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Abstract. The electron-spin resonance (ESR) line of delocalised electrons shifts upon saturation due to
the hyperfine interaction with the dynamically polarized nuclear spins. The 2°Si part of the Overhauser
shift of the ESR line of phosphorus doped silicon (Si:P) is separated in the concentration range 2.7 ...
7.3 x 10" /cm?® covering the metal-insulator transition. The Overhauser shift profiles, recorded wersus 2°Si
nuclear magnetic resonance (NMR) frequency, are asymmetric. Their dependence on temperature and ESR
saturation compares reasonably with simulations. Time and NMR frequency dependence of the dynamic
nuclear polarization is studied in detail. No pronounced variation of the 2°Si Overhauser shift profiles
with P concentration is observed, but the maximum value of the shift profile decreases with increasing P
concentration. In contrast to standard 2°Si NMR results, these measurements reveal the behaviour of the
298i nuclei close to the P doping sites.

PACS. 76.70.-r Magnetic double resonances and cross effects — 71.30.+h Metal-insulator transitions and

other electronic transitions

1 Introduction

Phosphorus atoms have one electron more than Si-atoms.
These electrons are weakly bound in phosphorus doped sil-
icon and their wave function is spread over several lattice
constants. At P-concentrations higher than a critical con-
centration (N, =3.52 x 10'8/cm? [1]) the crystals become
metallic. Below this critical concentration the crystals are
semiconducting. The electronic wave function in the tran-
sition range can be probed by magnetic resonance tech-
niques. The isotropic hyperfine interaction (Fermi con-
tact interaction) is proportional to the electron density
at the nucleus. The hyperfine interaction of the localized
donor electron with the 2°Si (I = 1/2) nuclei, situated
at different neighbouring lattice sites, was analysed by
Feher [2] for a sample with N = 5 x 101¢/cm? (< N.).
He used the classical electron nuclear double resonance
(ENDOR) technique for the measurements, and a wave
function with a hydrogen-like envelope function for the
analysis. For isolated donor electrons the electron spin
resonance (ESR) line is split into two lines by the hyper-
fine interaction with the central ' P-nucleus (I = 1/2). At
P-concentration higher than about 1 x 10*® /cm?, which is
still lower than N., the exchange interaction between near-
est neighbour electron spins is so large, that most of the
electron spins are not localized around one P-atom any-
more. As a result in ESR experiments only one (exchange
narrowed) line is observed. Since there are not as many
nuclear spins parallel as antiparallel to the external field,
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the electron spins still experience an average non zero hy-
perfine field. But for Si:P at thermal equilibrium, at tem-
peratures above 4 K, this field is at least seven orders of
magnitude smaller than the external field for 10 GHz-ESR.
Since the nuclear Zeeman interaction is about a factor of
2000 smaller than that of the electron spins, it should be
easier to detect the relative shift of the nuclear magnetic
resonance (NMR) line by the hyperfine interaction (Para-
magnetic shift or Knight shift). But in the vicinity of N,
the ratio of P-atoms to Si-atoms is only about 1:14000.
A standard NMR spectrum of 2°Si nuclear spins (natural
abundance 4.7%, 28Si and 3°Si have no nuclear spin) is
dominated by the Si-bulk and the signal of the 2?Si neigh-
bours to the P atom is wiped out. On the other hand the
number of 3P nuclear spins (natural abundance 100%) in
the sample is very small and the 3P NMR-signal hardly
detectable.

A unique possibility to learn more about the hyper-
fine interaction and therefore about the donor electrons
is to analyse the Overhauser shift of the ESR line. If the
ESR transition is partly saturated, the nuclear spin polar-
ization is strongly increased by the so called Overhauser
effect [3]. At cw ESR experiments the frequency is kept
constant, given by the cavity, and the external static mag-
netic field is swept. The enhanced hyperfine field by the
increased nuclear spin polarization results in a shift of
the ESR-line, the so called Overhauser shift. In Si:P the
resulting shift is towards lower external field (due to a
positive resulting hyperfine field) [4] and represents the
integral over the effect by 2?Si and 'P nuclear spins. In
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order to separate the Overhauser shift caused by the Si
nuclear spins from that caused by the P nuclear spins, it
is necessary to destroy the polarization separately [5,6].
This is possible, because the NMR, frequencies are differ-
ent: vp/vgi & 2. Since the measurement is based on the
ESR, the advantage of its better signal to noise ratio can
be utilized. The hyperfine interaction at the P-atom, as
well as that of those Si nuclear spins which are nearby
the P-atoms, can be analysed. Thus, the local interaction
at the donor site and its nearest neighbour sites can be
studied. Applications of methods based on this principle
to Si:P in the semiconducting region, with N = 0.7N. and
N = 0.85N,, were published previously [5,7,8].

