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High nuclear spin polarization is required for nuclear-spin based quantum computers and it also serves as a
probe to investigate electron-nucleus cross-relaxation processes in solids. To increase the29Si polarization in
bulk silicon, we have explored the dynamic-nuclear-polarization capabilities of optical pumping at a tempera-
ture of 4 K and a magnetic field of 7 T with a29Si-enriched sample. The29Si signals are observed with
nuclear-magnetic-resonance spectroscopy. We have demonstrated29Si polarizations up to 0.25%, nearly an
order of magnitude larger than the previous optical-pumping record. Data analysis has stimulated the investi-
gation of above-band-gap excitations. Our preliminary experiments in this regime look promising for further
increases in29Si polarization in the sample volume close to the exposed surface. We have also investigated the
dependence of the29Si polarization on temperature, magnetic field, and doping.
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I. INTRODUCTION

Intensive experimental efforts to fabricate quantum com-
puters have been made over the past few years. After several
proof-of-principle demonstrations with liquid-state nuclear-
magnetic-resonancesNMRd quantum computers,1,2 the ex-
perimental focus has shifted toward the fabrication of more
scalable quantum computers. One promising architecture is
the solid-state nuclear-spin-based architecture.3–5 In the
silicon-based proposals of this architecture,6,7 it is required
that the polarization of the31P nuclear spins and the29Si
nuclear spins, respectively, are larger than 10% for an effi-
cient operation of the quantum computer. Such high nuclear
spin polarizations are in sharp contrast with the low thermal-
equilibrium values.

Optical pumping in silicon to increase nuclear spin polar-
izations was first demonstrated in the late 1960s by Lampel.8

Bagraevet al. continued this research9 and explored in more
detail the impact of several parameters, in particular the ef-
fect of impurities. Their largest29Si polarization was
0.03%.10 The main focus of the semiconductor optical-
pumping research, however, has been on gallium arsenide
sGaAsd, where optical pumping effects are very strong be-
cause GaAs is a direct band-gap material.11 The GaAs re-
search has evolved from an investigation of the optical
pumping mechanism in bulk GaAs, to a study of the proper-
ties of quantum-confined electrons in GaAs quantum wells
and more recently to a study of optical pumping effects in
quantum dots.12,13 In silicon on the other hand no optical
pumping research has been pursued for about two decades
and the regime of high magnetic fieldss.1 Td and liquid
helium temperatures has not yet been explored. The recent
availability of 29Si-enriched single-crystal silicon,14–16which
provides an NMR-signal increase of a factor of 20 compared
to naturally-abundant silicon, together with the availability
of a Ti:Al2O3-laser which allows optical excitation below

and above the indirect band gap of silicon, motivate the con-
tinuation of the optical pumping research in silicon.

We present optical pumping experiments with silicon in a
high magnetic fieldsB0=7 Td and at low temperatures
sT=4 Kd. Our largest29Si polarization so far is 0.25%. We
argue that the increase of the29Si polarization with laser
power at a fixed wavelength is due to a better preservation of
the non-thermal free-electron spin polarization as the laser
power increases. Based on this model, we make predictions
about the maximum achievable29Si polarization and we de-
rive that excitation high above the band gap is promising for
practical realizations of large29Si polarizations. We present
data on the29Si polarization as a function of laser wave-
length and preliminary experiments confirm that excitation
above the band gap is promising. We also present data on the
dependence of the29Si polarization on temperature, magnetic
field, and doping.

II. EXPERIMENTAL SETUP

The light source is a continuous-wave single-frequency
Ti:Al 2O3 laser of Spectra-PhysicssMountain View, Califor-
nia 94043, USAd, which has been specially designed for high
power emission at long wavelengths. The spectral width of
the laser beam is smaller thanDl=15 GHz. Irradiation of
the sample, which is mounted in the holder of an NMR
probe, occurs through the top glass plate of the probe and
reflections of the laser beam off of this glass plate are used
for alignment verification.17 The laser light is linearly polar-
ized such that electronssand holesd with zero spin polariza-
tion are injected.

The NMR probe is inserted in a continuous-flow cryostat
of Oxford InstrumentssAbingdon, Oxfordshire 0X13 5QX,
United Kingdomd, which allows one to cool down the
sample to 4 K. A cernox temperature sensor is installed close
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to the sample and in good thermal contact with the sample.17

With a temperature control system, fluctuations of less than
DT=0.5 K are achieved at liquid helium temperatures.

The cryostat is located in the bore of a superconducting
magnetsB0=7 or 2 T, with corresponding29Si resonance
frequencies offLarmor

Si =59.58 MHz andfLarmor
Si =18.13 MHz,

respectivelyd. The 29Si NMR signals are recorded with a
home-built NMR spectrometer. The sign of the NMR signals
and of the spin polarization is determined by the orientation
of the spin with respect to the external magnetic field. Since
the gyromagnetic ratio of29Si is negative, the thermal equi-
librium 29Si polarization is negative.

