and analytically solve
the equation with an initial condition, Δnðz; 0Þ ¼ Δnc.
With D, τbulk, and Δnc as fit parameters, the solid line in
Fig. 4 shows a fit to Δnðd=2; tÞ. The obtained τbulk ¼
2ð1Þ × 102 μs agrees with τbulk ≈ 1 × 102 μs, which has
been measured by the wafer manufacturer (PI-KEM Ltd.)
using the standard PCD method.
In conclusion, excess carrier lifetime in Si has been

measured using photoexcited μSR. This novel technique
enables us to measure τbulk directly by virtue of the
implanted muons as a bulk probe, and can access a wider
range of recombination lifetime (from 50 ns to >20 ms),
injection level, and temperature. The four-state model can
explain the underlying microscopic mechanism about
how λ exhibits the dependence on Δn. The high time
resolution is possible only with a short-pulsed laser, and it
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FIG. 3. (a) The four-state model of Mu in Si under illumination.
The notation of Λ follows the convention in Ref. [17]. Its
superscript and subscript indicate the charge-state and site change
respectively with a slash between before and after the transition.
Λ0
T and Λ0

BC indicate spin exchange interaction in Mu0T and
Mu0BC with conduction electrons. (b) Representative light ON
(ΔT ¼ 0.1 μs) μSR time spectra in 291 K under LF 10 mT for
Δnð0Þ ¼ 1.0 × 1014 cm−3 (circles), 1.6 × 1013 cm−3 (squares),
and 1.4 × 1012 cm−3 (triangles). The solid lines denote the fit
(see text).
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FIG. 4. Carrier decay curve for a 1000-μm thick intrinsic Si
wafer (R > 10000 Ω · cm) in 291 K. Absorption coefficient α
measured in RT ¼ 6.80 cm−1. Solid line denotes the fit (see text),
which gives: D ¼ 12ð2Þ cm2=s, τbulk ¼ 2ð1Þ × 102 μs, and
Δnc ¼ 1.16ð1Þ × 1014 cm−3. (inset) Magnified view shows the
nearly constant Δn for ΔT < 10 μs.
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light source. The sample temperature can be controlled
using cryostats and hot stages available in the HiFi
experimental suite [7,10]. Combining these capabilities,
muon spin spectroscopy (μSR) can not only measure the
excess carrier lifetime but also investigate its injection and
temperature dependence. The muons are an extremely
dilute impurity (<105 cm−3) and although the muon
centers cause recombination, they should have a negligible
effect on the carrier lifetime compared to the other
impurities present.
Upon implantation, muons decay with a lifetime of

2.2 μs and emit positrons preferentially in the muon
spin direction, which is then subsequently detected. The
obtained time spectrum for muon spin asymmetry carries
information on the muon state and its interaction with
local atomic and/or electronic environment [11,12]. The
μSR technique has been applied to many semiconductor
systems, especially to single crystal Si [13,14]. There
have been several μSR studies on illuminated Si, which
report a large photoinduced change in the μSR time
spectrum [15–18].
In semiconductors, an implanted μþ can capture an

electron to form a muonium atom (Mu ¼ μþ þ e−), a
radioisotope of hydrogen. As with H, Mu can exist in
three charge states in semiconductors: Mu0, Muþ, and
Mu−. In addition, in the case of Si, there are two distinct
lattice sites for Mu to occupy: the bond-center site (MuBC)
and the interstitial tetrahedral site (MuT). The charge state
and lattice site depend on the formation energy determined
by the dopant type, concentration, and temperature. For
instance, the initial muon asymmetry in intrinsic Si in room
temperature (RT) consists of nearly equal amount of MuþBC
and Mu0T component. The diamagnetic MuþBC fraction
decreases monotonically as the temperature decreases from
250 K down to 200 K. This behavior is attributed to
slowing down of the thermally activated ionization of
Mu0BC into MuþBC centers. Therefore, almost the same
amount of Mu0BC and Mu0T can be found in low temper-
atures, such as T ¼ 77 K [13,14]. Upon illumination,
injected excess carriers start interacting with the Mu centers
in a complex mechanism, including spin exchange inter-
action, cyclic charge exchange reaction, and site change
reaction [7,14–18]. These interactions result in a spin
relaxation of the bound electron in Mu, which then
depolarizes the μþ spin via the hyperfine (HF) interaction.
Since the relaxation rate of electron spin is proportional to
the excess carrier density Δn, the muon spin relaxation rate
λ is sensitive to Δn, and can be used to measure its
dynamics. However, this assumption is true only in the low
rate regime (i.e., the relaxation rate of electron spin <HF
frequency), and the microscopic exchange mechanism is
discussed later in this Letter.
Our experiment has been carried out on a 500-μm thick

intrinsic single crystal Si wafer (n-type, R > 1000 Ω · cm,
both sides polished) with h111i axis perpendicular to the

