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Abstract 16 

We investigate the spin relaxation under conditions of optical excitation between the Rydberg 17 
orbital states of phosphorus donor impurities in silicon. Spin preservation is useful for readout 18 
cycling or in quantum information schemes where coupling of neighbor qubits is via orbital 19 
excitation. Here we show that the spin relaxation is less than a few percent, even after multiple 20 
excitation/relaxation cycles. 21 

Introduction 22 

Optical spin pumping of alkali atomic vapor produces a non-equilibrium spin-state through 23 
spin selective excitation and spin randomizing relaxation, so that atoms in the selected spin 24 
state are gradually depleted through successive excitation/relaxation cycles. This process is 25 
crucial for signal enhancement in spin resonance experiments and devices like atomic clocks.  26 
Such a technique would be of great interest in the case of shallow silicon impurities, for the 27 
state preparation in quantum information technologies [1], and indeed proposals exist for solid-28 
state versions of the atomic clock [2,3]. On the other hand, spin preservation during relaxation 29 
will be helpful in quantum gating schemes that involve an excitation and de-excitation cycle 30 
[4]. It is crucial for such applications that the spin returns to a definite state ready for the next 31 
operation, and in the present work we show that this is indeed true. The lifetime of spins in the 32 
ground state is very long at low temperature, so simple thermalization cannot be relied upon to 33 
reset the spin [5]. 34 
 35 
Group V donors in silicon are hydrogenic and similar to the free alkali atoms they have a single 36 
spin ½ electron loosely bound to a singly positively charged ion. The main difference in the 37 
Rydberg excitation spectrum of the alkali vapor and the donor is that the high dielectric 38 
constant and low effective mass of the donor host produce a much smaller binding energy of a 39 
few tens of meV. As the donor is in contact with a solid host whose Debye frequency is also a 40 
few tens of meV, there are plenty of vibration modes available giving a phonon emission rate 41 
that is much higher than the radiative emission rate. The lower frequency and larger radius (of 42 
the orbital states) reduce the spin-orbit (SO) coupling, and there are almost no situations when 43 
it is experimentally observable in the Rydberg spectrum above the broadening produced by the 44 
phonon relaxation. SO coupling is not visible in the optical excitation even at high magnetic 45 
field – only transitions with ∆me=0 are observed. Those with ∆me=±1 would be split away from 46 
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the ∆me=0 peaks by gµBB≡28GHz/tesla, but they are not present in the higher resolution FTIR 47 
[6]. Nevertheless, it is interesting to study whether or not the small amount of spin-orbit 48 
coupling permits spin randomization during phonon relaxation as in pumping of an atomic 49 
clock. In this work we investigate the spin preservation during the excitation-relaxation cycle 50 
produced by a resonant Rydberg excitation.  51 
 52 
The mechanism for spin read out is resonant creation of donor-bound excitons (D0X) [7]. Just 53 
as the neutral donor (D0) is hydrogenic, the exciton (X) is also hydrogenic (positronium-like), 54 
and the D0X may be thought of as an analogue of a hydrogen molecule (or rather positronium 55 
hydride).  In a magnetic field, the photon energy required for creation of the D0X is dependent 56 
on the starting spin state of the neutral donor (D0) (Fig 1a). The subsequent relaxation pathway 57 
may be either by radiative emission or by an Auger process in which the energy produced by 58 
the electron-hole recombination is given to the remaining electron, ionizing the donor (D+). 59 
Because silicon has an indirect band gap, the Auger process dominates and the conduction 60 
electrons produced in the reaction D0+hν→D0X→D++e– may be sensed electrically as shown 61 
in Fig 1b, which is essentially the absorption spectrum. The relative strength of the six D0X 62 
lines can be used to find the spin polarization. The absorption cross-sections for lines 2&5 are 63 
the same, since they are both heavy hole circularly polarized transitions as seen in Fig 1a, and 64 
similarly cross-sections for 1&6 are both circularly polarized light hole transitions, and for 3&4 65 
are plane polarized light hole transitions. The relative strength of lines 2 and 5 gives the ratio 66 
of the spin polarization of the starting states; L5/L2=u/d (and similarly u/d=L3/L4 = L1/L6) where 67 
Li of the intensity of line i from Fig 1a,b and u(d) is the population of the me =+1/2 (-1/2) state, 68 
i.e. the up(down) neutral donor ground state. This ratio, u/d, decreases for increasing magnetic 69 
field as shown in Fig 1b, where the strength L2 remains high but the strength of L5 rapidly 70 
decreases as the up spin state is depopulated. The rate of change of this ratio u/d is determined 71 
by the temperature with a simple Boltzmann factor, as shown in Fig 1c. 72 
 73 