All samples used in this study are single-crystal silicon
and are mounted with thef100g crystal axis parallel to the
magnetic field. Naturally-abundant silicons92.2%28Si, 4.7%
29Si, 3.1%30Sid is used for a few experiments. However the
small 29Si isotopic content, with29Si being the only isotope
with nonzero spinsI =1/2d, results in very weak NMR sig-
nals. For most of our experiments, we have therefore used a
29Si-enriched sample with 2.4%28Si, 96.9%29Si, and 0.7%
30Si. Since the29Si content of the29Si-enriched sample is
about 20 times larger than in naturally-abundant silicon, the
NMR signals are 20 times larger. The time to obtain an ob-
servable29Si NMR signal can therefore be shortened with a
factor of 20, which is very valuable in view of the long29Si
nuclear-spin relaxation timesT1

Si at 4 K. This 29Si-enriched
sample has been fabricated as part of a research project. The
sample has a cylindrical shape with an approximate diameter
of 8 mm and a height of 4.5 mm. A phosphorus content of
1–231015 cm−3 has been measured, as well as an antimony
content of less than 1014 cm−3. The sample dislocation den-
sity is expected to be larger than 103 cm−2.

III. SILICON BAND STRUCTURE

Silicon is an indirect band-gap materialsEg,ind=1.170 eV
at T=4 Kd18,19and therefore the band-to-band transitions are
phonon-assisted. AtT=4 K only transitions with phonon
emission occur. The energies of the three dominant phonon
reservoirs, assisting band-to–band transitions, areEphonon
=18.2 meVstransverse acoustical—TAd, Ephonon=55.3 meV
slongitudinal optical—LOd, and Ephonon=57.5 meV strans-
verse optical—TOd for transitions at the band gap.18 Because
photon absorption and emission are three-particle processes,
the photon absorption process is weakslong absorption
lengthsd and the radiative lifetime of electronic carriers is
long.

IV. RESULTS AT lphoton=1024.8 NM AS A FUNCTION OF
LASER POWER

To gain insight in the optical pumping mechanism, the
29Si NMR-signal intensity has been recorded as a function of
laser power for our29Si-enriched sample atT=4 K and
B0=7 T. The laser wavelength islphoton=1024.8 nm
sEphoton=1.210 eVd, which corresponds to the above-band-
gap transition with TA-phonon emission. This wavelength is
chosen because of the experimentally favorable condition
that the largest29Si NMR signals are obtained at this wave-

length for short-duration optical pumping experimentsssee
Sec. V, Fig. 4d.

A. Experimental data

Figure 1sad displays the29Si NMR-signal intensity as a
function of laser power after optical pumping for a time
tL=30 min. The experimental sequence is

SAT − tL − DET, s1d

with SAT a saturation NMR pulse sequence, which removes
any existing29Si spin polarization and which consists of a
train of p /2-pulses which are separated by a time longer
than the29Si nuclear phase relaxation time, withtL the laser

FIG. 1. sColor onlined Optical pumping data as a function of
laser power for the29Si-enriched sample after irradiation with lin-
early polarized laser light of wavelengthlphoton=1024.8 nm at
T=4 K andB0=7 T. sad 29Si NMR-signal intensity after 30 min of
laser irradiation. The dashed line represents the29Si NMR-signal
intensity after 30 min in the dark. The NMR-signal intensity
is given by the area underneath the real part of the Fourier trans-
form of the free induction decaysFIDd. sbd Steady-state29Si polar-
ization as a function of laser power. The solid line represents our
theoretical model which will be derived in Sec. IV B. The dashed
line corresponds to the thermal-equilibrium polarizationP29Si

0 at
T=4 K and B0=7 T. The actual laser power penetrating into the
sample is estimated to be 40±10% of the displayed laser output
power. The maximum laser power used for the experiments is about
500 mW because the cooling capability of the system is not suffi-
cient to keep the temperature atT=4 K when higher laser powers
are used.

VERHULST et al. PHYSICAL REVIEW B 71, 235206s2005d

235206-2



irradiation time, and with DET the detection of the29Si
NMR signal with ap /2-pulsefsee inset to Fig. 1sadg. The
data are reproducibleschanges of less than 20% for separate
cooldowns of the setupd and the data are not affected by the
presence of laser light during data acquisition.

We have performed longer optical pumping experiments
stL<50 hd to derive the steady-state29Si polarizationP29Si

SS

as a function of laser power. The results are presented in Fig.
1sbd. To obtain the steady-state polarization, the buildup of
29Si polarization is probed at regular intervalss2 to 4 hd dur-
ing the irradiation timetL by sending very small tip-angle
pulsess5° or belowd. It is assumed that the buildup of the
29Si polarization toward its steady-state valueP29Si

SS is char-
acterized by a single time constantT1

Si. A curve fit through
the probing data provides the values ofP29Si

SS sand T1
Sid pre-

sented in Fig. 1sbd. Since the irradiation timetL is shorter
thanT1

Si, steady state is not reached within the duration of the
experiment. However, the irradiation time is long enough to
allow a reliable curve fit through the probing data.

