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We have made static susceptibility measurements at temperatures between 1.25 and 300 K on
samples of phosphorus-doped silicon with dopant concentrations in the range 0.2<n/n. < 1.3,
where n, is the critical concentration for the metal-insulator transition. In this paper we discuss our
results for the diamagnetism associated with the donor electrons. We find that the donor suscepti-
bility above 60 K is diamagnetic and varies linearly with concentration. We associate the suscepti-
bility observed at these temperatures with a diamagnetic term, X 5(T,n), which is of the Landau-
Peierls-Pauli type, but which is linear in n. Using static susceptibility data at higher concentrations
obtained by other investigators, we show that the linear behavior of X, persists up to ~3n,, i.e.,
within the entire impurity-“band” region, beyond which it reverts to the n'/? behavior expected for
a standard band. We find that published ESR susceptibility data for similar concentrations exhibit
the same concentration dependence as X,. Use of the ESR data has enabled us to separate out the
orbital and spin contributions to the susceptibility. The average diamagnetic susceptibility per
donor is found to agree with calculated values of the Larmor diamagnetism of localized electrons,
and is independent of concentration over a range spanning the transition from insulating to metallic
behavior; so far as the average orbital contribution of the donor electrons in the impurity “band” is
concerned, it makes little difference whether the electrons are in localized or extended states. In ad-
dition to their possible implications for the nature of the impurity “band,” these results are impor-
tant in that they provide a baseline against which donor susceptibility can be measured in order to
determine a contribution at low temperatures which may be attributed to the presence of local mo-

ments across the metal-insulator transition.

I. INTRODUCTION

The insulator-to-metal transition which occurs at zero
temperature in doped semiconductors as the dopant con-
centration is increased beyond a critical value, n., has
been the subject of many investigations over the years.
The major focus of experimental effort has been on
measuring transport properties near the transition; care-
ful studies of the behavior of the conductivity at very low
temperatures have resulted in considerable progress in
our understanding of the nature of the transition. Many
questions, however, remain unresolved; in particular, the
magnetic behavior is not fully understood. Recent inves-
tigations of the magnetic response have concentrated on
the behavior of the low-temperature paramagnetism, and
the evolution of this as the transition is crossed. It seems
clear that a careful study of the behavior of the dopant
spins across n, is necessary for a complete understanding
of the metal-insulator transition.

Little work has been reported on the diamagnetism of
doped semiconductors with concentrations near the tran-
sition. Earlier studies! were focused mainly on higher
concentrations n >>n,, where, because of the large effects
observed, it was possible to make a meaningful compar-
ison of the results with the predictions of band theory for
the orbital diamagnetism of nearly-free electrons.
Reasonable agreement with the theory was found for
n >ncg, where ncg is the concentration at which the
Fermi level enters the conduction band. Although
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significant departures from band theory expectations
were noted for n < ncg, the issue was not pursued.

Inasmuch as the metal-insulator transition in doped
semiconductors is believed to take place in the impurity
“band”,’ i.e., n, < ncy, any additional insight into the na-
ture of the impurity ‘“band” is relevant to our under-
standing of the transition. In particular, the behavior of
the diamagnetism of (localized or itinerant) donor elec-
trons is dependent on the specifics of the impurity
“band,” and may therefore prove to be important.

Our aim is to obtain quantitative information about the
magnetic response of the dopant electrons or holes at
concentrations where the Fermi level is in the impurity
band and, in particular, the region 0.7<n/n, <1.3. We
have attempted this by means of a systematic study of the
static susceptibility of Si:P over a wide range of tempera-
ture (1.25-300 K). Although static susceptibility mea-
sures both spin and orbital contributions, in contrast to
ESR which measures the spin component only, it is the
method of choice for precise measurements and reliable
absolute values. We have obtained information, in con-
junction with static and ESR susceptibility results ob-
tained by other investigators, about the behavior of both
spin and orbital contributions to the donor susceptibility
in the Si:P system. In this paper we discuss our results
for the magnitude and concentration dependence of the
diamagnetism in the impurity ‘“band” region. These re-
sults have enabled us to extract a low-temperature
paramagnetic term in the metallic phase (n > n_), which
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is normally associated with local moments in the insulat-
ing phase (n <n_). This low-temperature paramagnetism
is the subject of the following paper (hereafter referred to
as paper II).