surface. As shown in Fig. 1(a), one side is facing the
incoming pump light, whereas the other side faces the
muon beam. Magnetic fields are applied either parallel
(longitudinal field, LF) or perpendicular (transverse field,
TF) to the direction of muon spin. Details of the exper-
imental setup are explained elsewhere [7]. The distribution
of stopped muon is centered in the wafer by adjusting the
number of aluminum foil degraders, with its FWHM
estimated to be ≈130 μm by a Monte Carlo simulation.
Monochromatic 1064-nm laser light injects excess carriers
almost uniformly throughout the sample by virtue of its low
absorption in Si. Δn has been calculated based on an
absorption coefficient αð293 KÞ ¼ 14.32 cm−1 measured
in RT, and αð77 KÞ ¼ 2.37 × 10−2 cm−1 taken from the
literature [19]. Because of the long absorption lengths
compared with the wafer thickness, we assume that the
central density represents Δn for the entire sample.
The illuminated area on the sample is 9.6 cm2, and it
covers the entire area of the muon beam. With these
geometries and the calculated carrier diffusion lengths
ranging 100–200 μm, the surface effect is negligible in
the obtained lifetime spectra. Figure 1(b) illustrates the
pulse timing, in which muon pulses arrive at the sample at
ΔT after laser pulses. Since the repetition rate of the laser
and muon are 25 and (pseudo-)50 Hz respectively [7], the
muon data are sorted and binned to “light ON” and “light
OFF” spectra, and averaged for statistics, assuming that the
photoinduced change is already over after 20 ms. In the
optical setup, two attenuator assemblies and calibrated
neutral density filters are used to accurately control the
photon fluence for a wide range of carrier injection.
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FIG. 1. (a) Schematic diagram of the experimental geometry.
(b) Timing diagram of laser and muon pulse. Pulse duration
(FWHM) of the laser and muon pulse are ≈16 and ≈70 ns
respectively. (c) μSR time spectra for light OFF (black squares)
and ON (red circles, Δn ¼ 4.7 × 1013 cm−3). 5 × 106 events
are averaged for each spectrum. Fit parameters are Að0Þ ¼
14.44ð3Þ%, λ0 ¼ 0.068ð2Þ μs−1 for light OFF, and λ ¼
0.94ð2Þ μs−1 for light ON. (d) λ as a function of Δn. The fit
(see text) gives ðα; β ½μs−1&;Δn0 ½cm−3&Þ ¼ ½0.68ð4Þ; 1.46ð4Þ;
8.9 × 1013&. (e) Carrier decay curve. The fit (see text) gives
Δnð0Þ ¼ 9.4ð4Þ × 1013 cm−3 and τ ¼ 11.1ð9Þ μs.
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•  Can calculate carrier density from 
laser power 

•  The relaxation rate can be a 
measure of carrier density 

•  When muon is implanted in Si, it forms Muonium. 



12/25 

Photocarriers recombine 

Now we can change the pulse delay 
and its dynamics. 
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light source. The sample temperature can be controlled
using cryostats and hot stages available in the HiFi
experimental suite [7,10]. Combining these capabilities,
muon spin spectroscopy (μSR) can not only measure the
excess carrier lifetime but also investigate its injection and
temperature dependence. The muons are an extremely
dilute impurity (<105 cm−3) and although the muon
centers cause recombination, they should have a negligible
effect on the carrier lifetime compared to the other
impurities present.
Upon implantation, muons decay with a lifetime of

2.2 μs and emit positrons preferentially in the muon
spin direction, which is then subsequently detected. The
obtained time spectrum for muon spin asymmetry carries
information on the muon state and its interaction with
local atomic and/or electronic environment [11,12]. The
μSR technique has been applied to many semiconductor
systems, especially to single crystal Si [13,14]. There
have been several μSR studies on illuminated Si, which
report a large photoinduced change in the μSR time
spectrum [15–18].
In semiconductors, an implanted μþ can capture an

electron to form a muonium atom (Mu ¼ μþ þ e−), a
radioisotope of hydrogen. As with H, Mu can exist in
three charge states in semiconductors: Mu0, Muþ, and
Mu−. In addition, in the case of Si, there are two distinct
lattice sites for Mu to occupy: the bond-center site (MuBC)
and the interstitial tetrahedral site (MuT). The charge state
and lattice site depend on the formation energy determined
by the dopant type, concentration, and temperature. For
instance, the initial muon asymmetry in intrinsic Si in room
temperature (RT) consists of nearly equal amount of MuþBC
and Mu0T component. The diamagnetic MuþBC fraction
decreases monotonically as the temperature decreases from
250 K down to 200 K. This behavior is attributed to
slowing down of the thermally activated ionization of
Mu0BC into MuþBC centers. Therefore, almost the same
amount of Mu0BC and Mu0T can be found in low temper-
atures, such as T ¼ 77 K [13,14]. Upon illumination,
injected excess carriers start interacting with the Mu centers
in a complex mechanism, including spin exchange inter-
action, cyclic charge exchange reaction, and site change
reaction [7,14–18]. These interactions result in a spin
relaxation of the bound electron in Mu, which then
depolarizes the μþ spin via the hyperfine (HF) interaction.
Since the relaxation rate of electron spin is proportional to
the excess carrier density Δn, the muon spin relaxation rate
λ is sensitive to Δn, and can be used to measure its
dynamics. However, this assumption is true only in the low
rate regime (i.e., the relaxation rate of electron spin <HF
frequency), and the microscopic exchange mechanism is
discussed later in this Letter.
Our experiment has been carried out on a 500-μm thick

intrinsic single crystal Si wafer (n-type, R > 1000 Ω · cm,
both sides polished) with h111i axis perpendicular to the

surface. As shown in Fig. 1(a), one side is facing the
incoming pump light, whereas the other side faces the
muon beam. Magnetic fields are applied either parallel
(longitudinal field, LF) or perpendicular (transverse field,
TF) to the direction of muon spin. Details of the exper-
imental setup are explained elsewhere [7]. The distribution
of stopped muon is centered in the wafer by adjusting the
number of aluminum foil degraders, with its FWHM
estimated to be ≈130 μm by a Monte Carlo simulation.
Monochromatic 1064-nm laser light injects excess carriers
almost uniformly throughout the sample by virtue of its low
absorption in Si. Δn has been calculated based on an
absorption coefficient αð293 KÞ ¼ 14.32 cm−1 measured
in RT, and αð77 KÞ ¼ 2.37 × 10−2 cm−1 taken from the
literature [19]. Because of the long absorption lengths
compared with the wafer thickness, we assume that the
central density represents Δn for the entire sample.
The illuminated area on the sample is 9.6 cm2, and it
covers the entire area of the muon beam. With these
geometries and the calculated carrier diffusion lengths
ranging 100–200 μm, the surface effect is negligible in
the obtained lifetime spectra. Figure 1(b) illustrates the
pulse timing, in which muon pulses arrive at the sample at
ΔT after laser pulses. Since the repetition rate of the laser
and muon are 25 and (pseudo-)50 Hz respectively [7], the
muon data are sorted and binned to “light ON” and “light
OFF” spectra, and averaged for statistics, assuming that the
photoinduced change is already over after 20 ms. In the
optical setup, two attenuator assemblies and calibrated
neutral density filters are used to accurately control the
photon fluence for a wide range of carrier injection.
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FIG. 1. (a) Schematic diagram of the experimental geometry.
(b) Timing diagram of laser and muon pulse. Pulse duration
(FWHM) of the laser and muon pulse are ≈16 and ≈70 ns
respectively. (c) μSR time spectra for light OFF (black squares)
and ON (red circles, Δn ¼ 4.7 × 1013 cm−3). 5 × 106 events
are averaged for each spectrum. Fit parameters are Að0Þ ¼
14.44ð3Þ%, λ0 ¼ 0.068ð2Þ μs−1 for light OFF, and λ ¼
0.94ð2Þ μs−1 for light ON. (d) λ as a function of Δn. The fit
(see text) gives ðα; β ½μs−1&;Δn0 ½cm−3&Þ ¼ ½0.68ð4Þ; 1.46ð4Þ;
8.9 × 1013&. (e) Carrier decay curve. The fit (see text) gives
Δnð0Þ ¼ 9.4ð4Þ × 1013 cm−3 and τ ¼ 11.1ð9Þ μs.
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Can even see surface effect… 

