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The nuclear relaxation of ~Si in phosphorus-doped silicon is studied from the metal-nonmetal transition point of view.
Going from the nonmetal to the metal there is a rapid decrease of relaxation time at the transition, donor impurity =10'~
P atoms/cms. For the insulating side of the transition the dominant process of relaxation is due to the modulation of
the dipolar interaction between the impurity electron spin hopping from one impurity center to another, and the nuclear
spins. This type of relaxation can only take place if the material is compensated. For the metallic side of the transition
the do~~~ant process of relaxation is due' to the modulation of the hyperfine coupling between the nuclei and the highly
degenerate electron gas in a narrow band. The electron density in the vicinity of the donor centers is measured in a 2.5&
10"P atoms/cms sample. The measurement shows that it remains strongly localized around the impurities. A comparison
is made of our results with the D band model of conductivity.

I. INTRODUCTION

It has been known for some time now that the varying
of the concentration". in heavily doped semiconductors
causes a transition from a nonconducting phase,
"nonmetal, " to a conducting phase, "metal. "The most
striking evidence of a metal —nonmetal transition is
found in the study of the conductivity and Hall effect
in doped germanium or silicon. ' 3

At low concentration of donor impurities the overlap
between the wave functions of close neighbors is
negligible and the number of free carriers at T=o is
zero. At high concentration of donor impurities'the
overlap is no longer negligible and~consequently'„, the
electrons move freely in a narrow band which may
sometime overlap the bottom of the conduction band.

The transition between these two distinct phases
occurs at a concentration Xgiven by the Mott criterion,
in a sharp range of concentrations:

lPI'ua 0.2,

where aH is the Bohr radius for the impurity
The aim of this work is to study the spin —lattice

relaxation time of "Si nuclei in phosphorus-doped
silicon for both sides of the metal —nonmetal transition.
At concentrations of impurities lower than 10'r P atoms/
cm' in Si:P,4 the EPR spectrum is composed of two
hyperfine components which are due to the spin ~2 of
the phosphorus nucleus. Between 10'r and 10's P atoms/
cm~ there is a decrease in the intensity of the hyperfine
components together with a growth of the central
line. At the concentration 2.5X10" P atoms/cm' the
KPR spectrum consists of a very narrow homogeneous
line at 1.3'K. The spectrum then looks very much like
a conduction electron line in a metal with a g factor of

'H. Fritzche, J. Phys. Chem. Solids 6, 69 (1958).' N. F. Mott, Phil. Mag. 6, 287 (1961).' N. F. Mott and W. D. Twose, Advan. Phys. 10, 107 (1961).
4D. Jerome, thesis, University of Orsay, France, 1965.
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1.99875.s It is thought that the fast movement of the
electrons all over the crystal washes out the hyperfine
interaction with the phosphorus spins. On Fig. 1 we
have shown the relaxation times we measure versus
concentration at various temperatures. Ke first have
to propose a model for the relaxation in the
10'r P atoms/cm' range (or nonmetallic side of the
Mott transition) and then look at the range of 2.5X
10'r P atoms/cm' (or metallic side of the Mott transi-
tion).

II. NONMETALLIC PHASE

The model we propose for the 'Si relaxation is
based on a hopping process. Ry this we mean the
tunneling of an electron from a neutral donor to an
ionized neighbor. ' Some compensation is needed for
this mechanism to be eS.cient. We call ED and E~ the
concentration in donor and acceptor centers, re-
spectively.

I,et us consider a "Si nucleus located in the vicinity
of a pair of donors (neutral —ionized phosphorus). The
dipolar magnetic field "seen" by the "Si spin and due
to the electron spin S of the pair is written as follows:

Hs; ——(fig./r') [8—3 (r/r) t 8 (r/r) jI,
where r is the vector joining the electron and nuclear
spins. The -hopping of the electron by absorption or
emission of a phonon makes this field random. We have
calculated from the hopping frequency of the Miller
and Abrahams theory'~ the correlation time r for
the perturbation. This procedure gives a rate of
relaxation 1/T't(r) for a "Si nucleus close to a fast-
relaxing center. Ke have also assumed that the nuclear
magnetization is propagated from and to the relaxing
centers through a spin-diffusion mechanism in the

~ G. Feher, Phys. Rev. 114, 1219 {1959).
A. Miller and E. Abrahams, Phys. Rev. 120, 745 (1960).