For this work, samples with N =2.7-7.3 x 10'® /cm3
(N = 0.77—2.07N.) have been measured at 5—11 K.
In the following, the samples are labelled according to
their P-concentration, e.g. N5.1.3 is sample number 3 of
P-concentration 5.1 x 10*®/cm?®. The results of the mi-
crowave conductivity, ESR g-factor, line-width and sat-
uration behaviour, and the integral Overhauser shift of
the ESR-line have been published earlier [4]. In this paper
results of measurement and simulation of the contribution
of the Si nuclear spins to the ESR-line Overhauser shift
will be shown and analysed. The experimental details are
given in Section 2 of the paper. In Section 3 the shift-
profiles and their simulations are introduced, and the in-
fluence of ESR-saturation and temperature are described.
Section 4 gives the results of the time dependent measure-
ments, and in Section 5 the change of the shift profiles with
P-concentration is presented and discussed. The analysis
of the amplitude of the profiles (absolute shift values) is
detailed in Section 6. A discussion and the conclusions are
given in Sections 7 and 8, respectively.

2 Experimental details

Platelet-like flat samples of areax 1.3—3.4 mm? and

thickness 0.025—0.081 mm, 4.e. less than the skin depth
were prepared [4,9]. For the ESR-experiments an X-band
Bruker ESP300E spectrometer with an ER4118 dielectric
resonator and an Oxford instruments cryostat was used.
A probehead was developped so that, in addition to the
microwave field (9.8 GHz) for the electron spins, a ra-
diofrequency power for the 2°Si-nuclear spins (~3 MHz)
can be applied. Because the probehead with the sample
and the RF-coil is inserted into the ESR-cavity, the loss of
the quality factor had to be minimized. In the temperature
region of 5—11 K the ER4118-cavity with the probehead
has a quality factor of @ ~ 12000. With the Si:P samples
the quality factor was between @ =~ 9600 4 700 (N2.7)
and @ = 5000+ 500 (N7.3.1). The decrease of the quality
factor with increasing P-concentration is caused by the
increasing conductivity. The degree of saturation of the
ESR-line was determined with the help of the ESR-line
shape [4,9]. It is given below by the saturation factor:
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Fig. 1. A typical Si-Overhauser shift profile, measured with
N2.7 at 5.3 K for step-like increasing NMR frequency. (vesr =
9.8 GHz, By =~ 3.5 kG.)

where Sy is the average value of S, at thermal equilib-
rium. At full saturation the two ESR energy levels have
the same occupation and so (S,) = 0, s = 1. At thermal
equilibrium (S,) = Sy and therefore s = 0. For additional
experimental details see [9].

2.1 Measurement of the profiles

As a first step, the ESR-line (derivative) at a constant
microwave power (Pgsg) is recorded and the line po-
sition (Bp) is determined. For the measurement of the
Overhauser shift profile, the external static magnetic
field (Bpsess) is adjusted to this field (Baress = Bo)
and held constant (field-frequency lock). The ESR sig-
nal amplitude at this field is then detected, while the ra-
diofrequency is swept through the resonance of the 2°Si
nuclear spins. If the RF-frequency reaches the resonance
frequency of some of the Si nuclear spins, their polariza-
tion is reduced. As a result the ESR-line is partly shifted
back (By # Bess anymore) and the ESR signal ampli-
tude at Bjsess changes. Using the known shape of the
“virgin” ESR line obtained in the first step, it is possi-
ble to calculate from the ESR-signal amplitude at each
RF-frequency the corresponding back-shift of the ESR-
line. Thus, the Overhauser shift profiles show at each RF-
frequency the contribution to the Overhauser shift caused
by the 29Si resonating at this frequency. A typical exam-
ple is shown in Figure 1. With this method it is possible
to detect the distribution of the Overhauser shifts within
the Si nuclear spins. The possible frequency steps of the
RF-synthesizer are >1 kHz. The scanning rate was typi-
cally to 1 kHz/26s (see below). All shift values reported
below for 2?Si are negative. This means, that the ESR
line shifts to lower external field, if the corresponding 2°Si
contribution is eliminated by NMR saturation. Thus, the
dynamically polarized 2°Si nuclear spins must have a neg-
ative hyperfine field contribution to the ESR-field.

2.2 Time dependent measurement
For the time dependent measurement the ESR-signal am-

plitude was detected at locked magnetic field and constant
RF-frequency. By switching on and off the RF-frequency
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power and monitoring the time-dependence of the result-
ing signal, it is possible to determine the time constant of
building up the nuclear spin polarization. For this mea-
surement the signal was detected with a HP54520C os-
cilloscope. A relay controlled by a computer was used to
switch on and off the RF-power and give the trigger to
the oscilloscope.

3 The 2°Si-Overhauser shift profiles
3.1 A typical measured Si-profile

Figure 1 shows a typical Si-Overhauser shift profile for
the sample with N =2.7 x 10'8/cm? at 5.3 K and an ESR
saturation factor of s = 0.41. The step like form is caused
by the 1 kHz NMR-frequency steps. Since between two
frequency steps the signal was detected at constant fre-
quency, the form of the steps shows that there are fast
and slow time dependent processes. (see Sect. 4 for a de-
tailed discussion.)

The shape of the shift-profile is not symmetric (Fig. 1).
It has a steep decrease at low frequencies and a slower
increase at the high frequency side. The asymmetry is
caused by a distribution between the Si-nuclear spins
(Sect. 3.3).