The largest value ofP29Si
SS we have recorded is 0.25%fsee

data point atPlaser=300 mW in Fig. 1sbdg. Our maximum
polarization is therefore a factor of 7 larger than the thermal-
equilibrium polarizationP29Si

0 and nearly an order of magni-
tude larger than the previous optical-pumping record.10

The conversion from NMR-signal intensityIT to spin po-
larization PT, necessary for the derivation ofP29Si

SS , is tem-
perature dependent and is based on the following formula:

PT = IT / I300 K 3 Q300 K / QT 3 P300 K, s2d

with QT the Q-factor of the NMR probe at the given tem-
perature, I300 K the experimentally determined thermal-
equilibrium NMR-signal intensity at room temperature, and
P300 K the corresponding theoretically-calculated spin polar-
ization at room temperature. It has been verified that with our
setup and under thermal-equilibrium circumstances, the po-
larization derived from Eq.s2d is close to the actual polar-
ization over the temperature range ofT=4–300 K. When
determiningP29Si

SS based on Eq.s2d for the optical pumping
experiments of Fig. 1sbd, the assumption is made that the
laser-power density and therefore the29Si signal intensity
and polarization are uniform over the sample volume. AtT
=4 K andlphoton=1024.8 nm the absorption length in silicon
is labs<20 mm.21 This length is large compared to the
sample depth oft<5 mm. The laser power is therefore fairly
constant over the sample depth. Over the sample cross sec-
tion, the laser beam has a Gaussian beam profile. The beam
diameter at the sample surface is estimated to be 5±1 mm.
The laser power is therefore varying over the sample cross
section. It can be verified however after the discussion in
Sec. IV B that the uniformity assumption results in an under-
estimation ofP29Si

SS with less than a factor of 2.
Comparison of the steady-state data set of Fig. 1sbd with

the 30-min data set of Fig. 1sad shows thatT1
Si varies with

laser power. We derive this by considering that the polariza-
tion buildup is linearly proportional toP29Si

SS /T1
Si as long as

the irradiation time is short compared toT1
Si. This is the case

for the 30-min data set. The initial negative increase in the
30-min data set therefore reflects a decrease inT1

Si: T1
Si is

about 1200 h in the dark and has decreased to 65 h at
50 mW. This decrease ofT1

Si with increasing laser power is
expected as more electronic carriers are created which can
relax the nuclear spin system. At higher laser powers there is
a slow increase inT1

Si with increasing laser powers, which is
currently not understood.

B. Theoretical model

The observed dynamic nuclear polarizationsDNPd is due
to cross relaxation of the29Si nuclear spins with non-thermal
electron spinssOverhauser effectd.22 The effect of holes will
be neglected because of the small hyperfine interaction of
holes, which results from the purelyp-type nature of the hole
wave function in the valence band of silicon.23 The 29Si po-
larization induced by non-thermal free electron spins is first
determined.

The rate equation for the free-electron spin polarization
Pe, assuming very weak cross-relaxation processes, is

dPe

dt
= −

sPe − Pe
0d

te
s , s3d

with Pe
0 the thermal-equilibrium free-electron spin polariza-

tion and te
s the free-electron spin relaxation time. At

T=4 K there are no free electrons. When optically injecting
free electrons with a lifetimete and with a spin polarization
Pe

inj, the deviation from equilibrium of the steady-state free-
electron spin polarizationPe

SS is therefore given by

DPe
SS= Pe

SS− Pe
0, s4d

=sPe
inj − Pe

0dE
0

`

exps− t/te
sd

exps− t/ted
te

dt,

=DPe
inj te

s

te
s + te

. s5d

Since the electron spin polarization upon injection is zero
slinearly polarized lightd, Eq. s5d reduces to

DPe
SS= − Pe

0 te
s

te
s + te

. s6d

The generation rate of free electrons and holes is assumed
to be constant over the sample volume, as mentioned before.
The generated free electrons and holes form free excitons24

which get trapped at the neutral phosphorus atoms, which are
the dominant dopants in the29Si-enriched sample.25–27 Re-
combination of the donor-bound excitonsseeh-complexd
takes place via an Auger process, whereby one electron of
the eeh-complex recombines with the hole and the energy
freed in the recombination process excites the second elec-
tron high in the conduction band.28 The phosphorus atom is
now ionized but will recapture a free electron to become
neutral again.

The density of free electrons and free holes increases with
laser power as
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nh < ne ~ ÎPlaser, s7d

because the free exciton formation is the dominant recombi-
nation process. This implies that the free electron lifetimete
decreases with increasing laser power as

te ~ 1/ne ~ 1/ÎPlaser. s8d

For the power range of our experiments the lifetime varies
from te<500 ms to te<1.5 ms.

The dominant source of free-electron spin relaxation for
our moderately doped29Si-enriched sample and for our op-
erating regime is expected to be free-electron scattering with
phononssphonons modulate the crystal field, which then per-
turbs the electron’s orbit; due to the electron spin-orbit inter-
action, the electron spin can be flippedd.29–32 The free-
electron spin relaxation time atT=4 K and B0=7 T is
estimated to be on the order ofte

s=1–100 ns.29–32 The spin
relaxation timete

s is independent of laser power, as long as
the temperature is constant and the spin relaxation due to
other injected electronic carriers is negligible. The latter is
expected to be the case since the density of unpaired carriers
upon laser irradiation is smallsthe free electron density,
which is the largest electronic density for the29Si-enriched
sample over the power range of our experiments, is about
1012 cm−3 at our maximum laser powerd.

Sincete.te
s for our operating regime, Eq.s6d reduces to

DPe
SS= − Pe

0te
s

te
~ ÎPlaser, s9d

which shows thatPe
SS depends strongly on laser power.