•  If the carrier lifetime is long enough 
•  Diffusion brings fast surface recombination in the lifetime 

spectrum 
•  Can fit with a diffusion equation 

yardstick of Δn. But what is the underlying microscopic
mechanism? To answer this question it is necessary to study
the model of Mu dynamics, which was originally used to
analyze RF-μSR data [24], and later applied to a photo-
excited μSR experiment [17]. The four-state model shown
in Fig. 3(a) is based on the three-state model used by Fan
et al., but it has the Mu−T state in addition, which becomes
more important for Δn > 1014 cm−3 [17]. Transition from
one Mu state to another is characterized by a transition rate
Λ, which can depend on the capture cross section σ for
electron/hole, electron/hole density, activation energy, and
prefactor. Because this network is activated upon photo-
carrier injection, the μSR spectrum carries information for
the dynamics of Mu transition, rather than a signal from
static Mu states. To gain the comprehensive picture it is
crucial to study a full μSR time spectrum, where Δn stays
constant throughout. We therefore run the same set of
experiments as Fig. 1 but using a thicker wafer with a
longer carrier lifetime to satisfy this condition (see inset in
Fig. 4). Figure 3(b) shows three representative μSR spectra
out of eight Δn’s. We perform a simultaneous fit for the
spectra with σ’s as global fit parameters, from whichΛ’s are

calculated based on the known Δn. This simulation and fit
have been carried out using QUANTUM [25], a program to
solve the time evolution of the muon spin using the density
matrix method, running on MANTID [26]. See Ref. [20] for
details of this computation. The fit result first tells us
enhanced rates in Λ0=þ

BC and Λþ=0
BC upon carrier injection.

Because the rates are much faster than the HF frequencies
in Mu0BC (<92 MHz), the muon spin is hardly depolarized
in this cycling transition. Second, a high Δn opens two
channels, which “leaks” the MuBC states to the others.
Some of MuþBC escape to the Mu0T state via Λþ=0

BC=T , where
the HF interaction (2 GHz) depolarizes the muon spin—
this is the fast relaxing part in Fig. 3(b). Others are
converted from Mu0BC to Mu−T via Λ0=−

BC=T , which is an
inert, less interactive Mu center with carriers—and this is
the subsequent slow relaxing tail. As Δn decreases, these
channels become narrower, resulting in isolated MuBC.
Slow decay in the lowest Δn in Fig. 3(b) is thus attributed
to Λ0

BC causing the relaxation during the fleeting window
when the cycling MuBC state is in Mu0BC. Based on these
observations, we conclude that the first 1 μs window used
in the lifetime measurement corresponds to primarily fitting
the fast Mu0T relaxation. Tuning the Mu sensitivity in a
higher field (Fig. 2) is equivalent to decoupling the HF
interaction in Mu0T . The sublinear dependence of λ on Δn
(i.e., α ≈ 0.7) stems from the transition path for Mu0BC
leading to Mu−T .
Finally, Fig. 4 shows the carrier decay curve for the long-

lifetime wafer. The curve is apparently different from the
single exponential decay, but it has a shoulder of around
20 μs, where the fast surface recombination driven by
carrier diffusion comes into play. This lifetime spectrum
can be modeled with a simple one-dimensional diffusion
equation for Δnðz; tÞ, Dð∂2Δn=∂z2Þ − ðΔn=τbulkÞ ¼
ð∂Δn=∂tÞ, where D is the carrier diffusion constant.
Because the wafer surfaces have been lapped and chemi-
cally polished, the surface velocity should be >104 cm=s.
We therefore assume a boundary condition on the
surfaces, Δnð0; tÞ ¼ Δnðd; tÞ ¼ 0, and analytically solve
the equation with an initial condition, Δnðz; 0Þ ¼ Δnc.
With D, τbulk, and Δnc as fit parameters, the solid line in
Fig. 4 shows a fit to Δnðd=2; tÞ. The obtained τbulk ¼
2ð1Þ × 102 μs agrees with τbulk ≈ 1 × 102 μs, which has
been measured by the wafer manufacturer (PI-KEM Ltd.)
using the standard PCD method.
In conclusion, excess carrier lifetime in Si has been

measured using photoexcited μSR. This novel technique
enables us to measure τbulk directly by virtue of the
implanted muons as a bulk probe, and can access a wider
range of recombination lifetime (from 50 ns to >20 ms),
injection level, and temperature. The four-state model can
explain the underlying microscopic mechanism about
how λ exhibits the dependence on Δn. The high time
resolution is possible only with a short-pulsed laser, and it
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FIG. 3. (a) The four-state model of Mu in Si under illumination.
The notation of Λ follows the convention in Ref. [17]. Its
superscript and subscript indicate the charge-state and site change
respectively with a slash between before and after the transition.
Λ0
T and Λ0

BC indicate spin exchange interaction in Mu0T and
Mu0BC with conduction electrons. (b) Representative light ON
(ΔT ¼ 0.1 μs) μSR time spectra in 291 K under LF 10 mT for
Δnð0Þ ¼ 1.0 × 1014 cm−3 (circles), 1.6 × 1013 cm−3 (squares),
and 1.4 × 1012 cm−3 (triangles). The solid lines denote the fit
(see text).
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nearly constant Δn for ΔT < 10 μs.