In principle it is possible to build up an Overhauser en-
hanced nuclear spin polarization via both the anisotropic
dipolar and the isotropic Fermi contact hyperfine interac-
tion. The resulting polarization and therefore the Over-
hauser shift have opposite sign depending on the relative
magnitudes of these two interactions. The sign of the shift
in the profile of the Si nuclear spins (Fig. 1) shows that
the Fermi contact interaction is the dominant interaction
for the Si nuclear spins in Si:P. By the dynamically polar-
ized 2°Si nuclear spins, a negative (hyperfine) field at the
electron spins is created (that, if reduced by NMR, results
in an ESR line shift to lower external field).

3.2 Influence of the radio-frequency power

If the radiofrequency power (Pxmg ) for the nuclear spins is
applied in addition to the microwave power (Pggp) for the
electron spins, two processes compete against each other:
The nuclear spin polarization is enhanced via Pgsr and
the resulting ESR line saturation, but the nuclear spin po-
larization is destroyed by Pnur again. This means, that at
constant Prpggr the magnitude of the Overhauser shift pro-
file is expected to increase with increasing Pyyg. This be-
haviour is shown in Figure 2. At constant ESR-saturation
(s = 0.63) several profiles have been measured at differ-
ent Pymr. The extremum of the shift-profiles increases
with increasing Pyvr. Additionally, the profile broadens,
and the steep decrease at lower frequencies is influenced
stronger than the more flat part of the profile at higher
frequencies. Thus the profile becomes more symmetric. A
possible explanation is that the increasing Pyyg allows
to reduce already the spin polarization of the off-resonant
29Gi nuclear spins by irradiation in the far wings of their
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Fig. 2. Change of the measured shift-profile with increasing
radiofrequency power (0dBnwmr corresponds to approximately
30 W). (N3.55, T'=5.4 K and s = 0.63).
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Fig. 3. Shift of the ESR-line for destroying partly the °Si part
of the nuclear spin polarization versus the RF-/NMR-power.

respective resonance lines. Superimposed on this process is
line broadening of the NMR spectrum by increasing NMR,
saturation with increasing PyuMR.

The increase of the extremum of the profiles with in-
creasing Pyyr shows a saturation-like behaviour (Fig. 2).
If the polarization of the nuclear spins is reduced to zero,
which means as many nuclear spins are parallel as antipar-
allel to the static magnetic field, using more Pyymr has no
further effect on the shift-profile maximum. In Figure 3 the
general saturation behaviour of the maximum magnitude
of the shift-profiles, as a function of Pymg, is shown. This
figure is used later-on for extrapolation to Pyyr — ©0.

3.3 Simulation of shift-profile

For the simulation we started from a system with a ho-
mogeneous magnetic susceptibility. A constant separation
dpp = N~Y3 is assumed between the P atoms. The
wave function of each electron is described as hydrogen-
like function, centered at the P-atom:

() |2=Aexp{—2—7"}

ap

(2)

where 7 is the distance to the P-atom, and for the Bohr-
radius ag = 17 A [10] was used. From the point of view
of the electron spins there are different groups — or shells
— of Si-nuclear spins. Each shell i is characterized by the
distance 7;; to the nearest P-atom j and therefore to the
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center of the nearest electron wave function. The hyperfine
field for the electron spin j caused by the nuclear spins of
group 1 is given by:

8
Frysi Io(1 — sVsi) | ¥;(rij) |* niPsi

ij _ o7
AB 3 (3)

with:

— 7si is the gyromagnetic ratio of the Si-nuclear spins

— (I,) = Iy(1 — sV): Iy is the average nuclear spin po-
larization (I,) in thermal equilibrium. s is the ESR-
saturation factor and Vg; is the enhancement factor
for the nuclear spin polarization caused by the Over-
hauser effect.

— | 4 (rij) |? is the electron density at the lattice site of
a Si-atom at distance r;;.

— n; is the number of Si-lattice sites of group ¢ per P-
atom.

— Ps; is the natural abundance of the Si-atom with nu-
clear spin (?%Si).

The enhancement factor Vg; is proportional to the ratio
Ye/7si (Ve is the gyromagnetic ratio of the electron spins).
The maximum possible enhancement for the 2°Si in Si:P is
+3305, but it can be reduced by leakage processes [11]. If
the isotropic hyperfine interaction is predominating, the
leakage is negligible, but if there exist additional relax-
ation paths for the nuclear spins, the enhancement of the
nuclear spin polarization is reduced.

The hyperfine interaction effects also the resonance of
the nuclear spins. Since they are subjected to an addi-
tional field, caused by the electron spins, their resonance
frequency is shifted by:

81 he
3 BMess

Av; = 1

So(1 = 5) Z | i(rig) 7] (4)

n | =93 [05) o)

where v is the nuclear spin resonance frequency caused
by the nuclear Zeeman interaction. (S,) = So(1 — s) is
reduced by the ESR-saturation. Theoretically the interac-
tion has to be sumed up over all electrons in the sample.
But the electron density decreases exponentially with in-
creasing distance from the nearest P-atom. Therefore the
farther the Si-nuclear spins are from the next P-atom, the
smaller is the shift of the nuclear resonance frequency. On
the other hand, the number of Si-atoms at a given dis-
tance increases with increasing distance. In Figure 4 the
product of the number of lattice points at distance d and
the electron density at this radius is shown wversus the
distance d. The hyperfine field of the Si-nuclear spins at
lattice points farther than 80 A is negligible. Thus, for the
first simulations of the shift profile only Si-nuclear spins
within a radius of 80 A around a P-atom have been taken
into account. For each shell of Si-nuclear spins i a Gaus-
sian function f; with amplitude AB;, center at Av; and
a width A = 0.02 au was used. Using equations (2-5), we
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Fig. 5. Comparison of a simulated profile (grey curve, left and
lower scale) and the corresponding measurement (black curve,
right and upper scale). All the Si-lattice points within a radius
of 80 A around a P-atom have been taken into account for the
simulation.