The variation of P29Si
SS with Pe

SS then depends on the
electron-nucleus cross-relaxation process and on the pres-
ence of othersparasiticd nuclear relaxation processes. Figure
2 gives the general energy diagram for a system of one elec-
tron and one nucleus, with all spin transitions indicated and
labeled with the corresponding transition probabilitiesWi,
with i the net number of spin flips of the transition. The
transition probabilityW1e is much larger than all other tran-
sition probabilitiesste

s!T1
Sid, such that the electron spin po-

larization does not depend on the nuclear spin polarization,

as assumed when deriving Eq.s5d. The steady-state nuclear
spin polarizationPn is determined by the following rate
equation, derived from Fig. 2:

dn+

dt
= e+n−W0

+− − e−n+W0
−+ + e−n−W2

−− − e+n+W2
++ + n−W1n

−

− n+W1n
+ = 0, s10d

with Pn=sn+−n−d / sn++n−d, with e+ se−d the probability that
the electron spin is upsdownd andn+ sn−d the probability that
the nuclear spin is upsdownd, and withW0

+− the probability
of a W0 transition starting from the spin stateu↑↓l. Instead of
Wi, the following notations are also used:

w0 = W0
+− expf"sge − gSidB0/kTg, s11d

w1 = W1n
+ exps"gSiB0/kTd, s12d

w2 = W2
++ expf"sge + gSidB0/kTg, s13d

with gSi and ge the 29Si and electron gyromagnetic ratio,
respectively," the Planck constant, andk the Boltzmann
constant. The value ofPn, which can be derived from Eq.
s10d, is therefore a function of the electron spin polarization,
temperature, magnetic field, nuclear isotope, and the relative
values of the transition probabilitieswi.

Figure 3 displaysP29 Si
SS as a function ofPe

SS at T=4 K and
B0=7 T and, respectively, for a pure contact hyperfine inter-
action sonly w0Þ0d, for a contact hyperfine interaction to-
gether with a dipolar interaction of the type which induces
nuclear spin flips onlysw0Þ0,w1Þ0d, and for a pure dipo-
lar hyperfine interaction, in which case the simultaneous flip-
ping of electron and nuclear spins in the same direction is
more probably than the flipping in opposite directions
sw0,w2d.17,22,33 Since the induced nuclear polarization en-
hancements in our optical pumping experiments are positive

FIG. 2. Energy diagram for a system of one electron spin and
one 29Si nuclear spin in the presence of a magnetic fieldB0. The
notation u↑↑l representsuelectron spin, nuclear spinl. The lowest
energy state isu↓↓l because the gyromagnetic ratio of the electron
and the29Si nucleus are both negative. All spin transitions are in-
dicated and labeled with the corresponding transition probability
Wi, with i the net number of spin flips of the transition. FIG. 3. sColor onlined P29Si

SS as a function ofPe
SS for a pure

contact hyperfine interactionsonly w0Þ0d, for a hyperfine interac-
tion such thathw0:w1:w3j=h1:1:0j, and for a pure dipolar hyper-
fine interaction withhw0:w1:w3j=h1:3:6j. The curves are valid for
silicon at T=4 K and B0=7 T and in the absence of nuclear spin
relaxation due tosparasiticd electron spin reservoirs with thermal
spin polarizationsleakage factorf =1d sRef. 34d. The horizontal and
vertical dashed lines indicate, respectively, the thermal nuclear-spin
and the thermal electron-spin polarization.
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fsee Fig. 1sbdg, it can be concluded from Fig. 3 that the
dominant hyperfine interaction is a contact hyperfine interac-
tion, with potentially dipolar interactions of the type which
only flip the nuclear spin.

For very small values ofP29Si
SS , the deviationDP29Si

SS is
linearly proportional to the deviationDPe

SS. In the case of a
pure contact hyperfine interaction, the dependence isssee
Fig. 3d

DP29Si
SS = 3DPe

SS. s14d

The general relationship, for small values ofP29Si
SS , is then

given by

DP29Si
SS = 3f totDPe

SS, s15d

with f tot the total leakage factor, representing both loss of
polarization because the nuclear spins interact withspara-
siticd electronic reservoirs with thermal spin polarization17,34

and loss of polarization because the hyperfine interaction is
not purely of the contact type. Inserting Eq.s9d in Eq. s15d
then results in the following dependence, valid for our oper-
ating regime:

DP29 Si
SS = − 3f totPe

0te
s

te
~ ÎPlaser. s16d

We have used the model of Eq.s16d to fit the data of Fig.
1sbd. The proportionality factor is determined by the require-
ment that the 30-min data set of Fig. 1sad and the steady-
state data set of Fig. 1sbd have a zero-crossing of signal
intensity and polarization, respectively, at the same laser
power. It can be seen that the model is in very good agree-
ment with the data, especially if one considers that the laser
power covers more than three orders of magnitude.

The uncertainty in the free-electron spin relaxation time
ste

s=1–100 ns, see befored results in an uncertainty in the
total leakage factorf tot: the leakage factor isf tot=0.02 for
te

s=100 ns andf tot=1 for te
s=2 ns. Since the maximum value

of the fitting factor isf tot,max=1 by definition, it follows from
our data modeling that the free-electron spin relaxation time
must bete

sù2 ns. From Fig. 3 and from the meaning of the
leakage factor, we then derive that the maximum achievable
29Si polarization for f tot=0.02–1 isP29Si

SS =2% –83% when
linearly polarized light is used. This maximum29Si polariza-
tion is obtained whente,te

s, which requires that the laser
power is significantly increasedfsee Eq.s8dg. The laser
power cannot be increased beyond about 500 mW with our
setup because the cooling capability of the system is not
sufficient to keep the temperature atT=4 K when higher
powers are used. However, the laser wavelength also affects
the value ofte as will be discussed in Sec. V.

