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Abstract

We present results for the lifetime of the orbital transitions of Bi donors in Si, measured us-

ing both frequency domain and time-domain techniques, allowing us to distinguish between ho-

mogeneous and inhomogeneous processes. The proximity of the energy of the optically allowed

transitions to the optical phonon energy means that there is an unusually wide variation in the

lifetimes and broadening mechanisms for this impurity, from fully homogeneous lifetime-broadened

transitions to fully inhomogeneously broadened lines. The relaxation lifetime (T1) of the states

range from the low 10’s to 100’s of ps, and we find that there is little extra dephasing (so that T1

is of the order of T2/2) in each case.
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I. INTRODUCTION

Donors in silicon have been studied extensively due to their uses in silicon electronics.

Since the proposal of silicon donor based quantum computing schemes1 research has moved

towards producing single donor based qubits2. Most effort has focused on the phosphorus

donor, with the placement and spin readout of single donors recently demonstrated3. Al-

though the record qubit memory storage times have been found for 31P donors in bulk 28Si4,5,

bismuth donors in silicon have a number of advantages for quantum information processing,

due to having a large nuclear spin (IN = 9/2) and large hyperfine coupling, providing e.g.

“clock transitions” which are immune to field noise6,7.

Orbital transitions are also important parts of the tool kit, with one qubit gating scheme

utilizing them to provide the gating mechanism8. In the time domain, phosphorus is well

studied with respect to orbital transitions, and pulsed experiments have revealed population

relaxation times 9,10, dephasing times 11 and free-induction decay or Ramsey interference

times 12. Bismuth has gained further attention since its state might be prepared with an

optical pumping scheme similar to that used for free alkali metal atoms13.

While the excited states of all the Group V impurities have very similar binding energies,

their ground states are affected by a chemical shift, which is particularly large in Si:Bi; the

orbital transitions are thus at much shorter wavelength14–16, in fact, just within range of

quantum cascade lasers, which could therefore be used for optical pumping in Si:Bi. In

order to understand the optical pumping process, it is important to study the relaxation

dynamics.

Now, absorption spectroscopy provides valuable information on the linewidth, and in

the case of homogeneous broadened lines this can be related to the dynamics. The line

width is generally given by a convolution with inhomogeneous effects17, although progress

in sample preparation has allowed observation of homogeneous lines in Si:P and Si:B18.

Where the lines are not clearly homogeneous, time-domain measurements must be used to

extract the dynamics instead. The Si:Bi system is interesting because the 2p states are

resonant with the optical phonons contrasting with higher excited states which have no

direct phonon relaxation pathway. A range of dynamical processes are therefore available in

a single system.

In this work we present measurements of the lifetime of the excited Bi donor orbitals us-

3



ing time domain pump-probe techniques with the free electron laser facility FELIX, which

we then compare with a new analysis of previously published Fourier Transform Infra-Red

(FTIR) spectroscopy13 from which we extract the homogeneous components of the absorp-

tion lineshape. There are currently no reports of time-resolved (pump-probe) spectroscopy

for Si:Bi in the literature.

II. BACKGROUND

The level spectrum of Group V donors in silicon is hydrogen-like16,17,19. It is complicated

by the fact that the conduction band minima are near the X-point of the Brillouin Zone,

and the effective mass is anisotropic, which lifts the degeneracy between the p± and the

p0 odd-parity excited states. The ground state is further affected by the species-specific

chemical shift, also known as the central cell potential, which deepens and splits it into

three components of different symmetry, 1s(A1, E, T2). The binding energy of the lowest

energy component, 1s(A1), is strongly species dependent: for Si:P it is 45.59 meV and for

Si:Bi it is 70.98 meV1617. The binding energies of the 1s(E, T2) components are ∼32 meV

with a relatively small splitting and variation among the species of ∼ 2 meV20. The odd

parity states such as 2p0 are also split into A1, E, T2 components but the splitting and

species variation are negligible. The optically allowed transition from 1s(A1) is for example,

to 2p0(T2). The energy levels are shown in Fig. 1.