PRL 119, 226601 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

1 DECEMBER 2017

226601-4

z

muon

0

M
uo

n 
D

is
tri

bu
tio

n

w
af

er
ce

nt
re



14/25 

Can even see surface effect… 

•  Can bring the muon distribution closer to the surface 
•  musrSim for to calculate muon distribution 

•  Less carrier density near the surface 
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Can even see surface effect… 

•  Hydrogen terminated surface makes carrier lifetime longer 

•  As is •  H-terminated 
surface 
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Muonium in intrinsic silicon 

Two Mu sites: 
- Tetrahedral interstitial site (T-site) 
- Bond-centered site (BC-site) 

 
Under RT:  MuBC

+ & MuT
0 

Low T:   MuBC
0 & MuT

0 
 

 

Photo-uSR can describe Mu-carrier interaction 

They may exchange states dynamically, 
especially with carriers 
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Carriers activate the network 

Complex system… 
•  Site-change process 
•  Carrier exchange process 
•  Spin exchange process 

 

mF = 1 mF = 0 

Boils down to … 

yardstick of Δn. But what is the underlying microscopic
mechanism? To answer this question it is necessary to study
the model of Mu dynamics, which was originally used to
analyze RF-μSR data [24], and later applied to a photo-
excited μSR experiment [17]. The four-state model shown
in Fig. 3(a) is based on the three-state model used by Fan
et al., but it has the Mu−T state in addition, which becomes
more important for Δn > 1014 cm−3 [17]. Transition from
one Mu state to another is characterized by a transition rate
Λ, which can depend on the capture cross section σ for
electron/hole, electron/hole density, activation energy, and
prefactor. Because this network is activated upon photo-
carrier injection, the μSR spectrum carries information for
the dynamics of Mu transition, rather than a signal from
static Mu states. To gain the comprehensive picture it is
crucial to study a full μSR time spectrum, where Δn stays
constant throughout. We therefore run the same set of
experiments as Fig. 1 but using a thicker wafer with a
longer carrier lifetime to satisfy this condition (see inset in
Fig. 4). Figure 3(b) shows three representative μSR spectra
out of eight Δn’s. We perform a simultaneous fit for the
spectra with σ’s as global fit parameters, from whichΛ’s are

calculated based on the known Δn. This simulation and fit
have been carried out using QUANTUM [25], a program to
solve the time evolution of the muon spin using the density
matrix method, running on MANTID [26]. See Ref. [20] for
details of this computation. The fit result first tells us
enhanced rates in Λ0=þ

BC and Λþ=0
BC upon carrier injection.

Because the rates are much faster than the HF frequencies
in Mu0BC (<92 MHz), the muon spin is hardly depolarized
in this cycling transition. Second, a high Δn opens two
channels, which “leaks” the MuBC states to the others.
Some of MuþBC escape to the Mu0T state via Λþ=0

BC=T , where
the HF interaction (2 GHz) depolarizes the muon spin—
this is the fast relaxing part in Fig. 3(b). Others are
converted from Mu0BC to Mu−T via Λ0=−

BC=T , which is an
inert, less interactive Mu center with carriers—and this is
the subsequent slow relaxing tail. As Δn decreases, these
channels become narrower, resulting in isolated MuBC.
Slow decay in the lowest Δn in Fig. 3(b) is thus attributed
to Λ0

BC causing the relaxation during the fleeting window
when the cycling MuBC state is in Mu0BC. Based on these
observations, we conclude that the first 1 μs window used
in the lifetime measurement corresponds to primarily fitting
the fast Mu0T relaxation. Tuning the Mu sensitivity in a
higher field (Fig. 2) is equivalent to decoupling the HF
interaction in Mu0T . The sublinear dependence of λ on Δn
(i.e., α ≈ 0.7) stems from the transition path for Mu0BC
leading to Mu−T .
Finally, Fig. 4 shows the carrier decay curve for the long-

lifetime wafer. The curve is apparently different from the
single exponential decay, but it has a shoulder of around
20 μs, where the fast surface recombination driven by
carrier diffusion comes into play. This lifetime spectrum
can be modeled with a simple one-dimensional diffusion
equation for Δnðz; tÞ, Dð∂2Δn=∂z2Þ − ðΔn=τbulkÞ ¼
ð∂Δn=∂tÞ, where D is the carrier diffusion constant.
Because the wafer surfaces have been lapped and chemi-
cally polished, the surface velocity should be >104 cm=s.
We therefore assume a boundary condition on the
surfaces, Δnð0; tÞ ¼ Δnðd; tÞ ¼ 0, and analytically solve
the equation with an initial condition, Δnðz; 0Þ ¼ Δnc.
With D, τbulk, and Δnc as fit parameters, the solid line in
Fig. 4 shows a fit to Δnðd=2; tÞ. The obtained τbulk ¼
2ð1Þ × 102 μs agrees with τbulk ≈ 1 × 102 μs, which has
been measured by the wafer manufacturer (PI-KEM Ltd.)
using the standard PCD method.
In conclusion, excess carrier lifetime in Si has been

measured using photoexcited μSR. This novel technique
enables us to measure τbulk directly by virtue of the
implanted muons as a bulk probe, and can access a wider
range of recombination lifetime (from 50 ns to >20 ms),
injection level, and temperature. The four-state model can
explain the underlying microscopic mechanism about
how λ exhibits the dependence on Δn. The high time
resolution is possible only with a short-pulsed laser, and it
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FIG. 3. (a) The four-state model of Mu in Si under illumination.
The notation of Λ follows the convention in Ref. [17]. Its
superscript and subscript indicate the charge-state and site change
respectively with a slash between before and after the transition.
Λ0
T and Λ0