 74 
Figure 1. (a) The ground states of the P0X and neutral phosphorous (P0), and their splittings under 75 
a magnetic field, showing the origin of the six dipole-allowed absorption transitions, labeled from 76 
1 to 6 in order of increasing energy. The black, odd (red, even) number transitions are from 77 
electron up (down) spin. (b) The r.m.s. amplitude spectrum of the a.c. photoconductivity at T = 9 78 
K for different magnetic fields. (c) The ratio L5/L2 where Li of the intensity of line i from (b) 79 
(symbols) as a function of B/T. Lines 5 and 2 have the same orbital character (see (a)) and 80 
therefore the same matrix element, so L5/L2=u/d (=L3/L4 = L1/L6) where u(d) is the population of 81 
the up(down) neutral donor ground state. In equilibrium the Boltzmann factor ln(u/d)=-82 
gµBB/kBT= -1.34 B/T (red line). 83 
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 84 

Experiment 85 

The spin polarization was set initially by a magnetic field and temperature such that µBB>kBT. 86 
The sample in this work, was commercially sourced float zone Silicon with a phosphorus 87 
concentration of [P]~ 2x1014 cm-3, had a growth direction along <110>, two sides cleaved along 88 
<111> directions and two sides cut along <112>. It was mounted almost strain free between 89 
two copper strip in a pouch configuration built on a printed circuit board (PCB) with the 90 
magnetic field along the <112> axis. Thermal contact was provided by He exchange gas inside 91 
the sample compartment of an Oxford Instruments SpectromagPT cryogen free split-coil 92 
magneto-optical superconducting magnet system. The horizontal field magnet system provided 93 
optical access to the sample along two axes, a variable magnetic field (up to 7 Tesla) and low 94 
temperature environment (down to 1.5K). 95 
 96 
The orbital excitation was provided by THz radiation from the FELIX free electron laser. The 97 
macropules arrived at 5 or 10 Hz, and consisted of few µs-long trains of ps long micropulses 98 
at 25MHz.  The intensity of the pulse was adjusted via calibrated wire grid attenuators. The 99 
pulses are bandwidth-limited [8] and the corresponding FWHM pulse length was 5-9 ps. The 100 
average macropulse energy was roughly 250µJ in front of cryostat, and the beam was focused 101 
onto the sample using a 15cm focal length off-axial parabolic mirror (so the spot size was 102 
estimated to be about 1mm). 103 
 104 
After the excitation-relaxation cycle the spin polarization was read out using D0X 105 
spectroscopy. The sample mount acts as capacitor plates which allowed measurement of the 106 
a.c. response. The a.c. current response to the a.c. bias is modified by the extra electrons 107 
produced by ionizing donors (c.f. text above relating to Fig 1b), which produces changes to 108 
both the real and imaginary parts of the dielectric response of the crystal. The capacitance is 109 
very low, and the a.c. photocurrent is dominated by effects due to the loss term rather than the 110 
polarizability term.  111 
 112 
The circuit consisted of a Tektronix arbitrary waveform generator (AFG3102) producing the 113 
a.c. bias connected to one of the capacitor plates via a coaxial cable, and a FEMTO DHPCA-114 
100 transimpedance amplifier measuring the current connected to the other plate. Data was 115 
collected using a National Instruments PXIE-5162 digital oscilloscope. 116 
 117 
The D0X were produced using a CW Toptica Tapered Amplifier (TA Pro100) diode laser 118 
operating in the near infrared. The laser frequency was tuned via an external cavity and scanned 119 
across the D0X resonance by applying a voltage to a peizo attached to the cavity. Spontaneous 120 
emission from the tapered amplifier was removed from the spectrum using an angle tunable 121 
Semrock long pass filter.  122 
 123 
The resonances red-shift with temperature (Fig 2a), though no red-shift was observed due to 124 
FELIX laser excitation, proving that the sample average temperature was unaffected by the 125 
laser. Based on the mechanism for spin-lattice relaxations of the donor spins in silicon, 1/T1 is 126 
proportional to the temperature T and to the fourth power of the static magnetic field [9]. A 127 
study of the line widths (Figs 2b,c) shows that the lines are Gaussian in shape and hence 128 
inhomogeneously broadened at low temperature. As the temperature is increased, the 129 
homogenous contribution (Lorentzian width) takes over indicating a temperature-dependent 130 
dephasing or population scattering process. The field dependence indicates the latter, since the 131 
line width increases with the energy of the final state, i.e. the mh=+3/2 heavy hole which has 132 
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the largest Zeeman energy (Fig 1a) has the largest width at high field, while the mh=-3/2 with 133 
lowest excited state Zeeman energy is virtually unaffected by the field. This indicates that the 134 
relaxation between the Zeeman-split D0X states increases rapidly with increasing B0 (1/T1 ~ 135 
B0