II. BACKGROUND

Our present understanding of the metal-insulator tran-
sition (MIT) in uncompensated doped semiconductors is
that it is a disorder driven transition in which the effects
of correlation are important.’ In terms of a Hubbard
model as applied to the Si:P system,* at very low concen-
trations n <<n, where the donor sites are relatively iso-
lated, the electrons lie in singly-occupied localized states
at energies of about a donor rydberg, ~440 K, below the
bottom of the conduction band. These energy levels con-
stitute the lower Hubbard, or Dy, “band.” An energy of
approximately 0.95 Ry, ~420 K, is required to place a
second electron on any isolated donor site: such energy
levels for double occupancy constitute the upper Hub-
bard, or D_ band. The electronic wave functions are of
the tight-binding type; therefore wave-function overlap is
expected to be small at very low concentrations. Howev-
er, because of disorder, i.e., the random positions of the
donor atoms on the Si lattice, some donor sites will be
much closer to each other spatially than the average
donor separation. This gives rise to a larger average
overlap than for the ordered case at the same concentra-
tion, and causes the Hubbard bands to broaden rapidly
with concentration. In addition, due mainly to clustering
effects associated with the disorder,® the D_ band
broadens much faster than the Dy band. With increasing
concentration, and therefore increasing overlap, a con-
centration n' (Refs. 3 and 4) is reached at which the bot-
tom of the D _ band touches the top of the D, band, and
thus double occupancy states are available at the Fermi
level, €. (For uncompensated material € lies at the top
of the D, band up to this concentration.) However, in
spite of the increased wave-function overlap, the system
is still an insulator: because of disorder the tight-binding
wave functions are Anderson-localized up to an energy
€., called the mobility edge, which lies above &, for
n <n.>* The transition from insulator to metal takes
place only when the concentration is high enough so that
the Fermi level crosses the mobility edge. This is be-
lieved to take place at energies below the bottom of the
conduction-band edge, in other words the MIT takes
place in the impurity “band”. The Fermi level crosses
into the conduction band at concentrations much higher
than n,.

In considering the magnetic response of the Si:P sys-
tem for concentrations near n,, two important aspects of
the above picture need to be kept in mind. (a) Although
the electronic states are localized up to €., only the
singly-occupied states carry a local moment—the
doubly-occupied localized states, consisting of pairs of
electrons with antiparrallel spin, have no net local mo-
ment. Thus, as the concentration is increased from n’ to
n. and the D _ band rapidly encroaches into the D, band,
an increasingly significant number of the localized states
will be magnetically inert in the sense that they will not
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carry a local moment. (b) For concentrations greater
than n’, the density of states at the Fermi level, g (ef), is
finite. This implies, as suggested by Mott,* that magnetic
quantities associated with g () may be expected to vary
continuously across the MIT.

Current knowledge of the concentration dependent
magnetic response of the Si:P system, as obtained from
experimental studies of the susceptibility that are found
in the literature, and from simple theoretical considera-
tions, is schematically summarized in Fig. 1. The metal-
insulator transition, as deduced from the behavior of the
zero-temperature conductivity,” occurs at a concentra-
tion n,=3.5%x10'"® cm~* (using the Thurber® curve). On
the basis of a variety of experimental data, Alexander and
Holcomb’® have estimated that the Fermi level enters the
conduction band at ng~2X 10’ cm~3. Figure 1 covers
a concentration range corresponding to about a factor of
30 below and above n.. This range has been divided very
roughly, on the basis of available susceptibility data, into
three regions: Region I, the insulator region, correspond-
ing to the extreme insulating side of the transition
(n <10'" cm~3); region II, the impurity “band” region
(10" <n < 5% 10"); and region III, the conduction-band
region, corresponding to the extreme metallic side of the
transition (n > 5x 10" cm™3). Region II, which is the re-
gion of interest, is split by the MIT into regions IIA and
IIB, corresponding to concentrations below and above n,,
respectively. The concentration n’' referred to earlier
probably falls within the upper part of region IIA, i.e.,
n'~10%cm=3.10