In Si:Bi the transition energy from the ground state to the first odd-parity excited state,

2p0, is very nearly resonant with the transverse optical (TO) phonon energy, producing

a very fast relaxation directly back to the ground state and a very wide homogeneously

broadened absorption line14,16. Higher excited states, with transitions back to the ground

state that are further from resonance with the TO phonon, are longer lived, and sharper.

For these higher states, direct relaxation by a single TO phonon becomes forbidden, and

a cascade process is required involving relaxation down the ladder of excited states. The

energy of each of these steps is small (the binding energy of 2p0 is 11.5 meV, 2.8 THz) and

can only involve acoustical phonons. The momentum of these phonons is small (maximum

∼ 0.3× 2π/a) and it is likely that they produce dominantly intravalley transitions, though

at the highest energy they could also produce intervalley g-phonon transitions. There are

limited calculations on the phonon relaxation rates.
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FIG. 1: Energy level diagram of Bi donors in Si, values from Refs14–16,20. The left hand side shows

the phonon density of states (DOS) from Ref.21 and indicates the position of the transverse optical

(TO), longitudinal optical (LO), transverse acoustic (TA) and longitudinal acoustic phonons. The

scale on the right hand side is the energy difference between the ground state and the excited

orbital states.

The phonon matrix element is small when there are no large Fourier components of

the product of the initial and final wavefunctions at q = ∆E/~v where ∆E is the energy

difference between the states and v is the sound velocity. Values for emission rates of

intravalley phonons between pairs of the excited states 2p0, 2s, 2p±, 3p0 and 3p± have been

given by Ref.22. In the case of the 2p0, 2s, 2p± and 3p0 all possible downward transition

rates among the four states are given, and the fastest rate in each case is for emission of an

intravalley LA phonon to the 2p0. The lifetimes for intravalley LA phonons for 2p± → 2p0

and 3p0 → 2p0 relaxation are 70 ps and 40 ps respectively, while emission of lower energy

phonons e.g. from 3p0 → 2s etc or emission of TA phonons is much slower. For 3p±, only

rates for relaxation to 3p0 and 2p± were given by Ref.22, not 3p± → 2p0, which may well be

dominant since relaxation to 2p0 dominates the 2p± and the 3p0. These intervalley transition

5



rates between excited states are presumably independent of species. Intravalley acoustical

phonon relaxation lifetimes from the excited states to the 1s state are also given22, but

excluding the effects of the central cell correction. There is no calculation of the relaxation

from the excited states to the 1s(E, T2) via intervalley or intravalley phonons including the

central cell correction other than for 2p0 and the 1s(E) and 1s(T2)
22, but these acoustical

phonon rates are presumed to be irrelevant in the case of Si:Bi where 2p0 → 1s(A1) by

optical phonon emission is very fast. It seems reasonable to expect that the trends should

continue, which would predict that for Si:Bi the relaxation is by either direct relaxation

with an optical phonon (for the lowest states) or by a two-step cascade relaxation from the

excited state to the 2p0 by LA phonon emission followed by optical phonon emission back to

the ground state. It is worth noting here that as in Bi, the higher lying states in the more

shallow P and B impurities in 28Si sharpen with increasing state number18. Trends are rather

difficult to identify, but evidently the matrix element drops as the quantum number rises,

but not in a simple monotonic way. More theory is required to understand the relaxation

mechanisms from the higher states.

Population inversion and lasing from the 2p± to 1s(E, T2) states in Si:Bi pumped with

a CO2 laser, but not from 2p0 or 2s is consistent with the model of fast phonon mediated

relaxation from the 2p0 and 2s states and much slower relaxation from the higher states23.

There are a number of sources of inhomogeneity that affect the spectroscopy. Concen-

tration broadening of the excited state causes a rather sudden rise in the inhomogeneous

broadening when excited states begin to overlap. At 1(2) × 1014 cm−3 (appropriate for

our samples) the mean nearest neighbour separation is about 120(95) nm. In absorption

spectra from samples with this concentration we observe transitions for which the excited

state has a radius less than this i.e. the 6p state, whose radial extent may be estimated

to be n2a0 = 110 nm. More precise effective mass calculations following Ref19 produce
√

〈r2〉 = 81 nm. Excited states with a higher quantum number overlap with their neigh-

bours, broadening the corresponding lines to the point where they are not observed in

absorption spectroscopy. Stark broadening produced by random electric fields produced

by ionized traps also affects the excited state, but can be eliminated by illumination with

light just below the band edge (as we did here for our spectroscopy measurements). The

isotopic composition primarily affects the ground state. The nearest neighbor (NN) Si iso-

tope arrangement produces discrete states, which are clearest in the chalcogen donors24,25,
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where the total mass in the four NNs produces a significant shift in the energy. The isotopic

randomness beyond the NN shell is responsible for the inhomogeneous broadening.