C. Responsible electronic reservoir

The theoretical model of Eq.s16d fits our data of Fig. 1sbd
very well. The electronic source responsible for DNP must
therefore be the free electron reservoir or a reservoir which
has the same dependence on laser power as the free electron
reservoir. We have also derived that the hyperfine interaction
of the responsible reservoir must be of the contact type with

possibly some dipolar interaction of the type which induces
nuclear spin flips only. Both the free electron reservoir and
the phosphorus donor-electron reservoir fulfill these require-
ments. The spin polarization of the latter is the same as the
spin polarization of the free electron reservoir, which is the
result of an exchange process between the donor-bound elec-
trons and the free electrons.30,35,36

In order to further identify the electronic reservoir respon-
sible for DNP, our experimental values ofT1

Si are compared
with theoretical predictions, if available. The free electron
reservoir is unlikely to be the source of DNP as it contains
too few free electrons to create significant nuclear polariza-
tion within the duration of our experiments
sT1,theor

Si @T1,exp
Si d.22 The same applies to the free exciton res-

ervoir, whose density is even smaller than the free electron
reservoir. The phosphorus donor-electron reservoir is a more
likely candidate as the density ofsneutrald phosphorus atoms
is about three orders of magnitude larger than the largest free
electron density for our experiments. However, nuclear re-
laxation by neutral donors is also available in the dark and
known modulation processes which become active upon
light irradiation sfor example modulation due to the ex-
change process between donor electrons and conduction
electronsd are too slow to improve the nuclear relaxation.37

Since theoretical investigations of the nuclear relaxation by
neutralsphosphorusd donors have not been made yet for our
operating regime, it is premature to judge the importance of
the donor-electron reservoir based onT1

Si values. For the
other electronic reservoirs in the system, like the donor-
bound exciton reservoir and reservoirs related to paramag-
netic defects, no theoretical models of nuclear relaxation are
known either.

To identify the electronic reservoir which is the source of
DNP in bulk silicon, it is therefore necessary that the theo-
retical analysis of electron-nucleus cross-relaxation pro-
cesses is extended to the high magnetic field and low tem-
perature regime.35

V. RESULTS AS A FUNCTION OF LASER WAVELENGTH

When exciting far above the band gap the absorption
length shortens such that high free electron densities are cre-
ated close to the exposed sample surface, which results in
short free electron lifetimesfsee Eq.s8dg. The induced29Si
polarization therefore increases and gets closer to the maxi-
mum achievable29Si polarization, provided that the free-
electron spin relaxation time is not degraded by exciting high
above the band gap.

A. Experimental data

Figure 4 shows the29Si NMR-signal intensity as a func-
tion of laser wavelength after optical pumping of the
29Si-enriched sample for a timetL=25 min with different
laser powers atT=4 K and B0=7 T. The experimental se-
quence is again “SAT-tL-DET.” The data vary rather continu-
ously with wavelength, except at a few wavelengths where
abrupt changes are observedsEphoton=1.17 and 1.21 eVd.
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B. Theoretical model

We establish a first-order model which predicts the29Si
NMR-signal intensity as a function of laser wavelength. The
model is based on the data of Fig. 1sad, which determine the
relation between the29Si NMR-signal intensity and the
electron-hole generation rate, and on the absorption-length
data of Ref. 21, which determine the relation between the
electron-hole generation rate and the laser wavelength.

For Ephoton.1.3 eV, extrapolation of the absorption-
length data of Ref. 21 is required. The extrapolations are
made based on the following dependence which is valid for
indirect transitions:38

1/labs~ sEphoton− Eg − Ephonond2. s17d

Below the band gap the absorption length is sample-specific
and therefore the lowest energy to which our theoretical
model is applied isEphoton=1.16 eV. The electron-hole gen-
eration ratege,h per unit length as a function of sample depth
x is then proportional to

ge,h8 sxd ~
Plaser

labs
expS−

x

labs
D . s18d

The 29Si NMR-signal intensity per unit length corre-
sponding to the electron-hole generation rate per unit length
is derived from the data in Fig. 1sad. These data need to be
extrapolated as well. The extrapolation to lower powers con-
nects the value at the lowest laser power to the value in the
dark. The exact shape of this extrapolation does not influence
the resulting model very much for our power range and
wavelength range. The extrapolation of the data to higher
powers is made as a linear extension of the data points of
Fig. 1sad. This extension is a rather arbitrary choice. The
choice of extrapolation has a quantitative effect on the
model for our power range and for photon energies

larger thanEphoton=1.21 eV. The resulting absorption-length
model should therefore only be used qualitatively for
Ephoton.1.21 eV.

Integration of the29Si NMR-signal intensity per unit
length over the sample thickness then gives the expected
value of the 29Si NMR-signal intensity for a given laser
wavelength and laser power. The results are displayed in Fig.
5.

The general shape of the curves of Fig. 5 can intuitively
be understood as follows. At photon energiesEphoton
,1.21 eV the absorption length is larger than the sample
thicknessslabs. t=5 mmd.21 The photon absorption is there-
fore nearly uniform over the sample volume and the29Si
signals follow the dependence of Fig. 1sad with increasing
photon energy. At photon energiesEphoton.1.23 eV
the absorption is nonuniform over the sample depth
slabsø2.5 mmd.21 The 29Si signals decrease with increasing
photon energy because the29Si signal intensity increases
less-than-linearly with photon absorptionfsee Sec. IV and
Fig. 1sadg and because for high photon absorption the29Si
signals are positive while for low photon absorption the29Si
signals are negative, such that cancellation of signals can
occur. At even higher photon energies, when the photons are
absorbed very close to the sample surface, such that a large
part of the sample volume is not affected by the laser light,
the values of the29Si signals tend to the value in the dark.