The susceptibility of the donor electrons consists of
positive components associated with their spins, and neg-
ative components associated with their orbital motion.
In the extreme insulating region (I), where wave-function
overlap is negligible, the spin part is known to be de-
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FIG. 1. Magnetic response of the Si:P system in various re-
gions of concentration, as described in the text.
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scribed!! by the Curie law for noninteracting localized
spins, each with § =:
2
npp
Xspin=XCurie=m . (n
The orbital part is expected to be the atomic, or Larmor,

diamagnetism associated with the localized (hydrogenic)
orbits:

ne? 7
oy (r?). 2
Since thg Bohr radius of the donor electron is large,
a*=17 A, and the average effective mass m* is small,
the Larmor term will be much larger than that for a hy-
drogen atom in free space (by a factor of ~30). In fact,
one expects it to be larger in magnitude than the Curie
term for T >S50 K, so that the net susceptibility of the
donor electrons is diamagnetic at high temperatures. We
note that both the spin and orbital contributions in re-
gion I are proportional to the concentration n.

In the extreme metallic region (III), where the elec-
trons are delocalized, the susceptibility exhibits the
characteristics of a degenerate gas of free electrons.'?— !4
The spin part of the susceptibility of a free-electron gas is
the Pauli paramagnetism, and the orbital part is the
Landau-Peierls (LP) diamagnetism. These terms may be
combined together to give the Landau-Peierls-Pauli
(LPP) susceptibility:'®

X orbital =X Larmor = —

X spin +X orbital

nuj Fi,(p/kT)

L)
ka Fl/z(ﬂ/kT) ’

3

—XLPP_“

(3)

where F,,, and F},, are the Fermi integral and its
derivative, u is the chemical potential, and
2

2m,+m
22T , (4)

m

mi

(fH)=m

3m,2m,

where m, and m; are the transverse and longitudinal
effective masses. Because of the small effective mass, the
LP term is larger in magnitude than the Pauli term, so
that the donor susceptibility is net diamagnetic, as has
been observed in this region. Using conduction band
parameters,'®( f2) =12.8, and X;p= —4Xp,,; At tem-
peratures below the degeneracy temperature €z /k, X;pp
is independent of temperature, and may be expressed as

) (f*)
T3

I

XLppz _;)“'“g(ﬁp) R (5)

Thus, both the spin and orbital parts are proportional to
g(ep) and, assuming a standard band, should vary with
concentration as n /3,

Current knowledge and understanding of the donor
susceptibility in the impurity band region (II) is confined
to the low-temperature behavior of the spin component,
for concentrations below n_ (region IIA). As one moves
in concentration from region I to IIA, the effects of ex-
change interaction between the localized spins become
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important. This interaction is antiferromagnetic,'” and
causes the spin susceptibility to fall below the Curie
value. The situation is complicated by the random posi-
tions of the donor atoms which, coupled with the ex-
ponential dependence of the exchange on interdonor sep-
aration, gives rise to an extremely broad distribution of
exchange energies. However, it has proven possible to
take these effects into account'®’® and the low-
temperature spin susceptibility, in agreement with experi-
mental data,>?%?! is now known to be described by the
behavior of the random Heisenberg antiferromagnet
(RHA):

Xpin=Xrua=nA(mT~% O<a<l 6)

where 4 and a decrease with increasing concentration.
A particularly successful treatment of the properties of
the RHA is the scaling calculation of Bhatt and Lee,' in
which the spin susceptibility is shown to be that associat-
ed with pairs of localized spins, coupled hierarchically ac-
cording to a renormalized distribution of exchange ener-
gies. This model will be discussed in more detail in paper
II. Experiments on the nonlinear magnetization?! have
shown this description to be valid up.to n=~0.75n,, or
through most of region IIA.

The behavior of the spin susceptibility as the concen-
tration is increased from 0.75n, through n, and into re-
gion IIB is not understood. It has been observed that the
temperature-dependent behavior implied by Eq. (6) ap-
parently continues till n~n,.5> Whether this is a con-
tinuation of the behavior of the random Heisenberg anti-
ferromagnet is not clear. As the concentration is in-
creased beyond n_, the spin part at low temperatures does
not revert to the temperature-independent Pauli suscepti-
bility expected for delocalized electrons, but continues in-
stead to exhibit a strong temperature depen-
dence.'?~ 142223 The nature of this temperature depen-
dence, whether it varies continuously across the MIT,
and how far it persists into region IIB, is not known.
Further discussion of these questions, which are of con-
siderable current interest, both theoretical and experi-
mental, is left to paper II. It should be noted here that
for concentrations n >n' such that g(ez) is finite, the
spin part may consist of two terms-—one associated with
the behavior of localized spins, such as that which gives
rise to the temperature dependence in region IIA, and the
other with a finite g (e) which could contribute a Pauli
term. Attempts have been made'*!* to describe ESR sus-
ceptibility data using such a decomposition, but without
quantitative success.