III. THEORY

It should be mentioned that different communities use different notations for different

dynamical timescales such as the pure dephasing and inhomogeneous broadening times, and

so we list some definitions for ease of reference. In the case of a neutral atomic system with

discrete levels, excitation produces exponential relaxations of both the coherent polarisation

P (t) = P0 exp(−
t

T2
) (1)

in the rotating frame and the excited density

N(t) = N0 exp(−
t

T1
) (2)

with lifetimes T2 and T1 respectively. For a classical oscillator the polarization amplitude is

proportional to the square root of the energy, and therefore decays half as fast. Similarly,

in the case that the atoms are all identical, with no perturbations to atoms in the excited

state other than the population relaxation out of it, then:

1

T2
=

1

2T1
. (3)

Additional perturbations that disturb the phase of the excited state but do not cause relax-

ation add to the dephasing rate
1

T2
=

1

2T1
+

1

Tx
(4)

where 1/Tx is the rate of loss of coherence due to the additional dephasing. In the case that

the atoms are not all identical, then the decay of macroscopic coherences, i.e. free induction

decay, occurs on a time scale that is shorter than T1 or T2, and we may write

1

T ∗
2

∼
1

T2
+

1

Tinhom
(5)

where Tinhom is the timescale of the inhomogeneous phase loss, and T ∗

2 is the overall phase

loss timescale. It should be mentioned that different communities use different notations for

the different timescales, and since Tinhom is anyway not well-defined, neither is T ∗

2 . We shall

make an explicit definition that applies to our case below.
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In a time-domain, pump-probe experiment the transmission of the sample after an exci-

tation pulse follows the same exponential decay as Eq. (2). For relaxation via intermediate

states additional decay components can appear in the transmission. In the case of a short-

lived metastable intermediate state the degenerate pump-probe transmission transient is

unaffected, but for a long lived intermediate state the pump-probe shows one exponential

component for the empying of the excited state and one for the refilling of the ground

state. If the relaxation pathway involves ionization and recombination, then the associated

transmission transient is a reciprocal decay not exponential.

The theory of frequency domain linewidths is just as complex. If the polarisation decays

according to Eq. (1), i.e. a homogeneously broadened line for which the line centre is the same

for all oscillators and the only perturbations that disturb the excitation are independent and

identical for all oscillators, then the absorption spectrum can be obtained from the Fourier

Transform of Eq. (1) and the resulting spectrum has Lorentzian shape. The Full-Width at

Half Maximum (FWHM) of the Lorentzian in angular frequency is

γ =
2

T2

. (6)

When the line is inhomogeneously broadened we can find the spectrum if we know the

probability distribution for the line-centres. If this distribution is a Gaussian then the overall

lineshape that arises is the Voigt profile.

With the Voigt profile we may make a more precise statement about the contributions to

the line width than that given in Eq. (5). Clearly, if γ and the FWHM in angular frequency

of the Gaussian, β, are very different in magnitude, then the FWHM of the Voigt profile,

which we call α, tends towards the larger of the two. A suitable approximate analytic

expression for α is thus

α = (1− x)γ + (βn + (xγ)n)1/n (7)

where x and n are dimensionless parameters. If we define

α =
2

T ∗

2

and β =
2

Tinhom
(8)

then we recover Eq. (5) for n = 1. A much better fit26 to the Voigt FWHM is obtained with

n = 2 and x = 0.4654, for which the maximum inaccuracy is 0.02 %. Thus

1

T ∗

2

=
0.5346

T2
+

√

1

T 2
inhom

+
0.2166

T 2
2

(9)
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A fit of the Voigt profile allows extraction of γ, but the fit becomes less well constrained

as γ/β becomes small.