can express the shift amplitude (y) as function of the RF
frequency () by:

y:Zfi :ZABi exp{ln2(xA#i)2}~

Time dependent effects, like different time constants for
building up the polarization and diffusion of the polariza-
tion built-up, have been neglected for the simulations. In
Figure 5 a simulated profile (grey) for N =2.8 x 10'® /cm3,
T =5 K and s = 0.4 is shown in comparison to the
profile (black), which was measured at the sample N2.7,
T = 5.3 K and s = 0.41. Although the simulation was
made for a simplified model, the agreement between the
simulation and the measurement is remarkable. It shows
that the extended wing at the high frequency side is caused
by the distribution of distances between Si-atoms and
the next P-atom. The small spikes in the simulated pro-
file are exagerated by the assumption of a small width
A = 0.02 au of the individual lines, combined with the
approximation of a homogeneous magnetic susceptibility
and a constant distance dpp between the P-atoms. In the
real system the P-atoms are statistically distributed [12] in
the sample, and for close P-P neighbour distances (and at
least below a certain next neighbour distance) there exist
correlations between the electrons. So the susceptibility is

(6)
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Fig. 6. Comparison of the measurement (black) at N2.7 at
5.3 K and s = 0.41 with simulated profiles (grey). At (d—f)
only the Si-nuclear spins within a sphere with the given radius
have been taken into account. For the calculation of the profiles
in (a—c) the Si-nuclear spins within the sphere considered for
(d—f) have been neglected. The axis at the right side and at
the top are for the measurements. The axis on the left and
bottom belong to the simulations and the a.u.s were adjusted
accordingly.

not expected to be homogeneous in the sample, and in re-
ality the electron densities cannot be simply summed up,
like it was made for the current simulation.

To demonstrate the influence of the coordination
sphere, within which the Si-nuclear spins are taken into
account, specific simulations have been performed. In Fig-
ure 6 the measured profile (black) is the same in all dia-
grams and identical with that in Figure 5. The simulations
are again given as the grey curves. In the lower part the
influence only of all Si-nuclear spins within a sphere with
smaller radius than rp.. < 80 A has been taken into
account. For the simulated profiles of Figure 6a—c all Si-
lattice points within an outer shell (rpim < r < 80 A)
have been taken into account. The diagrams demonstrate
clearly, that the nearer the Si-nuclear spins are to the next
P-atom and therefore to the center of the electron wave
function, the larger is the shift of the nuclear resonance
frequency. Figure 6d—f shows that, at least up to distances
of about 20 A, all Si-lattice points have to be taken into
account to describe the characteristic shape of the high fre-
quency wing of the profiles. A situation like in Figure 6a
would only be realized under the condition that the Si-
nuclear spins next to the P-atom loose their polarization
by a leakage process that is faster than the characteristic
time for the build up of enhanced polarization. Since the
hyperfine interaction with the Si-nuclear spins at larger
distance is small, it takes more time to build up an en-
hanced polarization. Thus, it is expected that during the
time used for the measurement, it is not possible to polar-
ize all distant Si-nuclear spins. Therefore, if — in contrast
to the simulation in Figure 5 — only part of the 22Si nuclei
around a P-site contribute, then the situation simulated
in Figure 6f is more realistic than that simulated in 6a.
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Fig. 7. Change of the simulated profiles with increasing ESR-
saturation. The basis profile is the same as in Figure 5. The
lower part shows the profiles normalized to the extremum.

3.4 Influence of the ESR saturation

The ESR-saturation has two different effects on the elec-
tron and the nuclear spin system. Via the Overhauser ef-
fect the nuclear spin polarization is enhanced and there-
fore the Overhauser shift increases with increasing ESR-
saturation (Eq. (3)). On the other hand, saturation of
the electron spin system reduces the difference between
the occupation numbers of the two electron spin energy
levels. This results in a decreasing average electron spin
polarization (S.) and therefore decreasing hyperfine field
for the nuclear spins: The shift of the nuclear resonance
frequency with respect to the bare Zeeman frequency de-
creases with increasing ESR-saturation (Eq. (4)). Figure 7
shows the effect of the ESR-saturation on the simulated
profiles. The diagram at the top clearly demonstrates the
increasing ESR-line shift with increasing ESR-saturation.
For the diagram at the bottom of Figure 7 the same pro-
files are shown but this time normalized to the shift ex-
tremum. Here the shift of the nuclear resonance frequency
Avnmr of the extremum to smaller values caused by the
reduced hyperfine field for the nuclear spins can be clearly
observed.