Little is known about the orbital part of the donor sus-
ceptibility in region II. One may expect the Larmor di-
amagnetism to persist into region IIA. Alternatively, the
Landau-Peierls susceptibility of region III may carry over
into IIB, and possibly into IIA, for concentrations n > n’'.
At such concentrations, static susceptibility measure-
ments may be expected to contain a X pp term in addition
to the low-temperature spin term. As in the case of ESR,
however, attempts to describe the data using this decom-
position have not been successful.!? In addition, compar-
ison of ESR with static measurements has not yielded
definitive information,'* beyond the possibility that the
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orbital part is smaller than that expected on the basis of a
standard band model, and that its concentration depen-
dence may be significantly different from that expected of
LP diamagnetism.

To summarize, our knowledge and understanding of
the donor susceptibility in the impurity ‘“band” region II
is meager, as indicated by the question marks in Fig. 1.
On the basis of our investigations, we will attempt to pro-
vide additional information in this interesting region—
the low-temperature behavior in paper II, and the
remainder in this paper.

III. EXPERIMENTAL PROCEDURES

The samples used in this study were cut from
Czochralski-grown single crystals obtained from various
sources, as listed in Table I. Sample A was a zone-floated
high-purity n-type silicon sample with a room-
temperature resistivity of approximately 100 2 cm, which
corresponds to a dopant concentration on the order of
10" cm~3. The room-temperature resistivities of the
phosphorus-doped silicon samples B —-J were determined
using the van der Pauw method;?* a more precise deter-
mination was obtained for samples with concentra-
tions near n, from measurements of residual ratios
(R4,/R3y) using data provided by Paalanen. The
phosphorus concentration for each doped sample was
then obtained from the room-temperature resistivity us-
ing the calibration curve of Thurber et al.® for Si:P.
Since the critical concentration on the Thurber scale is
nc=3.5><10l8 cm™3, it can be seen from Table I that
samples B-F and G -J are on the insulating and metallic
side of the metal-insulator transition, respectively, and
that the concentrations of these doped samples corre-
spond to the range 0.2<n /n. <1.3.

The magnetic susceptibility measurements were made
using a Faraday balance technique. A commercial Cahn
RH microbalance was used to measure the force on a
sample suspended in the superposition of a uniform field
generated by a superconducting solenoid and a field gra-
dient produced by an auxilliary superconducting coaxial
coil. Measurements were obtained between 1.25 and 300
K.
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To minimize surface contamination, each sample was
etched with CP-4 solution immediately prior to loading it
into the sample chamber. This ensured the removal of
any ferromagnetic impurities that may have been intro-
duced during cutting or storage to levels below the sensi-
tivity limit of our magnetic measurements. After load-
ing, the sample chamber was repeatedly evacuated and
backfilled with high-purity helium gas. This process

. purged the samples of adsorbed oxygen that would give

rise to a spurious paramagnetic signal. Thermomolecular
and convective flow effects, which generate noise in the
force measurement, were kept to a minimum by operat-
ing at low exchange gas pressures, and gas buoyancy
effects were eliminated by observing force changes in-
duced by reversing the direction of the field gradient.

The above procedures enabled us to obtain susceptibili-
ty measurements to a precision of 2 10~'° emu/g, and
with a run-to-run reproducibility within 5x 10~!° emu/g.
These numbers correspond to about 0.2% and 0.4%, re-
spectively, of the diamagnetism of silicon.