IV. SAMPLES

The samples were produced at IKZ in Berlin27. Samples studied were single crystal

silicon doped with bismuth, grown with the float zone (pedestal) technique, in the 〈100〉

orientation. Samples were cut from the same rod to 1 mm thickness with the surfaces

chemically and mechanically polished with a 0.5◦ wedge to reduce interference effects from

multiple reflections. One piece was doped with 1 × 1014 cm−3 Bi atoms and used for the

absorption measurements, the other with 2 × 1014 cm−3 Bi atoms was used for the time

domain measurements. As mentioned earlier concentration broadening is not expected to

be different between the two samples, and the samples were of similar quality in all other

respects.

Samples were of high crystal quality, with absorption and luminescence showing a low

defect density. Both had a residual phosphorus doping, at least an order of magnitude lower

concentration than the Bi donor.

In both frequency domain and time-domain experiments the samples were housed in a

Janis super-vari-temp cryostat, with polymer windows, either immersed in superfluid He at

1.6 K, or cooled by flowing He vapour for measurements above 4.2 K. Sample temperature

was monitored using a calibrated diode temperature sensor. For the time resolved experi-

ments, the cryostat had HDPE windows on the outer vacuum chamber and cold polypropy-

lene windows on the sample chamber. For the FTIR measurements both sets of windows

were polypropylene. The samples were held strain free in a pouch. For the time resolved

experiments, this was made using a piece of PCB and copper foil. Illumination of the sample

was through a hole in the PCB.

V. TIME-DOMAIN PUMP-PROBE SPECTROSCOPY

The relaxation lifetimes of the excited states were measured via a balanced version of the

pump-probe experiment, where a third pulse was used as a reference to balance out shot-to-

shot noise and drift, see inset to Fig. 2. A strong pump pulse resonant in energy with the
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transition of interest bleaches the absorption of the subsequent weak probe pulse, inducing

maximum transmission. As time between the two pulses increases and more carriers relax

back to the ground state, the absorption recovers. Since the probe absorption is proportional

to the population difference between the ground and excited states the recovery time of the

absorption is T1.

Light was provided by the Dutch free electron laser FELIX, as intense, bandwidth limited

pulses in the THz region of interest. The light arrived in macro-pulses of ∼ 8 µs length at

10 Hz repetition rate, each containing a train of micro-pulses of ps duration at 25 MHz

repetition rate. The spectral bandwidth was set to about 0.3% r.m.s., giving a Gaussian

temporal profile of order 4 ps duration.

Each laser pulse was split into a pump pulse and a probe pulse using a pellicle beam

splitter. The probe was then split into two identical pulses, one of which acted as a reference.

The reference pulse was time delayed by 20 ns and placed co-linear with the probe at the same

beamsplitter using a telescope arrangement which compensated for any transverse jitter of

the probe. The probe and reference then followed the same path, through the sample and

onto a liquid nitrogen cooled HgCdTe detector. The time delay between the pump and probe

was set by varying the path length of the pump using a mechanical translation stage. Both

beams were incident on the sample, separated by an angle of about 20◦. To reduce the effect

of scattered pump light on the detector the polarisation of the pump was set orthogonal to

the probe and an analyser was placed in front of the detector. The intensity of the pulses

was adjusted using wire grid attenuators. The beam spot on the sample had a diameter of

about 1 mm. The probe and reference were measured using the same detector, by biasing

the detector at 25 MHz, with the probe arriving during the positive bias and the reference

during the negative bias using a phase locked amplifier circuit. A zero response of the circuit

was produced when the probe and reference were in a balanced state. Any change in the

absorption due to the pump pulse unbalanced the detector and a response was measured.

The signal was recorded using a National Instruments PXIE-5162 oscilloscope, with a

digital boxcar average across the macro-pulse. Each time dependent pump-probe experiment

was measured 3 times and averaged.