BC indicate spin exchange interaction in Mu0T and
Mu0BC with conduction electrons. (b) Representative light ON
(ΔT ¼ 0.1 μs) μSR time spectra in 291 K under LF 10 mT for
Δnð0Þ ¼ 1.0 × 1014 cm−3 (circles), 1.6 × 1013 cm−3 (squares),
and 1.4 × 1012 cm−3 (triangles). The solid lines denote the fit
(see text).
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FIG. 4. Carrier decay curve for a 1000-μm thick intrinsic Si
wafer (R > 10000 Ω · cm) in 291 K. Absorption coefficient α
measured in RT ¼ 6.80 cm−1. Solid line denotes the fit (see text),
which gives: D ¼ 12ð2Þ cm2=s, τbulk ¼ 2ð1Þ × 102 μs, and
Δnc ¼ 1.16ð1Þ × 1014 cm−3. (inset) Magnified view shows the
nearly constant Δn for ΔT < 10 μs.
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Carriers activate the network 

Transitions are characterised by 
-  Carrier density 
-  Absorption cross section 
-  Activation energy 
-  etc. 

yardstick of Δn. But what is the underlying microscopic
mechanism? To answer this question it is necessary to study
the model of Mu dynamics, which was originally used to
analyze RF-μSR data [24], and later applied to a photo-
excited μSR experiment [17]. The four-state model shown
in Fig. 3(a) is based on the three-state model used by Fan
et al., but it has the Mu−T state in addition, which becomes
more important for Δn > 1014 cm−3 [17]. Transition from
one Mu state to another is characterized by a transition rate
Λ, which can depend on the capture cross section σ for
electron/hole, electron/hole density, activation energy, and
prefactor. Because this network is activated upon photo-
carrier injection, the μSR spectrum carries information for
the dynamics of Mu transition, rather than a signal from
static Mu states. To gain the comprehensive picture it is
crucial to study a full μSR time spectrum, where Δn stays
constant throughout. We therefore run the same set of
experiments as Fig. 1 but using a thicker wafer with a
longer carrier lifetime to satisfy this condition (see inset in
Fig. 4). Figure 3(b) shows three representative μSR spectra
out of eight Δn’s. We perform a simultaneous fit for the
spectra with σ’s as global fit parameters, from whichΛ’s are

calculated based on the known Δn. This simulation and fit
have been carried out using QUANTUM [25], a program to
solve the time evolution of the muon spin using the density
matrix method, running on MANTID [26]. See Ref. [20] for
details of this computation. The fit result first tells us
enhanced rates in Λ0=þ

BC and Λþ=0
BC upon carrier injection.

Because the rates are much faster than the HF frequencies
in Mu0BC (<92 MHz), the muon spin is hardly depolarized
in this cycling transition. Second, a high Δn opens two
channels, which “leaks” the MuBC states to the others.
Some of MuþBC escape to the Mu0T state via Λþ=0

BC=T , where
the HF interaction (2 GHz) depolarizes the muon spin—
this is the fast relaxing part in Fig. 3(b). Others are
converted from Mu0BC to Mu−T via Λ0=−

BC=T , which is an
inert, less interactive Mu center with carriers—and this is
the subsequent slow relaxing tail. As Δn decreases, these
channels become narrower, resulting in isolated MuBC.
Slow decay in the lowest Δn in Fig. 3(b) is thus attributed
to Λ0

BC causing the relaxation during the fleeting window
when the cycling MuBC state is in Mu0BC. Based on these
observations, we conclude that the first 1 μs window used
in the lifetime measurement corresponds to primarily fitting
the fast Mu0T relaxation. Tuning the Mu sensitivity in a
higher field (Fig. 2) is equivalent to decoupling the HF
interaction in Mu0T . The sublinear dependence of λ on Δn
(i.e., α ≈ 0.7) stems from the transition path for Mu0BC
leading to Mu−T .
Finally, Fig. 4 shows the carrier decay curve for the long-

lifetime wafer. The curve is apparently different from the
single exponential decay, but it has a shoulder of around
20 μs, where the fast surface recombination driven by
carrier diffusion comes into play. This lifetime spectrum
can be modeled with a simple one-dimensional diffusion
equation for Δnðz; tÞ, Dð∂2Δn=∂z2Þ − ðΔn=τbulkÞ ¼
ð∂Δn=∂tÞ, where D is the carrier diffusion constant.
Because the wafer surfaces have been lapped and chemi-
cally polished, the surface velocity should be >104 cm=s.
We therefore assume a boundary condition on the
surfaces, Δnð0; tÞ ¼ Δnðd; tÞ ¼ 0, and analytically solve
the equation with an initial condition, Δnðz; 0Þ ¼ Δnc.
With D, τbulk, and Δnc as fit parameters, the solid line in
Fig. 4 shows a fit to Δnðd=2; tÞ. The obtained τbulk ¼
2ð1Þ × 102 μs agrees with τbulk ≈ 1 × 102 μs, which has
been measured by the wafer manufacturer (PI-KEM Ltd.)
using the standard PCD method.
In conclusion, excess carrier lifetime in Si has been

measured using photoexcited μSR. This novel technique
enables us to measure τbulk directly by virtue of the
implanted muons as a bulk probe, and can access a wider
range of recombination lifetime (from 50 ns to >20 ms),
injection level, and temperature. The four-state model can
explain the underlying microscopic mechanism about
how λ exhibits the dependence on Δn. The high time
resolution is possible only with a short-pulsed laser, and it
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FIG. 3. (a) The four-state model of Mu in Si under illumination.
The notation of Λ follows the convention in Ref. [17]. Its
superscript and subscript indicate the charge-state and site change
respectively with a slash between before and after the transition.
Λ0
T and Λ0

BC indicate spin exchange interaction in Mu0T and
Mu0BC with conduction electrons. (b) Representative light ON
(ΔT ¼ 0.1 μs) μSR time spectra in 291 K under LF 10 mT for
Δnð0Þ ¼ 1.0 × 1014 cm−3 (circles), 1.6 × 1013 cm−3 (squares),
and 1.4 × 1012 cm−3 (triangles). The solid lines denote the fit
(see text).
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FIG. 4. Carrier decay curve for a 1000-μm thick intrinsic Si
wafer (R > 10000 Ω · cm) in 291 K. Absorption coefficient α
measured in RT ¼ 6.80 cm−1. Solid line denotes the fit (see text),
which gives: D ¼ 12ð2Þ cm2=s, τbulk ¼ 2ð1Þ × 102 μs, and
Δnc ¼ 1.16ð1Þ × 1014 cm−3. (inset) Magnified view shows the
nearly constant Δn for ΔT < 10 μs.
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Table A: Equations for the Mu transitions ∗