4, [9]).  Thus acceptor BE created in the higher energy hole Zeeman states can decay rapidly 136 
to lower energy states as B0 increases, but BE created in the -3/2 state have these transitions 137 
frozen out as the Zeeman splitting becomes larger than kT. 138 
 139 

 140 
Figure 2. (a) Zero field r.m.s. a.c. photocurrent spectra at T=6, 8, 11 and 20 K for fixed a.c. bias. 141 
(b) Temperature dependence of the full width at half maximum (FWHM) of the D0X line (black) 142 
based on the Voigt profile fit to the spectra shown in (a) at B=0T. The Gaussian and Lorentzian 143 
contributions to the Voigt profile, wG (red), and wL (blue), respectively, show that at high 144 
temperature the homogeneous width rises significantly above the inhomogeneous width.  (c) 145 
Magnetic field dependence of FWHM at T= 9 K for transitions to different hole spin states from 146 
(Fig1b). 147 

 148 
 149 

Results 150 

This a.c. measurement circuit includes passive stray capacitances and inductances from the 151 
wires etc, and active components such as the source and measurement units. To optimize the 152 
sensitivity of the circuit, we measured the effect of the bias frequency on the circuit response 153 
to both lasers, shown in Fig 3. The near-IR laser producing the D0X produces maximum 154 
photocurrent response at about 50kHz. 155 
 156 

 157 
Figure 3. (a) Typical a.c. contactless photocurrent signal at 400 kHz ac bias frequency, showing 158 
the effect of the arrival of the FELIX pulse. Two FELIX wavelength settings are shown, with non-159 
resonant excitation and excitation to the continuum. (b) Frequency response of the circuit to the 160 
near-IR laser (red) and FELIX (blue) at B=6 T. Note the peak frequency and also the magnitude 161 
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of response for Near-IR excitation is almost two orders of magnitude smaller than for the FELIX 162 
light, since it is an indirect transition and a weak intensity as a probe. 163 

 164 
When the FELIX is incident but not tuned to any absorption line, the a.c. photocurrent signal 165 
is unaffected. When FELIX is tuned to the 1s-continuum, a large change in photocurrent is 166 
observed (Fig 3a). When the FELIX pulse is resonant with the 1s-2p transition, it also produces 167 
some free electrons due to leakage by thermal excitation from the excited state. For our 168 
experimental conditions this number is much larger than the number of electrons generated by 169 
the D0X process (because the D0X absorption is indirect and because the near-IR laser is a 170 
deliberately weak probe). The short pulse of photocurrent is visible at the moment of the FELIX 171 
pulse. This photo-thermal population relaxes due to recombination with the ionized donors, 172 
and the number of recombination events per unit time is σvneni, where σ is the capture cross-173 
section, v the electron velocity, ne, the number of free electrons and ni the number of ionized 174 
donors. For overall neutrality ne = ni so the number of events per unit time is proportional to 175 
ne

2, and the rate per electron is proportional to ne, which means that the rate is very fast, at least 176 
initially. There is some residual population change many microseconds after the pulse and 177 
some residual ringing of the external circuit (Fig 3), but the system response due to FELIX 178 
without the near-IR laser is at much higher frequencies than the optimum D0X response.  179 
 180 
The photo-response is only influenced by FELIX when it is resonant with the Rydberg 181 
transitions, as shown by the photon energy dependence (Fig 4). The lines are broad due to the 182 
band-width of the laser, and there are some holes in the spectrum due to water vapour in the 183 
beam path. The theoretical transition energies for our sample and field orientation were 184 
calculated using a Lanczos method [6] and shown in Fig 4. 185 