The results of the measurement for samples N2.7,
N3.55 and Nb5.1.3 are shown in Figure 8 and Figure 9. In
Figure 8 again the upper part of the figure shows the pro-
files with absolute values of the shift. The increase of the
shift height with increasing saturation can be clearly ob-
served. At the bottom the corresponding diagram is shown
with normalized heights. In spite of the extra structure
caused by the 1 kHz steps, it can be observed that the
profiles shift to smaller frequencies with increasing ESR-
saturation. The reduction of the width of the profiles with
increasing ESR-saturation seems to be more significant
for the simulations than for the measured profiles, how-
ever. The profiles of the samples N3.55 and N5.1.3 (Fig. 9)
show the same behaviour as that of N2.7. In this figure
the diagrams with the normalized values are shown on
the right side.
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Fig. 8. The measured profiles of N2.7 at 5 K for different
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normalized to the extremum.
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Fig. 9. The measured profiles of N3.55 and N5.1.3 at 5 K for
different ESR-saturations. The diagrams at the right side show
the profiles normalized to the extremum.

3.5 Influence of the temperature

The average nuclear spin orientation at thermal equilib-
rium is described by the Curie-law and therefore Iy < 1/T.
Since the Overhauser shift is proportional to Iy (Eq. (3))
the height of the shift-profiles is expected to decrease
with increasing temperature. Figure 10 shows the simu-
lated profiles for s = 0 and T = 5, 8 and 11 K. The
Curie-like behaviour of I is reflected by the height of the
profiles. Figure 11 shows for samples with four different
P-concentrations, the measured profiles at different tem-
peratures. The profiles of samples N2.7 and N3.55 follow
the Curie-law in the accuracy of the measurement. On
the other hand the heights of the profiles of the samples
N5.1.3 and N7.3.3 do not increase as much with decreasing
temperature, as would be expected by the Curie-law.
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Fig. 10. Change of the simulated profiles for s = 0.0 with
increasing temperature. The basis profile is the same as in
Figure 5.
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Fig. 11. The measured profiles of N2.7, N3.55, N5.1.3 and
N7.3.3 at 5, 8 and 11 K.

4 Time dependence

The Overhauser shift profiles, measured for step-like in-
creasing NMR frequency (see Fig. 1), do not show a step-
like shape. Instead they reflect the time dependence of
building up or destroying the nuclear spin polarization.
Destroying the polarization of the nuclear spins in reso-
nance is a very fast process. During the same time interval
the polarization, which was destroyed at lower frequencies
is build up again. This process is quite slow (see Sect. 4.2).
Since the polarization is destroyed in small spectral and
spatial regions, nuclear spin polarization gradients are cre-
ated by NMR irradiation and result in nuclear spin diffu-
sion. The diffusion is expected to be not very fast, because
only 4.7% of the Si-atoms have a nuclear spin. The nuclear
spin diffusion will also be hindered with decreasing dis-
tance to the nearest P-atom and therefore increasing hy-
perfine coupling constant and electron spin dipolar field.
The different curvature of the Overhauser shift steps at
lower and higher NMR frequencies than the extremum of
the profile (Fig. 11) can be explained within this frame-
work of time dependent processes and the different shift
amplitudes at the next lower and higher NMR-frequency
of each step. The time dependence can be characterized
in more detail.
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Fig. 12. Change of the profiles with increasing sweep velocity
(recorded for increasing frequency).

4.1 Time dependence of the profiles

The asymmetry of the Overhauser shift-profiles is related
to the distribution of Si-P-atom distances. A distribution
of hyperfine interaction results also in a distribution of
time constants for building-up the enhanced nuclear po-
larization by the Overhauser effect. Figure 12 shows pro-
files of the samples N3.55 and N5.1.3 which have been
measured with different frequency sweep velocities. At
higher velocity the high frequency wing does not reach
the zero line within the sweep time anymore. This means,
the sweep time does not suffice to build up the nuclear
spin polarization again, which was destroyed at lower fre-
quencies, when the nuclear spins were in resonance. With
slower sweep rates the amplitude comes more and more
back to the zero line. The effect seems to be more signifi-
cant for sample N3.55, with smaller P-concentration than
for the sample N5.1.3. Except for the results shown in
Figure 12, the Overhauser shift profiles of Si-nuclear spins
have been measured with slow sweep velocities equivalent
to 25.6-26.8 s/kHz.

4.2 Measurement of the time constant

To measure the time constant of the nuclear spin polariza-
tion, the ESR-amplitude at constant static magnetic field,
Prsr and fixed RF-frequency, was detected time depen-
dently while Pymr was turned on and off in a certain
time difference (Fig. 13). Starting with RF on, Pxyg de-
stroyed all the nuclear polarization possible at the chosen
RF-frequency. At t = 0 Pyyr was turned off and the de-
tection of the ESR-line shift signal started. The nuclear
spin polarization is built up again and therefore the sig-
nal increases. After a certain time (16s in Fig. 13) Pymg
was turned on again. The polarization of the nuclei at
resonance is destroyed immediately and the signal drops
steeply. The later slight increase (in Fig. 13) after turning
on Pnyuvr again cannot be explained by the Fermi contact
interaction of the 2%Si spins that are exactly at resonance,
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Fig. 13. Measurement of the time dependence of the increase
and decrease of the nuclear spin polarization. At t = 0 the RF-
power is turned off, and after about 16s the power is turned
on again.
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Fig. 14. Characteristic time constant for building-up the Si-
nuclear spin polarization for N2.7, N5.1.3 and N7.3.3 versus
the radio-frequency used previously to destroy the nuclear spin
polarization. At the top of each of these figures the relevant
profile is shown.

but gives a hint, that other interactions influence also the
nuclear spin systems.