Except for the abrupt changes in the experimental data,
the theoretical curves of Fig. 5 are in qualitative agreement
with the experimental curves of Fig. 4. This agreement sup-
ports our model of nonuniform29Si polarization buildup over
the sample depth when exciting high above the band gap. As
mentioned before, the agreement aboveEphoton=1.25 eV is
not expected to be quantitative as it is based on an extrapo-

FIG. 4. sColor onlined 29Si NMR-signal intensity as a function
of laser wavelength for the29Si-enriched sample after 25 min of
laser irradiation with linearly polarized laser light atT=4 K and
B0=7 T. The different curves are the results for different laser pow-
ers and the data points are connected for better clarity. The dashed
line represents the29Si NMR-signal intensity after 25 min in the
dark. The NMR-signal intensity is given by the area underneath the
real part of the Fourier transform of the FID.

FIG. 5. sColor onlined Theoretical calculation of the29Si NMR-
signal intensity as a function of laser wavelength for the
29Si-enriched sample after 25 min of laser irradiation with linearly
polarized light atT=4 K andB0=7 T. The calculation is made for
a limited number of wavelength and power combinationsssee data
pointsd and the data points for a particular power level are con-
nected for better clarity. The dashed line represents the29Si NMR-
signal intensity after 25 min in the dark. The calculations are based
on the absorption-length data of Ref. 21 and the experimental data
of Fig. 1sad.
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lation of the experimental data. Furthermore the theoretical
model is a first-order approximation since second-order ef-
fects like diffusion of free electrons, increased carrier recom-
bination near the sample surfaces and nuclear spin diffusion
are not included.

C. Special features

There are two special features in the experimental data of
Fig. 4 which are not explained by the theoretical absorption-
length model of Sec. V B. The features consist of a sudden
drop in 29Si signal intensity at a particular photon energy and
a slow recovery toward theoretical expectations beyond
this photon energy. The feature starting right above
Ephoton=1.17 eV is only present for the highest laser power
sPlaser=300 mWd. The feature starting right above
Ephoton=1.210 eV is present for all power levels and the drop
in signal intensity is more abrupt for the higher laser powers.

We remark that the onset of TA-phonon-assisted band-to-
band transitions and the onset of TO-phonon-assisted band-
to-band transitions start with the creation of free excitons at
Ephoton=1.174 and 1.213 eV, respectively.18 These energies
correspond to the photon energies at which the abrupt
changes are observed, which suggests that the creation of
high concentrations ofslow-energyd free excitons is destruc-
tive for the dynamic-nuclear-polarization mechanism. It is
also noted that the generation of free excitons becomes less
important at higher photon energies relative to the generation
of free electron-hole pairs, which could explain why the
agreement of the experimental data with the theoretical
model is restored for higher photon energies.38,39

Similar features have been observed in optical pumping
experiments with indium phosphidesInPd and GaAs, but the
features are not fully understood either.40,41

D. Experimental data for a thinner sample

The experimental data of Fig. 4 are consistent with the
absorption-length model of Fig. 5. The small signals far
above the band gap, obtained aftertL=25 min of laser irra-
diation, are therefore expected to be the sum of a large and
positive 29Si signal close to the exposed surface, a negative
29Si signal deeper in the sample and hardly any signal from
the bulk of the sample, where the nuclear spin relaxation
time is very long. However, the small signals far above the
band gap could also be caused by a breakdown of the DNP
mechanism. To exclude this possibility, additional experi-
ments have been performed in which only the signal of the
29Si spins close to the exposed surface is measured. As we do
not have imaging capabilities in our setup, we have cut a
slice of 500mm from the original29Si-enriched sample to
this purpose.

The average29Si NMR-signal intensities per unit volume
after 25 min of laser irradiation atT=4 K and B0=7 T are
displayed in Fig. 6 for the 500mm sample and the original
5 mm sample as a function of laser wavelength. At low pho-
ton energiessEphoton,1.21 eVd the two curves coincide.
This is expected because the absorption length is longer than
the sample thickness for both samples. Starting right above

Ephoton=1.21 eV the special feature is observed. Beyond
Ephoton=1.24 eVslabs=1.5 mmd21 the two curves start to de-
viate. The average signal intensity per unit volume for the
500 mm sample is positive and larger in absolute value than
the average signal intensity per unit volume for the 5 mm
sample. This indicates that in the 5 mm sample, signal can-
cellation occurs between the sample volume close to the sur-
face and the remainder of the sample.

The experiments presented in Fig. 6 therefore confirm that
the small signals at high photon energies in Fig. 4 are due to
signal cancellation and not due to a breakdown of the DNP
mechanism. The positive data for the thin sample at high
photon energies also demonstrate that non-thermal electron
spin polarizations can be preserved when exciting high
above the band gap. This implies that the electron spin-orbit
coupling is small enough such that the free-electron spin
relaxation rate does not increase significantly when the free
electron relaxes from high in the conduction band to the
bottom of the conduction band. It is therefore very promising
to continue the investigation of silicon optical pumping at
high photon energies. Especially valuable will be experi-
ments which determine the amount of steady-state29Si po-
larization, achievable close to the exposed surface at high
photon energies. This can be done via experiments similar to
the ones of Fig. 1sbd.