 186 
Figure 4. Photo-thermal ionization spectrum in the top (determined from the r.m.s. photocurrent 187 
under fixed a.c. bias) sweeping the photon energy of the FELIX laser obtained from traces like 188 
Fig 3a, at B=6 T and T= 6 K (with the near-IR laser off). The orbital transition energy levels are 189 
labelled. The red curve is the experimental transmission of air clearly indicating water vapour 190 
absorption lines affecting parts of FEL scan. For the optical pumping experiments below FELIX 191 
photon energy was fixed at 34 meV (2p0), 35.5 meV (non-resonant), 38.5 meV (2p-), and 45 meV 192 
(continuum) shown with vertical dashed lines. The bottom panel shows the calculated field 193 
direction dependence [6] of orbital transition energies for a [110] sample with B=6T. The y-axis 194 
shows the angle for B in the sample plane for the Voigt geometry; the horizontal dashed line 195 
indicates the orientation of sample used in the experiment. Blue points: show transitions for the 196 
valleys that have their axis along B when B is along [001] (i.e. θ=0); green points valleys with axis 197 
perpendicular to B when θ=0. 198 
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 199 
We set the magnetic field to 6 T and the temperature to 6 K. The D0X spectrum was measured: 200 
with FELIX blocked; with FELIX tuned to resonance with the 1s-2p0 transition; the 1s-2p-; an 201 
off-resonance wavelength in between these two; and to a high photon energy for direct 202 
excitation to the continuum. Transients like the one shown in Fig 3a were recorded for post-203 
processing: we took the r.m.s. amplitude of the photoresponse determined in three “boxcar” 204 
windows of width 150 µs starting at 50 µs and 150 µs after FELIX, and 5 µs before FELIX. 205 
The repetition time for the FELIX pulses is 100 ms, so the results for 5 µs before FELIX also 206 
gives an indication of the residual population 100 ms after FELIX. Examples are shown in Fig 207 
5. 208 
 209 

 210 
Figure 5. Photoconductivity spectra obtained at T = 6 K and B = 6 T for three different conditions 211 
of FELIX excitation. (a) FELIX was blocked (same as Fig 1b). (b) The FELIX wavelength was 212 
tuned to pump the 1s➝2p_ transition, and the a.c. photoconductivity amplitude was collected by 213 
taking the r.m.s. over a boxcar window at 50 µs. (c) as (b) for a boxcar at 100 ms after FELIX 214 
macro pulse.  215 

 216 

Discussion 217 

It is clear from the examples in Fig 5 that there is very little effect of FELIX on the relative 218 
D0X line strengths but obvious overall intensity drop shown in Fig 2b just after FELIX 219 
excitation due to elimination/ionization of D0X states, their recovery is in ms time scales [1]. 220 
In order to quantify the effect of FELIX, we determined the area under each line from a Voigt 221 
profile fit, and summed the areas, L, of lines 1,3&5 corresponding to u=L1+L3+L5 the 222 
population in the starting state me=+½, and 2,4&6 corresponding to d=L2+L4+L6, for me=–½.  223 
All values for u and d were normalized with the total area under all lines with FELIX non-224 
resonant, Pnr, and the results u(t)/Pnr and d(t)/Pnr for the three time windows and 4 different 225 
FELIX wavelengths are shown in Fig 6a. The solid horizontal line indicates the population of 226 
the down spin without any FELIX excitation, and the dashed line similarly for the up spin. The 227 
down spin polarization decreases under resonant FELIX pumping, and the decrease is strongest 228 
immediately after FELIX when pumping to the continuum, and is weaker for excitation 229 
between bound states. The decrease is small at very long times after the FELIX pulse. For the 230 
up spin there is also a decrease, indicating that the total population of neutral donors drops due 231 
to the FELIX pump pulse. Fig 6b  232 
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 233 
Fig 6b shows the total population P(t)=u(t)+d(t) and the polarization S(t)=(d(t)–234 
u(t))/(u(t)+d(t)). It is clear that there is an excitation dependent effect on the population, P(t), 235 
shortly after the FELIX pulse, but almost no effect on the polarization, S(t) for any FELIX 236 
excitation condition. 237 
 238 

  239 
Figure 6. Dynamics of the total population and the spin polarization after the FELIX pulse, for 240 
different FELIX wavelengths, resonant with bound states 2p0 and 2p− or the continuum, and 241 
non-resonant. (a) The up and down spin populations, u=(L1+L3+L5)/T0 and d=(L2+L4+L6)/T, 242 
where Li is the area under line i from Fig 5, and normalization was performed using the total 243 
area under all lines when FELIX was blocked, T0, (open and closed symbols respectively) as a 244 
function of time, t, after the FELIX pulse. The solid line indicates the value of the thermal down-245 
spin population, d0, when FELIX was blocked, and the dashed line shows the corresponding u0. 246 
(b) Time dynamics of the total population (open symbols) P=u+d and spin polarisation (solid 247 
symbols) S=(u-d)/(u+d), using the values of u and d from (a). The solid line indicates the 248 
background thermal polarization value of S0=(u0-d0)/(u0+d0) when FELIX was blocked using the 249 
values of u and d from the horizontal lines in (a) (and obviously the corresponding thermal 250 
background population P0=1 by definition of the normalization). 251 