Experimental pump-probe results for the 2p±, 3p± and 4p± are shown in Fig. 2, with the

extracted T1 times quoted in the figure. These time domain measurements were performed

at 1.6 K in superfluid He. The measured lifetimes were obtained from an exponential fit to
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the decay curve, with an equation of the form:

S(t) = C +
1

2
(1 + erf((t− t0)/tR))[Ae

−(t−t0)/T1 +D] (10)

where the factor involving the error function with time constant tR represents the smooth

population rise during the pump pulse, convolved with the probe pulse. At t = −∞ the

balancing technique should ensure that S = 0 and C should therefore be very close to 0,

as observed in Fig. 2. The time at which the pump arrives, t0, is arbitrary, but fixed to be

the same for all experiments. The jump in transmission produced by the pump is A and T1

is the lifetime of the upper state. The parameter D is related to the long lived population

in intermediate or higher excited states or ionisation. The functional form of Eq. (10) is

only appropriate for a single exponential decay, and is not appropriate for the case where

there is an initially fast relaxation to an intermediate state followed by a slower decay back

to the ground state discussed in the introduction, but no double exponential decays are

visible in the raw data. We expect and generally find that D ∼ 0 for the low lying states

at low temperature and low illumination density, and D increases for higher lying states,

temperatures and laser energy density in line with increased ionisation probability. The

orbital level trend in D is seen in Fig. 2.

Errors were found from bootstrapping. In this process, statistically large numbers of

artificial datasets of the same size were produced by randomly selecting points from the

original dataset (with replacement, i.e. the same point may appear multiple times). Each

artificial dataset was fitted in the same way using the best fit parameters as the starting

point. The artificial dataset fit can sometimes fall into a local minimum, and those producing

large Euclidian distance from the starting values were pruned. The standard deviation in

a given fit parameter of the remaining bootstrap sets was used as its error. The resulting

values of T1 are shown in Fig. 2.

Finally we note that at high FELIX intensity where multi-photon processes might be

important, the transients look different, and a long tail appears. The pump intensity was

varied, over a range of attenuation from 0 to 10 dB. The data of Fig.. 2 were taken at the

higher end of the intensity dependence (0, 0 and 5 dB for Fig. 2 a, b and c respectively),

where the tail is just starting to appear. All of the T1 values from lower intensity experiments

down to 10 dB lie within the confidence intervals stated on Fig. 2.
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FIG. 2: Pump-probe data measured from the (a) 2p±, (b) 3p±, and (c) 4p± transitions of the

2 × 1014 cm−3 Si:Bi sample, measured at 1.6 K with pump energy of 400 nJ, 360 nJ and 100 nJ

per micro-pulse respectively. The laser bandwidth used was 0.3% of the central frequency. The

red line is the fit to the data using Eq. (10), with the extracted lifetimes shown in the plot.
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VI. FREQUENCY DOMAIN FTIR SPECTROSCOPY

The transmission spectrum was produced with a Bomem DA 8 FTIR with a resolution of

0.02 cm−1 (6× 10−4 THz) and previously reported in Ref.13. The transmission was ratioed

with a background spectrum, to find the absorbance A = − log10(I/IB). The results for

transitions 1s(A) → 2p± to 1s(A) → 6p± are shown in Fig. 3.

It is clear that, apart from the broadening, each line in Fig 3 has the same structure,

which is therefore all due to effects on the common ground state. The principal doublet

structure is due to the hyper-fine interaction which produces two states with the electron

spin either aligned or anti-aligned with the nuclear spin, with total spin either F = 4 or

F = 5 and splitting with frequency ∆hf . The hyperfine interaction is negligible in the odd

parity excited states, which have a node at their centre. At Lq He temperature all ground

state sublevels are equally populated, and total occupation probability is given simply by the

multiplicity. The ratio of the areas under the lines is therefore expected to be 1 : b = 11 : 9,

because the nuclear spin, IN = 9/2, and this is very close to observation.

There is also a clear secondary doublet shifted to slightly lower frequency. Again, the

same secondary doublet structure is observed in each line, so it must also be an effect in

the ground state. We identify it with the arrangement of nearest neighbour silicon isotopes.

This effect has previously been observed with the deeper S and Se impurity levels in silicon24.

Heavier isotopes have smaller zero-point fluctuations, and this leads to a correction to the

shape of the local crystal potential28. Since the four nearest neighbours are most important

in determining the central cell correction29, contributing half of the binding energy, it is the

isotope arrangement of these atoms that is most influential. All the non-nearest host atoms

contribute an average effective mass and the precise isotope arrangement is unimportant.