VI. RESULTS AS A FUNCTION OF TEMPERATURE AND
MAGNETIC FIELD

Experiments are performed to determine the most favor-
able conditions of temperature and magnetic field to create
high 29Si polarizations.

A. Temperature dependence

The optical pumping experiments to determine the effect
of temperature are performed atB0=7 T with the

FIG. 6. sColor onlined Average29Si NMR-signal intensity per
unit volume as a function of laser wavelength after 25 min of laser
irradiation with linearly polarized laser light atT=4 K and B0

=7 T. The curves are the results for the 5 mm thick29Si-enriched
sample and for a 500mm slice of the original sample. The data
points are connected for better clarity. The NMR-signal intensity is
given by the area underneath the real part of the Fourier transform
of the FID.
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29Si-enriched sample. Figure 7 shows the29Si NMR-signal
intensity as a function of laser wavelength after optical
pumping for a timetL=25 min atT=4, 7, and 20 K. The
29Si signals atT=7 K have decreased compared to the29Si
signals atT=4 K. At T=20 K, the29Si signals are no longer
positive. According to our model of Eq.s16d fsee Fig. 1sbdg,
the steady-state29Si polarization will therefore be equal to or
smaller in absolute value than the thermal-equilibrium polar-
ization atT=20 K. The lack of positive signals atT=20 K
therefore indicates that the DNP effect has significantly de-
creased.

Since an increase in temperature has a strong and destruc-
tive effect on the DNP mechanism, it is expected that de-
creasing the temperature to belowT=4 K will increase the
maximum achievable29Si polarization.

B. Magnetic field dependence

The optical pumping experiments to determine the effect
of magnetic field are performed atT=4 K with the
29Si-enriched sample. Figure 8 shows the29Si NMR-signal
intensity as a function of laser wavelength after optical
pumping for a time tL=25 min at B0=7 and 2 T. At
B0=2 T the29Si signals are no longer positive. As mentioned
before, this is a clear indication that the DNP effect has sig-
nificantly decreased compared to atB0=7 T.

Since a decrease in magnetic field has a strong and de-
structive effect on the DNP mechanism, it is expected that
increasing the magnetic field aboveB0=7 T will increase the
maximum achievable29Si polarization.

VII. RESULTS AS A FUNCTION OF DOPING

The effect of doping and dislocations on the maximum
achievable29Si polarization cannot be predicted very accu-

rately because the details of the DNP mechanism for our
operating regime are not known yet. Experiments are there-
fore performed to increase our insight in the role of doping.

As mentioned before, the production of29Si-enriched sili-
con is still at the research stage. For this work, only one
29Si-enriched sample has been available. To investigate the
effect of doping, we have therefore performed experiments
with naturally-abundant silicon samples. The specifications
of these samples are given in Table I. Samples 1, 2, 4, and 5
consist of a stack of eight 838 mm2 pieces of single-crystal
silicon wafers500 mm thickd with orientationf100g. Sample
3 is a bulk piece of similar dimensions.

Optical pumping experiments are performed at
T=4 K and B0=7 T with laser light of wavelength
lphoton=1024.8 nm and at a laser power ofPlaser=300 mW.
The chosen laser settings are expected to produce the largest
29Si signalsssee Fig. 4d. This is desired because the29Si
density in naturally-abundant silicon is 20 times smaller than
in the 29Si-enriched sample, resulting in 20 times smaller
NMR signals. It has still been necessary to increase the irra-
diation time totL=8 h to allow single-shot detection. The
resulting29Si NMR-signal intensities are shown in Fig. 9 as

FIG. 7. sColor onlined 29Si NMR-signal intensity as a function
of laser wavelength for the29Si-enriched sample after 25 min of
laser irradiation with linearly polarized light atB0=7 T. The differ-
ent curves are the results for different temperatures and the data
points are connected for better clarity. The dashed lines represent
the 29Si NMR-signal intensity after 25 min in the dark for the re-
spective temperatures. The NMR-signal intensity is given by the
area underneath the real part of the Fourier transform of the FID.

FIG. 8. sColor onlined 29Si NMR-signal intensity as a function
of laser wavelength for the29Si-enriched sample after 25 min of
laser irradiation with linearly polarized laser light atT=4 K. The
different curves are the results for different magnetic fields and the
data points are connected for better clarity. The dashed lines repre-
sent the29Si NMR-signal intensity after 25 min in the dark for the
respective magnetic fields. The NMR-signal intensity is given by
the area underneath the real part of the Fourier transform of the
FID.

TABLE I. Naturally-abundant silicon samples.

Doping level
scm−3d Doping atom Quality

1 1−531015 Phosphorus Prime

2 4−1031014 Phosphorus Test

3 ,531013 — Very pure, high quality

4 2−431015 Boron Test

5 1−331015 Boron Test
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a function of doping density. The signals are positive, which
indicates that there is a dynamic-nuclear-polarization effect,
just like in the29Si-enriched sample.