Mu0BC relaxation Λ0
BC = nvnσ0

BC

Λ0/+
BC = α0/+

BC exp[−E0/+
BC /kBT ] + pvpσ

0/+
BC

Λ0/−
BC/T = nvnσ

0/−
BC/T exp[−E0/−

BC/T /kBT ]

Mu+BC relaxation Λ+/0
BC = nvnσ

+/0
BC

Λ+/0
BC/T = nvnσ

+/0
BC/T exp[−E+/0

BC/T /kBT ]

Mu0T relaxation Λ0
T = nvnσ0

T

Λ0/0
T/BC = α0/0

T/BCexp[−E0/0
T/BC/kBT ]

Λ0/+
T/BC = pvpσ

0/+
T/BCexp[−E0/+

T/BC/kBT ]

Λ0/−
T = nvnσ

0/−
T

Mu−T relaxation Λ−/0
T = α−/0

T exp[−E−/0
T /kBT ] + pvpσ

−/0
T

* These equations calculate the transition rate Λ’s defined in
Fig. 3(a) in the article, where one can find the meaning of
sub/superscript for Λ’s. The same convention applies to α, E,
and σ. Here, kB : Boltzmann constant, n, p: net electron/hole
density [cm−3], vn,p: electron/hole thermal velocity [cm/s], α:
prefactor frequency [MHz], E: activation energy [eV], σ: scat-
tering/capture cross section [cm2].

Table B: Constants for the fitting ∗

T nd ni n p vn vp
[K] [cm−3] [cm−3] [cm−3] [cm−3] [cm/s] [cm/s]
291 5.0×1010 4.5×109 nd + ni +∆n ni +∆n 2.3×107 1.9×107

α0/+
BC E0/+

BC E0/−
BC/T E+/0

BC/T α0/0
T/BC E0/0

T/BC E0/+
T/BC α−/0

T E−/0
T

[MHz] [eV] [eV] [eV] [MHz] [eV] [eV] [MHz] [eV]
3.1×107 0.21 0.34 0.38 2.5×107 0.38 0.15 1.0×107 0.56
* These parameters are used to calculate Λ’s in Table A, and fixed in the fitting procedure.
The net electron/hole concentration, n and p, are calculated for each time spectra in Fig. C
using the corresponding ∆n.

Table C: Fitted scattering/capture cross sections (in cm2) and scaling factor ∗

σ0
BC σ0/+

BC σ0/−
BC/T σ+/0

BC σ+/0
BC/T

1(2)×10−8 3(1)×10−11 1.9(8)×10−9 3(1)×10−12 5.0(2)×10−9

σ0
T σ0/+

T/BC σ0/−
T σ−/0

T Scale

3(4)×10−16 8(9)×10−13 7(8)×10−16 1.0(1)×10−16 18.78(6)
* Cross section σ’s are also necessary for calculating Λ’s in Table A. Together with the scaling
factor, they are the global parameters for fitting the time spectra in Fig. C.

Table D: Calculated transition rate Λ’s (in MHz) ∗

∆n
[cm−3]

Λ0
BC Λ0/+

BC Λ0/−
BC/T Λ+/0

BC Λ+/0
BC/T Λ0

T Λ0/0
T/BC Λ0/+

T/BC Λ0/−
T Λ−/0

T

1.04×1014 3.4×107 7.0×104 5.8 7.4×103 3.1 0.77 6.6 4.0 1.7 0.21
1.56×1013 5.2×106 1.7×104 0.88 1.1×103 0.46 0.12 6.6 0.60 0.26 3.3×10−2

1.43×1012 4.9×105 8.0×103 8.3×10−2 1.1×102 4.4×10−2 1.1×10−2 6.6 5.5×10−2 2.4×10−2 4.8×10−3

* Using the parameters in Table C for the best fit, here is a list of the transition rates for the three repre-
sentative ∆n’s in Fig. 3(b) in the article.
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QUANTUM can solve the mechanism 
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Figure C: Light ON (∆T = 0.1 µs) µSR time spectra in 291 K under LF 10 mT for various ∆n. The plots show
reduced data points for easy viewing. The solid lines denote the fit.

4

Simultaneous fit for different carrier densities 
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Example 
 

Photoexcitation of TIPS-Pentacene 

•  Organic semiconductor 
•  good electronic properties, solubility, 

 and stability 
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Photoexcite an organic molecule 

Bandgap in organic molecule: 
HOMO-LUMO gap 

Highest Occupied Molecular Orbit 
Lowest Unoccupied Molecular Orbit 

Singlet excited state (short lived) 
transferred to triplet excited state (longer 
lifetime) via intersystem crossing 
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What does muon see ? 

•  Excited molecule has different electron wave function 
•  Should change the ALC signal 

ARTICLES NATUREMATERIALS DOI: 10.1038/NMAT4816

Ground state
(before light and muons)

Excited state
(after light pulse)

Muoniated state
(after muon pulse)
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histogram A (light)

Data acquisition
histogram B (no light)

Muon pulse

Figure 1 | A schematic illustration of the molecule under investigation and
the experimental set-up. a, The molecular structure of TIPS-Pn. The labels
are referred to in the text. Sites 1, 2 and 4 can support muonium bonding.
All similarly numbered sites are equivalent, by symmetry. The arrows
correspond to the muonium bonding positions that are probed as a function
of delay time, in Fig. 2c. b, The pump–probe pulse structure in our
experiments. The laser pulse (dark green) is triggered to arrive prior to the
muon pulse (blue), and the delay time between the pulses, TL, is
controllable. The muon pulses are separated by 20 ms, which is determined
by the ISIS synchrotron intrinsic frequency of 50 Hz, whereas the laser is
fired at 25 Hz. The data are then gated to di�erent histograms, depending
on whether a laser pulse directly preceded the muon pulse or not. c, The
di�erent stages of the molecule during the experiment. TIPS-Pn starts out
in the ground state, without a muon probe present. Upon excitation with
light, an excited state is formed, as indicated by the green and pink shading,
which is subsequently probed with a muonium that bonds to one of
the carbons.

the sample and accelerator profile. Further technical details can
be found elsewhere19,22, in the Methods and in the Supplementary
Information.