The central cell correction has little effect on the excited states. As the measurements were

made in natSi which has 92.2 % 28Si (with the rest 29,30Si) we expect a probability of all

4 neighbours being 28Si to be P = 72 %. The secondary doublet arises from the other

less likely combinations. The ratio of the areas under the primary and secondary doublets,

c, is thus expected to be c = (1 − P )/P = 0.4, which is very close to observation. As

there is a range of the less likely combinations in the secondary doublet, it has thus broader

inhomogeneous line-width than the primary doublet, but there is no reason to expect a

different homogeneous contribution to the linewidth.
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Upper state 2p± 3p0 4p0 3p± 5p0 4p± 4f0 5p± 6p±

Frequency (THz) 15.617 15.836 16.361 16.409 16.619 16.633 16.704 16.809 16.900

Absorption (×10−4) 5.65 0.48 0.17 1.47 0.18 0.46 0.15 0.39 0.13

TABLE I: Line centre of the lower frequency component of the principal hyperfine split doublet

(orange curves in Fig. 3). Note these values are in units of frequency, ν = ω/2π. The dimensionless

quantity proportional to the absorption an(1 + b+ c+ bc)/ωn measured for each state.

The model described above for the origin of the lines leads to the following line-shape

function, which we used to perform a fit of the measured absorbance of the n’th line:

An(ω) = an
[

V (ω;ωn, γn, β
(p)) + bV (ω;ωn +∆hf , γn, β

(p))

+ cV (ω;ωn + δ, γn, β
(s)) + bcV (ω;ωn + δ +∆hf , γn, β

(s))
]

(11)

where V (ω;ω0, γ, β) is the Voigt profile at angular frequency ω with line centre ω0 and

FWHMs γ and β for the Lorentzian and Gaussian parts respectively.

In this lineshape function we have assumed: that the homogeneous linewidth (γ) is the

same for all four components; that the inhomogeneous linewidth is different for principal and

secondary doublets (β(p) and β(s) respectively); that the principal and secondary doublets

have the same hyperfine splitting (∆hf); and that the line strengths in the secondary doublet

are in the same ratio (b = 9/11) as the principal doublet. Furthermore, we assumed that

β(p), β(s),∆hf , δ and c are independent of the state n (five global parameters), which leaves

ωn, γn and an as the three transition-dependent parameters. We discuss the effect of relaxing

the assumptions at the end of this section.

The hyperfine splitting from this data is ∆hf = 7.33 ± 0.04 GHz. The value is in good

agreement with electron spin resonance measurements7 of the hyperfine constant 1.4754 GHz,

leading to an expected splitting ∆hf = (IN + 1/2)1.4754 = 7.377 GHz. The frequency ωn,

i.e. the line centre of the lower frequency component of the principal doublet is shown in

Table I.

The normalisation implies that
∞
∫

−∞

dωAn(ω) = an(1 + b + c + bc) so an has units of

absorbance times angular frequency. Therefore an(1 + b + c + bc)/ωn is a dimensionless

measure of the absorption that is independent of the broadening, and simply proportional

to the cross-section, the oscillator strength and the square of the dipole moment. This value

for each state is quoted in Table I.
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FIG. 3: Fits to the FTIR data. From the top left the lines are: 2p±, 3p0, 4p0, 3p±, 5p0/4p±, 4f0,

5p±, and 6p±. See text for details of the fitting. The experimental absorbance vs. frequency is

shown with the blue points and the combined Voigt fit with the red lines. The orange and grey

lines are the principle, and the purple and green lines, the secondary components to the total fit.

The dashed lines are used to separate the 5p0 from the 4p±. FTIR data from Ref.13.

The values of T2n = 2/γn from the fits are given in Fig. 4, along with the values of

T ∗

2n = 2/αn, the inverse of the FWHM of V (ω;ωn, γn, β) for the principal doublet.

We tried a completely unrestricted fit, i.e. γ
(p)
n and γ

(s)
n different for principal and sec-

ondary doublets, and all parameters including β
(p)
n , β

(s)
n etc were allowed to vary with n. We

did not obtain any interesting difference in the fit values for the important quantities ωn, γn

and an, but the bootstrap errors for every transition were at least an order of magnitude

larger (due to correlations between the fit parameters), and these are the errors shown on

Fig. 4, since they represent the systematic errors produced by the assumptions in Eq. (11).