~ D. Jerome and J. M. Winter, J. Phys. Chem. Solids 2'7, 129
(1966).
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295i random lattice. Fina1ly we get a unique relaxation
time T~ for the magnetization which depends on the
applied magnetic Geld B, the acceptor concentration,
and the donor concentration. When v is long compared
to the Larmor period of the nuclear spin, the dependence
is as follows:

1/T&~~(Jt/a/IPts) exp (—d/2aH), (2)

where d is the mean distance between donor centers
given by

(4s.d'/3) Nn = 1.
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Pro. 1. Relaxation time in Si:P as a function of concentration
at different temperatures in a magnetic field of 4600 G.

The above derivation is arrived at after an averaging
process which takes into account the random distribu-
tion of the impurities. In order to check the E~ depen-
dence of Eq. (2), experiments on compensated samples
have been done (X&=6)&10"P atoms/cm', Es,/ED=
0.13; 0.33„0.67) . Some results are presented in Fig. 2.
The magnetic-Geld dependence agrees quite well with
our theory. We believe that even for the supposed
noncompensated samples, the results of which are
reported on Fig. 1, the relaxation could be due to the
existence of a residual compensation (Xa/En~5%).
The fast variation of the relaxation time against a
mean distance between donors is due to the exponential
factor in Eq. (2).

III. METALLIC PHASE

On the metallic side of the Mott transition we have
studied the "Si relaxation in the domain 1.0" to
10" P atoms/cm', Fig. 1, but we have done a more
complete analysis of the properties of the 2.5)(
10' P atoms/crn' sample. As we said above, the donor

.2 .6 .8
Compeosatioo K = NA IND

Pro. 2. Rate of relaxation of boron-compensated samples vrith a
donor concentration of 6X 10M P atoms/cm'.

electrons are delocalized. The contact term of the
hyperfine interaction between the spins of the electrons
and the spins of the nuclei at the distance r from a
center is written as follows:

In an applied magnetic Geld the interaction (3) shifts
the Larmor frequency vs for the nuclei (rI by an
amount »(r) and provides an effective spin —lattice
mechanism T~'(r). hv(r) and T&'(r) are not indepen-
dent quantities but are related through the Korringa
relation'

The counterpart of the Knight shift »(r) is the shift of
the electron I armor frequency which is characterized
by the local magnetic Geld H„(r).The latter is pro-
portional to the mean magnetization of the nuclei jrI,
(I,(r) ), and to the local electron probability density

~ p(r) )s. We do not go into the details of a sophisticated
experimental method" which gives us the relaxation
T'&(r) for the nuclei of which the Larmor frequency is
vs+»(r), see Fig. 3. The shift »(r) is proportional
to ) P(r) P and takes an appreciable value for nuclei
very close to the impurities (r((d). One can also show'
that the hyperGne interaction (3) is the only effective
interaction between the spins and the lattice. The spin
diGusion is ineRective in propagating radially the
magnetization between close-neighboring nuclei for
which the local-field variation is larger than the spin-
spin dipolar interaction. But, as we have shown, o the
spin diR'usion becomes very effective for nuclei located
far from any impurity and gives the relaxation time
Tj for the global magnetization, Fig. 1.At temperature
T&4.2'K we have found that 1/Tq is proportional to

s A. Abragam, PrinciPles of Nnclear Magnetisrn (O'xford
University Press, London, 1961).' D. Jerome, Ch. Ryter, and J.M. Winter, Physica 2, 81 (1963),
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FIG. 3. Relaxation as-
sociated with a definite
Knight shift for nuclei close
to the impurities (Xn=
2.5)&10ts P atoms/cms)
/after Ch. Ryter (private
communication) g.
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IV. DISCUSSION