When implanted intomanymaterials including organic solvents,
the positively charged muons can either thermalize as diamagnetic
species or form hydrogen-like muonium atoms, Mu (ref. 22). Mu is
thought of as a light pseudo-isotope of the hydrogen atom, in which
an electron orbits a muon (µ+) nucleus, which is 0.11 the mass of H
and behaves chemically like a H atom22–26. Due to the unsaturated
bonds and aromatic rings that are present, muonium can react
with TIPS-Pn with almost identical chemistry to a hydrogen atom,
creating an electrically neutral radical. There are three species of
muon in our sample, a diamagnetic and two types of paramagnetic
species: the unbound solvated species with a hyperfine coupling

(HFC) constant of order 4.4GHz, and a number of muoniated
radicals, which have a significantly lower HFC constant for the
muon and other nuclei in the molecule that are dependent on their
local environment.

Indeed, it is these di�erences in HFCs that depend on the muon’s
local environment which give us spatial sensitivity. The unpaired
electron wavefunction in a radical overlaps with the nuclei and
gives a series of hyperfine coupling constants for all the nuclei
with non-zero spin, which are generally much lower than for the
individual free atoms. In the simpler case of gases, liquids or
solutions, only the isotropic parts of the coupling constants need
be considered. When a magnetic field is applied parallel to the
muon’s initial spin polarization, the spin energy levels are split by the
Zeeman interaction. At certain fields, the combination of Zeeman
and hyperfine interactions cause cross-relaxation between themuon
and one of the other nuclei, and a so-called ALC resonance22,27–29.

These resonances are usually plotted as the ‘integral
asymmetry’—the average muon polarization weighted by the
muon lifetime, and take the form of relatively sharp dips. The
amplitude of the integral ALC resonance depends on the hyperfine
coupling of both muon and nucleus. In many aromatic molecules
each radical species has one dominant resonance due to the
↵-proton. The amplitude and width are also a�ected by relaxation
and other dynamics, and the formation rate and probability of that
species. ALCs from di�erent radical species caused by di�erent
addition sites of the muonium will generally be at quite di�erent
fields, so they can be measured individually. Importantly, one
of the main drivers of the relative amplitude of the various ALC
resonances is the reaction kinetics associated with muonium
bonding. That is itself driven by the electrostatic potential, which
of course can be quite di�erent when the molecule is in the ground
state compared to an excited state. We show that our photo-µSR
experiment can spatially probe the molecular excited state and its
role in determining reactivity of the molecule, all at an individual
atom level. Moreover, by changing the pump–probe delay time, TL,
temporal information is obtained as the transient excited species
evolves with time.

Light-induced e�ects on ALC spectra
Figure 2a shows the ALC spectra taken for muonium bound to
carbons 1, 2 and 4 in TIPS-Pn at TL = 130 ns. The laser and muon
pulse are su�ciently separated to ensure that photo-ionization
of muonium or muoniated radicals could not occur30. Figure 2b
shows the ALC from muon–electron and muon–proton (↵-proton)
HFCs predicted from ab initio density functional theory (DFT)
calculations, which can be used to assign the bonding site for
each ALC resonance. The site assignment is in the inset. Further
details of these DFT calculations can be found in the Supplementary
Information. It is immediately clear that photo-excited changes to
the spectra are evident for sites 1 and 2 but not site 4. The largest
changes are evident at site 2, with a clear increase in amplitude,
or area of the ALC, as well as a small shift in the ALC minima
(potentially as a result of a HFC change). There could be an increase
in the width of the lines for both sites 1 and 2, although this is
di�cult to quantify since these ALCs overlap. Figure 2c inset shows
the light-induced change in asymmetry, Adi�, as a function of TL, at
two fixed fields (indicated by the arrows in Fig. 2a), corresponding
to sites 2 and 4 (indicated by the arrows in Fig. 1a). There are
two components present corresponding to ALC spectral changes at
site 2, with di�erent signs and timescales, that are not present at site
4. The 6.5 µs lifetime of the triplet molecular excited state is clearly
evident in the slower component—strong evidence that muonium
is directly detecting the presence of triplet excited states. The ALC
amplitude of this component is reduced in the triplet state. The faster
component, with an increased ALC amplitude, has a timescale of
approximately 1 µs.

2

© Macmillan Publishers Limited . All rights reserved
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Change in ALC spectrum 

•  Site assignment was done 
using DFT calculation 

•  Photoinduced change was 
in Site 2 

NATUREMATERIALS DOI: 10.1038/NMAT4816 ARTICLES
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Figure 2 | The time-dependent ALC measurements. a, ALC spectra with light o� (red) and light on (blue) with a pump–probe time delay of 130 ns. There is
a clear light-induced change in shape of the two ALCs corresponding to sites 1 and 2, manifesting itself predominantly as a shift in position and an increase
in amplitude/area, with the largest changes evident for site 2. The arrows correspond to the fixed fields that were measured as a function of TL. b, Predicted
lineshapes from DFT calculations (see Supplementary Information), from which site assignments can be made. The ALC at around 310 mT corresponds to
site 4, whereas there are two ALCs that partially overlap at around 710 mT, corresponding to sites 1 and 2. c, The pump–probe delay time dependence of
the change in amplitude of the ALC at 710 mT, Adi� =Ao� �Aon. There are two timescales present, one at ⌧f = 1µs and a second at ⌧s =6.5µs, with
opposite signs to the amplitudes Af and As. Lines are guides to the eye, with the lifetimes fixed to values from transient photoabsorption measurements at
1.6 eV and 1.25 eV for ⌧f and ⌧s, respectively35. We note that the statistical error bars as plotted are significantly larger than any systematic errors in this
measurement, which is reinforced by the similarity between the two lifetimes derived from the photo-µSR data, and those extracted from the transient
photoabsorption data. Inset: Corresponding data on the ALC at 314 mT, where there appears to be no change in the ALC as a function of time. Where
shown, in all panels, errors were calculated by taking the square root of the number of events for each detector group, and propagated using standard error
analysis under the assumption of the normal distribution.