VII. DISCUSSION

Values of 2T1 from the pump-probe decay are shown on Fig. 4 for comparison with

the values of T2 derived from the absorption spectra, showing a broad agreement within
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FIG. 4: Comparison of time-domain and frequency domain results. (Black circle) T2 = 2/γ ps

from fits to the absorption spectra described in the text, (red triangle) the T ∗
2 = 2/α from Eq. (9)

using data from the fits to the absorption spectrum, (blue square) 2T1 from the pump-probe

measurements, and (purple diamond) 2T1 from the theory of Ref.22. The T2 value for the 6p± is

off the scale, and this line may be considered completely inhomogeneously broadened. Inset: a

Log-Log plot showing a comparison between the T ∗
2 as a function of T2 calculated either exactly,

or approximately using Eq. (5) or Eq. (9), with a constant Tinhom. The results from Eq. (9) and

the exact inverse FWHM of the Voigt profile are indistinguishable on the scale shown in the figure.

experimental error. It is clear that T2 = 2/γ for the 2p± state absorption agrees very

well with 2T1 from the pump probe, leading to negligible extra dephasing (1/Tx ≃ 0). The

residual P concentration provides centres with an lower binding energy than the laser photons

used, and could therefore produce extra conduction electrons. Evidently they had no effect

on the dephasing. For the 3p± and 3p0 states, the agreement is also good, although the

uncertainty in 2/γ is much higher due to the difficulty in extracting γ from the Voigt profile

when γ < β (and the same is true for the other excited states on Fig. 4). The uncertainty

in T1 is also higher in these cases due to the weaker transitions. The FWHM of each line, α,

is much better determined, and its inverse, T ∗

2 , is systematically shorter than the 2T1 or T2

value discussed above, and, for the higher lying states, independent of the state because of

our assumption of fixed β. The small error in T ∗

2 , found when this assumption was relaxed,
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justifies the state independent β.

As measured above, the 1s− 2p0 transition shows a very broad line, because the energy

matches that of the optical phonons, producing a very fast decay rate, and we were not able

to obtain a pump-probe signal from this transition. The 1s−2p± transition is probably also

influenced by its close proximity in energy to these optical phonons, producing a shorter

lifetime than the same transition in other donor species.

The lifetimes for 2p± and 3p± seem broadly consistent with the calculated intra-valley

relaxation to the 2p0 state
22 (Fig. 4 diamonds), indicating that they are likely to be respon-

sible for the first step in a two-step cascade, followed by TO phonon emission to the ground

state.

More pump-probe data on other lines would also be useful however as shown in Fig. 3

are either significantly weaker or close together. The experiment of Fig 2 c on the 4p± was

at our sensitivity limit, and Fig. 3 e shows the absorbance to be 0.1 in that case. The next

strongest line, 5p± has similar absorbance but is spaced less than 0.1 THz from adjacent

lines. The bandwidth limited pulses from FELIX have a width of 50 GHz r.m.s. making

it difficult to separate contributions from the adjacent excited states. For higher doped

samples, which would give a stronger absorption, the higher lying wavefunctions overlap,

and for thicker samples beam overlap becomes a problem.

VIII. CONCLUSION

In summary, the FTIR and pump-probe data are complementary. We have shown that

in the case of Si:Bi, the low energy transitions are mainly homogeneously broadened, and

that there is little, if any extra dephasing, i.e. T2 = 2T1. For the higher lying lines the

homogeneous broadening becomes unimportant relative to the inhomogeneous broadening,

i.e. the Lorentzian component in the spectrum is obscured. Isotopically pure 28Si doped

with Bi would be very interesting from this point of view. In the absence of such samples, it

is very difficult to unambiguously obtain T2 for those high-lying lines. For some transitions

the pump-probe technique is able to obtain T1 in this situation, though it also becomes more

and more difficult as the high-lying lines become weaker and closer together. A two step

cascade via the 2p0 state seems the most likely relaxation process for the excited orbital

states of Si:Bi.
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