T, as it is in a metal with a strongly degenerate electron
gas. A direct measurement of the electron suscepti-
bility p by EPR had been performed in the 2.5)&
10"P atoms/crn' sample and can be compared to the
measured Pauli susceptibility. The value of the ratio
7t/xp, „t;is 2.9 and is greater than the value of alkaline
metals (~1.8). One might interpret this result as
strong correlation effects among electrons in the narrow
band. "

discontinuity to a zero value at a concentration in
donor centers verifying the Mott criterion (1) ."It has
bein suggested that the energy e2 is associated with
the activation of an electron from a neutral. donor to
the band D formed by interacting negatively charged
donors. '4 The band picture would be the one given"
where the narrow D band is below the conduction
band.

One suggestion we can make is that the band we
have found, through magnetic measurements, in a
2.5X10ts P atoms/cm' sample is the same as the D-
band of conductivity. These results do not conQict
with the work of Sundfors and Holcomb, "who have
shown by NMR that for concentrations greater than
3X10"P atoms/cm' the electrons can be described

by a highly degenerate gas and that the shape of the
band is parabolic. The band is likely to be the bottom
of the conduction band.
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The critical concentration in impurities which is
derived from the Mott criterion (1) is 2X10' P atoms/
cm, where uH =16.3 A is the value given by ionization-
energy measurements. Our results seem to corroborate
the Mott criterion. On the one hand, for AD $0'~

both the EPR spectrum and the "Si relaxation suggest
that the only movement of the electrons is accom-
plished by a hopping mechanism requiring an activa-
tion energy. On the other hand, we have shown that at a
concentration of 2.5X10ts P atoms/cm' the nuclear
spins interact strongly with a degenerate electron gas.
This electron gas is nonlocalized though it remains
strongly peaked in the vicinity of the impurity centers.
The electron probability density for the nuclei far
from the impurities remains at a value much lower
than it would have been if the electrons were thermally
excited into the conduction band. " In several papers
the conductivity of antimony-doped germanium had
been carefully studied in the region of the metal—
nonmetal transition. '''~ Different activation energies
for the conductivity process have been found. The one
@re are presently interested in is the energy e2 which,
in the nonmetallic phase, decreases rapidly and without

'0 J. M. Winter, J. Phys. Radium 24, 1127 (1963).
"R. G. Shulman and B. J. Wyluda, Phys. Rev. 103, 1127

(1956)."E.A. Davis and W. Dale Compton, Phys. g.cv, 140& A&183
(1965).

Discussion of Jerome's Paper

G. J. HvLANn (The University of Liverpool): I would like to
ask a question concerning the interpretation of the Knight shift
and the susceptibility of these impurity bands. Do you think the
Kubo temperature-independent paramagnetism can play a role
in this case) This, of course, is only possible if there is an orbital
degeneracy in the band.

D. JkttoMs: I must say that in fact, as Dr. Holcomh says, it is
very difBcult to extract a good result for the spin susceptibility
from the KSR measurement. We compared the electron line
with a salt for calibration. But I think one shouldn't trust too
much this kind of result, especially at low temperature. In the
interpretation of the data, we did not take into account the
possibility of a Kubo mechanism.

D F. Hot. co. Ms (Cornell University): I just wanted to make
one comment to emphasize how Dr. Jerome's measurements
connect on to some of the comments I made in the previous
talk. Namely, with this rather elegant, double-resonance tech-
nique, one measures the nuclei near the phosphorus impurity
and sees a situation in which the Korringa relation is maintained.
Whereas if one does a bulk measurement, that is just the region
in which one sees the bulk Knight shift dropping below pro-
portionality to ED"', so that by putting those two measurements
together one sees that, in the bulk far away from the phosphorus,
in the impurity-band regime, the electrons do not have strong
coupling to the nuclei, but when you get close to the donor you
see something that looks very much like metallic coupling.

"N. F, Mott and E. A. Davis, Phil. Mag. D', 1269 (1968).
'4 H. Nishimura, Phys. Rev. 138, A815 (1965).
'~ R. K. Sundfors ancf 0, F, Holcomb, Phys. Rev. 130, A810
(1964),