To determine the time constants for building-up the
polarization exponential functions have been fitted to the
part of the curves between ¢t = 0 and turning on the Pyygr
again. As expected it turned out that the curve was not
monoexponential. For a sample with N =3 x 10'8/cm?
this had been reported before [8]. Time dependent mea-
surements have been performed here at different P-
concentrations. For N2.7 the curve was fitted with 3 dif-
ferent time constants and with increasing P-concentration
less exponential functions were needed. At the highest P-
concentration surveyed in this work (N =7.3 x 108 /cm?)
one exponential function was sufficient in the accuracy of
the measurement. For comparison of the results of differ-
ent samples and different frequencies the time at which
half of the amplitude has been reached again is given in
Figures 14 and 15. Figure 14 shows the time constants at
different frequencies of N2.7, N5.1.3 and N7.3.3. At the top
the corresponding profiles are shown. To have sufficient
signal to noise ratio the time dependent measurement had
to be performed at frequencies in the vicinity of the shift-
peak. Independent of P-concentration the time constant
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building-up the nuclear spin polarization versus the P-

concentration. The results of N7.3 at 5.3 K belong each to one
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decreases with increasing NMR-frequency within the pro-
file. For a sample with N =2.5 x 10'® /em? this behaviour
was already observed by Jérome et al. [5]. This confirms
the argument that the shape of the profiles is caused by
the distribution of the hyperfine interaction experienced
by the Si-nuclear spins. Figure 15 shows the time constants
for T = 5.3 K and 8 K, measured at the peak frequency,
in dependence on the P-concentration. For some sam-
ples the time constants are given for different degrees of
ESR-saturation and it seems that they become shorter at
higher degree of ESR-saturation. As shown in Section 3.4
of this paper, the profiles are narrowed with increasing
ESR-saturation factor, because the shift of the nuclear
frequency is reduced. From the frequency dependent mea-
surement (Fig. 14) it is known, that the Si-nuclear spins
at higher frequencies have shorter polarization times. Be-
cause the 2°Si resonance frequency of the high frequency
wing moves with increasing ESR-saturation towards the
peak of the shift-profile, the resulting time constant at
the peak becomes shorter. The results at 7' = 5.3 K and
N =73 x10"/cm3 (Fig. 15) are obtained for two differ-
ent samples. In summary, in spite of the somewhat dif-
ferent ESR-saturation factors it can be concluded, that
the time constants for dynamic nuclear polarization at
the shift-profile extremum become larger with increasing
P-concentration. Furthermore at least between 5.3 K and
8 K the time-constant does not change within the accu-
racy of the measurement.

5 Influence of the P-concentration

Figure 16 shows shift-profiles for the five examined P-
concentrations. In the large diagram the profiles are nor-
malized to the peak value for easier comparison of the
shapes: The shape of the Si Overhauser shift profiles does
not change with increasing P-concentration within the ac-
curacy of the measurement. This indicates that the funda-
mental form of the wave function, and especially the ex-
ponential decay of the electron density distribution, does
not change significantly in the surveyed P-concentration
range. In contrast, the measurements of the susceptibil-
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Fig. 16. Si-Overhauser shift-profiles, measured for samples
with different P-concentrations at 8 K. The profiles are nor-
malized to the extrema. The heights are shown in the small
figure above the legend.

ity have shown a decreasing total susceptibility with in-
creasing P-concentration in the observed range [13-15]. A
decreasing local susceptibility would reduce the shift of
the nuclear resonance frequency by the hyperfine interac-
tion. Then the profiles would narrow and the extremum
could shift to smaller frequencies with decreasing suscep-
tibility. However, within the accuracy of the measurement
this behaviour is not observed. This confirms that the
principal shape of the Overhauser shift-profiles is domi-
nated by the distribution of Si-P-atom distances. Since the
Overhauser shift is the shift of the ESR-line of electron
spins with a minimum of exchange interaction, the ob-
served behaviour is related mostly to these electrons and
their direct environment.

In the small diagram at the top of the legend the peak
values of the shift-profiles are shown (Fig. 16). Although
the shape of the profiles does not change, the height de-
creases by a factor 2 with increasing P-concentration.

6 Analysis of the heights of the shift-profiles

In order to derive a shift-related quantity which is inde-
pendent of Pyyr, the shift-profiles at different Pyyr have
been measured and extrapolated to Pnyr — oo (Fig. 3),
to get the shift maximum at the surveyed ESR-saturation
factor. For the simulations it was supposed, that only the
polarization at the given nuclear spin resonance frequency
was thus destroyed completely.