 252 
It should be remembered that the spin relaxation lifetime within the D0 ground state is well 253 
known to be approximately a few hundred milliseconds at the temperature used in the 254 
experiment (6K) [10], so within the time-scale 100-200µs there is no relaxation, and if the 255 
excitation/relaxation produced a significant spin polarization change this ought still to be 256 
visible. 257 
 258 
The D0X creation process is indirect, and therefore rather slow, so it might be suggested that 259 
the readout measurement has detected the spin population after all re-equilibration has taken 260 
place. The process is D0+hν→D0X→D++e– and the speed of the second step, the Auger decay, 261 
may be estimated from the line-widths, Fig 2. In our sample, the lines are homogeneously 262 
broadened apart from line 2, and the widths rise with the excited state energy (Fig 2c). This is 263 
because the higher energy excited states relax to the lowest energy mh=-3/2 hole state (the final 264 
state of line 2) using phonons of whose density of states increases with transition energy. The 265 
mh=+3/2 state (line 5) has a full width half maximum of 0.032meV (=7.74GHz) whose inverse 266 
is T1=21ps. Line 2 is inhomogeneously broadened in our natural silicon sample, but its width 267 
has been measured in 28Si and found to be 0.5neV (=1.2MHz) giving an inverse of 160ns. Even 268 
this very long time is still much shorter than the spin-relaxation time-scales of interest here. 269 
Therefore, the decay part of the process is not limiting, and may be considered instantaneous 270 
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after the excitation. Consider now the excitation step, i.e. the photon absorption, whose rate is 271 
indeed low, due to the small matrix element for indirect exciton generation in silicon, and 272 
because near-IR laser beam is deliberately weak. This simply has the effect of making the 273 
probability low that any given D0 atom undergoes the transition, and means that the excitation 274 
provides a small and continuous readout sampling. Given that the subsequent Auger relaxation 275 
is instantaneous, and the circuit response time is clearly fast enough to resolve the ac bias at 276 
10MHz, the low speed of the D0X generation is irrelevant. 277 
 278 
Finally, it is also important to establish the strength of the FELIX pumping, since negligible 279 
spin relaxation would occur if the pumping were negligible. Note that the total D0 population 280 
falls very significantly shortly after the FELIX pulse when pumping directly into the continuum 281 
(Fig 5b) and yet the induced polarization change is a few percent at most. (The low change in 282 
spin polarization in this case is not surprising, since we might expect that fast spin relaxation 283 
occurs in the conduction band). The cross-section for excitation to 1s-2p- is much larger than 284 
for excitation to the continuum [11]. Therefore, even though the photo-conductivity (Fig 4) is 285 
smaller because only a small fraction of excited donor electrons is lost from the 2p- state to the 286 
conduction band, an even greater fraction of the population is actually excited when FELIX is 287 
resonant with 2p- than with the continuum. Since the recombination and relaxation following 288 
orbital excitation is short [12,13] by comparison with the micropulse repetition time, and there 289 
are 100 micropulses in the macropulse, each donor undergoes dozens of excitation events per 290 
macropulse. As mentioned above the total spin change after the macropulse is a few percent at 291 
most (Fig 6b). 292 

Conclusion 293 

We have tested the relaxation of electron spin for Rydberg excitation of neutral donors using 294 
intense THz pulses from the Free Electron Laser FELIX. The results show that resonant 295 
excitation to higher Rydberg orbital states followed by phonon relaxation preserves the spin. 296 
There is a small loss of population during the excitation cycle due to thermal ionization from 297 
the excited state, which could be eliminated by reducing the temperature. Si:P is a possible 298 
qubit for solid state quantum computing, and one important gate scheme [SFG] makes use of 299 
THz absorption transitions to excited states as a means to control the interaction between 300 
neighbours. The fact the spin is preserved during the excitation and relaxation cycle means that 301 
errors caused by unintentional phonon relaxation does not further degrade the quantum gate, 302 
and makes the qubit immediately available for subsequent cycles. This could be important for 303 
a variety of qubit, quantum sensors and other quantum device applications, where THz 304 
excitations initiate either a coupling or a readout sequence [14].  305 
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