Light-induced changes to the ALC spectra can take many
forms—for example, additional resonances could appear or ALC
positions could shift, due to the presence of a distribution of
unpaired spin on the molecule19. There could be a change in
hyperfine coupling constant due to a structural or conformational
di�erence31, an increased electron spin relaxation or exchange32–34,
or a modification of the muonium reaction rate for a given
carbon31. It is extremely unlikely that a conformational change or
unpaired spin can account for this data, as the ALC at around
300mT for site 4 is identical for the light-on and light-o� cases.
Either conformational or unpaired spin changes would modify
the muon–electron and/or proton–electron isotropic hyperfine
coupling (HFC) for all adducts31. For the same reasons, we also
discount localized heating as a result of absorption of the light, since
a relatively small change in temperature is known to significantly
alter the position of the ALC for site 4 (see Supplementary Fig. 4).
We also believe that electron spin relaxation and/or spin exchange
cannot account for these changes—as it is known to a�ect all ALCs
in a similar fashion in the solid state32,33, there is no associated
increase in relaxation rate and it cannot account for all of the features
in the time-dependent data (see the Supplementary Information).
To explain our observations, one must invoke the mechanism of
radical formation from the solvated muonium. Muons thermalize
very quickly, in less than 1 ns (ref. 22), with the final result in fully
saturated organic solvents being a mixture of solvated muonium
and unresolved diamagnetic muon states. The muonium then
chemically reacts with the unsaturated or aromatic solutemolecules,
and if this final stage is not su�ciently prompt, then a number of

features are observed in the data, which evolve with the reaction
rate. These features, discussed below, are not present in the other
candidate mechanisms mentioned above.

Interpreting the ALC spectra
In a weak transverse field (WTF), the energy di�erences between
the two triplet transitions

|mµ,mei=|1/2, 1/2i! (|1/2,�1/2i+|�1/2, 1/2i)/p2

and

(|1/2,�1/2i+|�1/2, 1/2i)/p2! |�1/2,�1/2i
are equal and relatively small, resulting in low-frequency Rabi
oscillations22,27. The WTF spectra shown in Fig. 3a,b demonstrate
a clear triplet precession signal (fast oscillation) superimposed on
the precession from the diamagnetic muons (slow oscillation).
The triplet precession results from muonium that stop in the
unbound state, either in the SiO2 window or the solvent. For
muoniated radicals, the magnetic field at which the Zeeman
splitting becomes nonlinear (that is, the two triplet transitions
have a di�erent energy) is significantly lower and the proton
coupling splits the triplet energy di�erence. Given there aremultiple
radical states with di�erent muon–electron and proton–electron
HFC, the resulting signal is rather more complex, comprising of a
superposition of multiple beating signals. We note that this will be
also true for muonium addition to the triple bond of the sidegroup,
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How can we understand it 

•  Understanding the change in ALC is not easy 
•  DFT calculation predicts more electron density near Site 2 
•  Site 2 becomes more reactive 
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Figure 4 | Consistency checking with ground-state muon measurements. a, Longitudinal field repolarization data taken on the EMU spectrometer at ISIS
in the ground state, using a well-characterized sample cell made from Ti. The data shows a clear two-step repolarization curve, corresponding to a radical
fraction and solvated muonium. The lines correspond to the expected repolarization curve for just a radical (red) and a combined radical and solvated
muonium state (blue). HFCs of 80 MHz and 4,463 MHz were used for radical and solvated muonium, respectively. Errors were calculated by taking the
square root of the number of events for each detector group, and propagated using standard error analysis under the assumption of the normal distribution.
b, The di�erence between the LF asymmetry for light on and o�, ALF =Aon �Ao�, for TL = 130 ns, using the HiFi spectrometer and the laser sample cell. A
very small change at intermediate fields is present, which is consistent with a change in reaction rate dynamics in the slow limit or overall population
reduction of the solvated muonium (see text). The line is a guide to the eye, representing the functional form expected from light-induced changes. Errors
were calculated by taking the square root of the number of events for each detector group, and propagated using standard error analysis under the
assumption of a normal distribution. c, The electrostatic potential map of the ground state S0 and triplet excited state T1 generated from DFT calculations
(see text). On the end of the backbone, the charge is more spread when the triplet is present, resulting in a reduction in charge around the bond between
carbons 1 and 2. This is most easily demonstrated by plotting the di�erence between T1 and S0, which is shown in the top centre of c. Here, the colour scale
is amplified by a factor of 20, such that the red regions demonstrate a reduction in electron density of about 5%, and blue corresponds to an increase in
electron density of about 5%.

inferred that TIPS-Pn undergoes a photoinduced inter-molecular
4 + 4 cycloaddition via a⇡-dimerization process35. However, we see
little evidence for the reaction rate of muonium with site 4 being
enhanced by excitation, probably because muonium chemistry is a
good model for radical reactions, whereas dimerization of TIPS-Pn
is an electrocyclic reaction.

Quantum chemical calculations were used to explore the
electrostatic potentials that promote or inhibit molecular
interactions, and to identify regions of the TIPS-Pn molecule
with higher chemical reactivity. DFT was used with the B3LYP

functional and cc-pVDZ basis set embedded in the Gaussian
package37. After geometry optimization, the atomic charge
distribution within the molecules along with its electronic volume
was determined by a population analysis of the molecular orbitals.
The surface enclosing 99% of the electronic density was calculated
on a grid from the molecular orbital coe�cients. The molecular
electrostatic potential (MEP) was mapped38 onto this surface
(Fig. 4c) for both ground state and triplet state. The potential
becomes significantly less negative around the bond between
carbons 1 and 2 when the triplet excited state is present, as a
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Planning an experiment 

–  Photons are everywhere 
 
But you have to carefully plan your experiment: 
–  Muon/Photon spatial overlap 
–  How do photon/muon interact? 

•  Sometimes you have to fight diluted nature of muon 
•  e.g. photocarriers in Si diffuse and “find” Mu 

–  Ideal to know either optical character or muon signal 
–  More heating in lower T (heat capacity proportional to T3) 
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Optical spin orientation + µSR 

Optical spin orientation & ZF-µSR 
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