6.1 Results of the simulations

In order to check the influence of individual parameters
on the shift value in the shift extremum, dedicated sim-
ulations have been performed and analysed. Figure 17
shows the extremal heights of the simulated profiles versus
ESR-saturation factor for different varied parameters. The
curves are all non-linear, since the height increases due to
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Fig. 17. Height of the extremum of the simulated profiles
versus the ESR-saturation factor. (a), for different tempera-
tures, (b), for different susceptibilities, (c), for different spatial
ranges, within which the Si-nuclear spins have been taken into
account and (d), for different resolutions of the frequency axis
of the profiles.

the increasing nuclear spin polarization and in addition,
due to the narrowing of the profile (Sect. 3.4).

As described in Section 3.5, the average nuclear spin
polarization at thermal equilibrium is proportional to 1/7.
Therefore the extremal shift in Figure 17a decreases with
increasing temperature. In Figure 17b the influence of the
susceptibility is shown. An increasing local susceptibility
causes a larger frequency shift of the nuclear spins and
broadened shift-profiles. As a result the extremal height
decreases with increasing susceptibility as long as ESR-
saturation is s < 1. At small saturation the slope of the
amplitude wversus ESR-saturation factors also decreases
with increasing susceptibility.

For the shift peak heights, it does not make a big differ-
ence (s < 0.8), whether all Si-nuclear spins within a sphere
with radius 80 A are taken into account or whether the Si-
nuclear spins next to the P-atoms are neglected (Fig. 17¢).
The reason is that the resonance frequency of the Si-
nuclear spins nearest to the P-atom have a large shift
Avnmr and they contribute to the extremum only at very
high ESR-saturation factor s. The number of Si-nuclear
spins at large spatial distance to the nearest P-atom is
very large and their resonance frequencies are very close
together. Thus, the extremal height of the profile caused
by the Si-nuclear spins with separation 0 A < r < 24 A
from the P-atom is considerably smaller than if all Si-
nuclear spins with » < 80 A have been taken into ac-
count (Fig. 17c). Since the resonance frequency for those
Si-nuclear spins with < 24 A experiences quite a large
shift by the hyperfine interaction, but the whole profile
is shifted to smaller frequencies already at small ESR-
saturation, the corresponding curve of the external height
in Figure 17c is more linear for small s than the others.

Since the RF-frequency was swept in steps of >1 kHz,
it was also interesting to analyse which influence the res-
olution of the frequency has to the change of the height
in the extremum. These results are shown in Figure 17d.
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Fig. 18. Height of the extremum of the shift-profiles extrapo-
lated to RF-power — oo wversus the ESR saturation factor for
each P-concentration and for different temperatures. To check
the influence of the Curie law of the average nuclear spin po-
larization the values have been converted to about 5.3 K.

The simulated profiles shown in this paper have been
calculated with a resolution of Az = 0.001. If one esti-
mates the corresponding resolution of the measurement
by the comparison to the simulated profiles at Figure 6,
one derives a resolution of Ax ~ 0.08 for Figure 6a and
Az = 0.2 for Figure 6f. The curves in Figure 17d show
that if the frequency-resolution is reduced, the s depen-
dence approaches linearity, since it is very unlikely to hit
the actual extremum of the profile.

6.2 Results of the measurements

Figure 18 shows the heights of the shift-profile extrema ex-
trapolated to Pymr — oo (Oshi). Under the condition of
no Si-nuclear spin diffusion and a perfect resolution of the
frequency axis, this would be the extremum of the profiles,
if at every NMR~frequency only the corresponding nuclear
spin polarization were destroyed totally. It can be gener-
ally noticed, that the curves are closer to linearity than
most of the results of the simulations. The simulations
have shown, that this can be caused by the fact, that the
profiles are dominated by the Si-nuclear spins nearby the
P-atoms (Fig. 17¢) and by the non-negligible 1kHz-steps
of the RF-frequency (Fig. 17d). For N =7.3 x 10'8/cm?
at about 8 K the results of two different samples are
shown. The difference indicates the accuracy of the de-
termination. The difference between the results of N5.1.1
and N5.1.3 is much larger, but the reason for that cannot
be explained yet.

The thermal average nuclear spin polarization follows
the Curie-law and is therefore proportional to 1/T. To
check this influence on the shift peak height, the val-
ues in Figure 18 are multiplied by the temperature of
the measurement and divided by the corresponding min-
imum temperature Ty, =~ 5 K. The results of N2.7 and
N3.55 show that the temperature dependence of the pro-
file maximum is clearly dominated by the Curie-law of
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Fig. 19. Extrapolated extremal heights of shift profiles
(Fig. 18) as function of ESR-saturation factor at equal tem-
perature and varied P-concentration.

the average nuclear spin polarisation. For the samples
with P-concentrations above N,, the influence of an ad-
ditional temperature dependent process is observed, e.g.
the temperature dependence of the leakage process of the
enhanced nuclear spin polarisation (Sect. 3.5). The inte-
gral shift of the ESR-line due to dynamic nuclear polar-
ization [4] showed comparable temperature dependent be-
haviour. However the opposite sign of the integral shift
indicates the predominance of the P-nuclear spins for an
enhanced nuclear spin polarization via the Fermi contact
interaction.