For then-type samples, the signal increases with increas-
ing doping density. This implies that either phosphorus-
related electronic reservoirs interact directly with the29Si
nuclei or that the phosphorus doping affects the29Si nuclei
indirectly, by influencing the electronic reservoirs with which
the nuclei interact. Whether the observed29Si signal increase
is mainly due to an increase in the steady-state29Si polariza-
tion or also partially due to a decrease in the nuclear-spin
relaxation time is uncertain. Longer experiments, which de-
termine the values of bothP29Si

SS and T1
Si, need to be per-

formed to find out.
No difference is observed between the29Si signal for an

n-type sample and the29Si signal for ap-type sample with
the same doping density. Since neutral acceptors are about
ten times less effective in interacting with nuclei than neutral
donors,23 this suggests that the nuclear polarization is not
induced at neutral dopants, but for example at dopants with a
bound exciton or, as mentioned before, via interaction with
other electronic reservoirs which are affected by the dopant
density.

It is also noted that the29Si signals of the naturally-
abundant samples, which are obtained after 8 h of irradia-
tion, correspond to polarizations which are an order of mag-
nitude smaller than the polarizations produced in the
29Si-enriched sample after the same irradiation time under
the same conditions. This could mean that the dislocations,
which are present in the29Si-enriched sample, have an im-
pact on the optical pumping mechanism. But the smaller sig-
nals could also be caused by a slower nuclear spin relaxation
process in the naturally-abundant samples due to the smaller
29Si isotopic content.37,42

In conclusion, increasing the doping density either in-
creases the steady-state29Si polarization or decreases the en-

ergy relaxation time. A decrease inT1
Si would be beneficial

for the experimental investigations, because certain experi-
ments, like the ones to determine the steady-state29Si polar-
ization, are very challenging due to the long duration of the
experiments. It is therefore valuable to investigate the effect
of doping in more detail. Such a study may also help to
identify the electronic reservoir responsible for the induced
29Si polarization.

VIII. CONCLUSIONS

We have performed optical pumping experiments with
bulk silicon at the liquid helium temperature and at high
magnetic field fieldsB0=7 Td and we have observed29Si
polarization enhancements both in29Si-enriched and
naturally-abundant silicon. We have improved the previous
optical-pumping record with nearly an order of magnitude,
up to 29Si polarizations of 0.25%.

We have derived a theoretical model which explains the
observed dependence of the induced29Si polarization on la-
ser power. This model predicts that atT=4 K and B0=7 T
the maximum achievable 29Si polarization for the
29Si-enriched sample, when exciting with linearly polarized
light of wavelengthlphoton=1024.8 nm, is 2%–83%. The un-
certainty in the prediction is due to uncertainty in the free-
electron spin relaxation timeste

s=2–100 nsd. To achieve the
maximum predicted29Si polarization, significantly higher la-
ser powers are required than is possible with our setup. We
have demonstrated that high photon absorption can also be
created close to the sample surface when exciting far above
the band gap and that the dynamic-nuclear-polarization ca-
pabilities are well-preserved in this regime. If there would be
no degradation of the dynamic-nuclear-polarization capabili-
ties compared to excitation atlphoton=1024.8 nm then, for a
laser power of 300 mW, the maximum29Si polarization of
P29Si

SS max=2%spredicted forte
s=100 nsd will be achieved when

exciting at 1.38 eV, and the maximum29Si polarization of
P29Si

SS max=83% spredicted forte
s=2 nsd when exciting higher

than the direct band gap of silicon. In the latter case the spin
relaxation rate of the injected conduction electrons may have
increased, which may reduce the achievable polarization
maximum. We further expect from our investigations that
decreasing the temperature and increasing the magnetic field
will help to achieve high polarizations, potentially even
higher than the above predicted values. Our findings there-
fore do not exclude yet that29Si polarizations close to 100%
can be obtained with the optical pumping technique at tem-
peratures above 1 K and magnetic fields below 20 T. Such
achievements would be very important for the field of quan-
tum computation.6,7 Further optical pumping research in bulk
silicon is therefore stimulated, and a focus on the determina-
tion of the 29Si polarization, achieved close to the exposed
sample surface when exciting far above the band gap, will be
especially valuable.

We provide a probe to investigate the dynamic-nuclear-
polarization mechanism in semiconductors in the high mag-
netic field and low temperature regime. In this regime, there
are several details about the optical pumping mechanism in
silicon as well as in GaAs which are not understood. The

FIG. 9. sColor onlined 29Si NMR-signal intensity as a function
of doping density for naturally-abundant silicon samples after 8 h
of laser irradiation with linearly polarized light of wavelength
lphoton=1024.8 nm. The experiments are performed atT=4 K and
B0=7 T and with a laser power ofPlaser=300 mW. The different
line styles represent different doping types. The samples are de-
scribed in Table I. The NMR-signal intensity is given by the
resonance-peak height of the real part of the Fourier transform of
the FID.
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exact electron-nucleus polarization transfer mechanism, for
example, is not understood in detail. Neither are the special
features observed when exciting above the band gap. A sig-
nificant advantage of silicon in exploring these electron-
nucleus interactions is its very simple nuclear spin system,
which consists of only one active isotope,29Si, without a
quadrupolar moment. However, silicon has the disadvantage
of a very long nuclear spin relaxation time, which is on the
order of tens to hundreds of hours in the29Si-enriched
sample at liquid helium temperatures. This problem may be
alleviated by increasing the doping density.

We have derived that in our operating regime, increasing
the laser power increases the induced29Si polarization be-
cause it decreases the free electron lifetime. This result

stimulates the investigation of optical pumping in other indi-
rect band gap materials.
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