Figure 19 shows the maximum shift as function of the
saturation factor s for equal temperature, so the change
with P-concentration can better be followed. Independent
on the temperature, the slope of the curves decreases with
increasing P-concentration. This confirms the behaviour
discussed in Section 5 (Fig. 16). As mentioned before in
Section 5, the total susceptibility was reported to decrease
with increasing P-concentration. The change of the slope
with increasing P-concentration shows the opposite be-
haviour to the result expected by the simulations for de-
creasing susceptibility. This confirms again that for the
Overhauser shift profiles of the Si-nuclear spins, the to-
tal susceptibility of the sample is not the relevant factor.
If in contrast the leakage processes become more influ-
ential with increasing P-concentration, this would reduce
the possible Overhauser enhancement of the nuclear spin
polarization and therefore the Overhauser shift.

7 Discussion

The shift of the 2?Si nuclear resonance frequency, caused
by the hyperfine interaction with the P-centered electron
spin decreases with increasing ESR-saturation. For com-
plete saturation, i.e. s = 1, the average hyperfine field
is zero. In the Overhauser shift profiles for different ESR-
saturation (Fig. 8 and Fig. 9) the extremum is shifted typ-
ically by Av =~ 0.5 — 1 kHz by the hyperfine interaction.
With a Si-nuclear Zeeman resonance frequency of about
vgi = 2.964 MHz this gives a relative shift of Av/vg; =~
(1.7 — 3.4) x 10~*. Peak-shifts of bulk-Si:P 2°Si NMR-
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spectra in the observed P-concentration range amount to
Av/vs; =~ (0.4 — 4) x 1075 [16,17], increasing with in-
creasing P-concentration. Only at N > 2 x 102°/cm? a
relative shift of about 1 x 10~* is observed [16,20]. Also
the width at half maximum of the Overhauser shift pro-
files is by a factor of 3—7 larger than the resonance line
of the standard 2°Si NMR-spectra in this P-concentration
range [16,19-21]. Finally, the longitudinal relaxation time
of the Si-nuclear spins, measured with standard NMR-
methods for bulk Si:P, is quite different from the time
constants determined by the time dependence of the Over-
hauser shift: At low temperatures the standard NMR
method yields time constants between 8—15 min [16,19],
while the time constants to build-up the nuclear spin po-
larization is &~1—10 s at the Overhauser shift peak fre-
quency (Fig. 15, [8,7]).

All the facts mentioned above prove clearly that in
the Overhauser shift measurements only Si-nuclear spins
nearby the P-atom and therefore close to the center
of the electron wave function are observed. The num-
ber of Si-atoms nearby the P-atoms are — relatively —
very small in the surveyed P-concentration region. At
N =2.7 x 10" /em? only about 8% of all Si-nuclear spins
are within a sphere with radius 20 A around a P-atom
and even at N = 1 x 10'/cm?, this portion only amounts
to 25%. So at low P-concentration the standard 2°Si
NMR-signal is dominated by the Si-bulk. With increasing
P-concentration, the number of Si-nuclear spins nearby P-
atoms increases, and so does their influence on the NMR-
spectrum. As a result the relative shift of the standard
NMR-line peak increases and the average relaxation time
of all Si-nuclear spins decreases, since the relaxation times
of the Si-nuclear spins nearby the P-atoms are very short
compared to the relaxation time of the main part of Si-
nuclear spins. Thus both measuring techniques give com-
plementary information, with the Overhauser shift tech-
nique focusing on the really relevant sites of the doped
semiconductor.

8 Conclusion

In this paper, measurements and simulations of the ESR-
line Overhauser shift profiles caused by the 2?Si-nuclear
spin polarization in Si:P at the metal-insulator transition
are reported and analysed. The results of the peak shift
and the relaxation time constants have been compared to
results of the standard 2°Si NMR measurements reported
in the literature. The measurement of the Overhauser shift
is confirmed as a method to survey in Si:P the hyperfine
interaction of the Si-nuclear spins nearby the P-atoms and
therefore close to the center of the electron wave functions.
The shape of the Overhauser shift profile is dominated by
the distribution of hyperfine interaction strength reflecting
the distribution of Si-P-atomic distances. The total sus-
ceptibility has no influence on the shape of the shift pro-
file within the accuracy of the measurement. In addition,
the functional shape of the profile does not change with
increasing P-concentration in the vicinity of N, indicat-
ing that the exponential envelope function of the electron
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wave function is preserved. The height of the extremum of
the shift profile decreases with increasing P-concentration,
however. A possible explanation could be a reduction in
dynamic polarization efficiency by a relative increase of
the influence of leakage processes. Since it is not unlikely,
that the influence of the leakage processes depends on
temperature, the deviation of the T-dependence of the
Overhauser shift from the Curie-law, describing average
nuclear spin polarization at thermal equilibrium, gives an-
other hint for an increasing leakage rate with increasing
P-concentration. A distribution of time constants for dy-
namic nuclear polarization is observed in all samples, with
decreasing time constant for increasing displacement of
the NMR frequency with respect to the bare 2?Si Zeeman
frequency. For the respective extremum of the shift profile,
the time constant for building up the nuclear spin polar-
ization by the Overhauser effect increases with increasing
P-concentration. These investigations have to be comple-
mented by a corresponding analysis of the 3P Overhauser
shift profiles, that will be presented as Part III later on.
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