IV. RESULTS AND DISCUSSION

Figure 2 shows the measured total mass susceptibility,
X7(T), as a function of temperature for a number of
doped samples with concentrations in the range
0.7<n/n.<1.3. The measured susceptibility for the
pure silicon sample is also shown in Fig. 2. As has been
noted by other investigators, the susceptibility of silicon
is diamagnetic and independent of temperature at low
temperatures, and exhibits a modest decrease in magni-
tude as the temperature increases. Our measured value
for the diamagnetism of silicon in the temperature-
independent region is —(115.0+0.5)x 10~° emu/g; an
estimate of the absolute accuracy (calibration) of our sus-
ceptibility measurements may be obtained from this num-
ber.

By subtracting the susceptibility of the pure sample
from the total susceptibility, we have obtained the sus-
ceptibility associated with the donor electrons, X(T), for
each doped sample. In addition, we have divided X(T) by
the donor concentration per gram, n,, to obtain the aver-
age susceptibility per donor atom:

TABLE 1. Characteristics of the samples used for the susceptibility measurements. The concentra-

tion n, is the donor concentration per gram.

Concentration
Resistivity at 293 K n ng
Sample (Q cm) (10" cm™3) (10" g—1) Source
A 100 “pure” “pure” Zone-float
B 0.0285 0.67 .288 Mulab
C 0.0205 1.26 541 Mulab
D 0.0142 242 1.04 Mulab
E 0.0134 2.76 1.18 Virginia Semiconductors
F 0.0119 34 1.46 Texas Instruments
G 0.0114 3.61 1.55 Crysteco
H 0.0111 3.83 1.64 Crysteco
I 0.01037 4.27 1.83 AT&T Allentown
J 0.00991 4.6 1.97 AT&T Allentown
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where n,=n/p, and p (=2.33 g/cm’) is the density of
silicon. The data, so reduced, are shown in Fig. 3. The
value of n, for each sample is given in Table I.

The effects of increasing concentration are clearly evi-
dent in Fig. 3. The donor susceptibility at the lower tem-
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peratures (7T < 30 K) shows a monotonic progression with
concentration. For the insulating samples, the observed
behavior of X/n, is qualitatively that expected for the
random Heisenberg antiferromagnet [Eq. (6)]—the
effects of the exchange interaction become more pro-
nounced as n increases, resulting in a decrease of both the
magnitude of the low-temperature paramagnetism and its
temperature dependence. However, as is quite clear from
Fig. 3, this behavior of X/ n, apparently persists into the
metallic phase—there is no discernible change in the be-
havior of the susceptibility at these temperatures as the
concentration is increased beyond the critical concentra-
tion. Thus the low-temperature susceptibility of the four
metallic samples of Fig. 3 continues to exhibit, on a quali-
tative level, the temperature- and concentration-
dependent features associated with the insulating phase.
This smooth variation of the magnetic response is in
marked contrast with our measured residual ratios
R, x /R 300 x Which change rapidly near the transition,
and the zero-temperature conductivity which is known to
change almost discontinuously.’

Figures 2 and 3 show that the donor susceptibility for
samples on either side of the transition becomes diamag-
netic as the temperature is raised beyond 20 K. As dis-
cussed in Sec. II, the magnitude of the orbital contribu-
tion to the donor susceptibility is known to be larger than
the spin contribution in the metallic region III. For tem-
peratures higher than 50 K, this is expected to be true
even in the insulating region I. It is therefore not surpris-
ing that the donor susceptibility is observed to be net di-
amagnetic at high temperatures in the intermediate re-
gion II. It is important to note, however, that in this
concentration range the orbital contribution evidently
represents a significant portion of the donor susceptibility
even at low temperatures. This is most obvious in the
case of the sample with the highest phosphorus concen-
tration, sample J, for which the donor susceptibility
remains net diamagnetic down to the lowest temperature
accessed in this experiment. In order to extract meaning-
ful information regarding the behavior of the paramagne-
tism at low temperatures on the basis of these data, de-
tailed knowledge of the diamagnetism associated with the
donor electrons is clearly necessary.

The reduced data of Fig. 3 affords a direct clue to the
nature of the donor electron diamagnetism. It can be
seen from this figure that as the temperature is increased
beyond 60 K, the values of X/n, tend toward a single
curve for all samples independently of concentration.
This striking feature of the data implies that the donor
susceptibility for T > 60 K is approximately linear in the
concentration. At these elevated temperatures, the
paramagneétic enhancement of the susceptibility that is
observed at the lowest temperatures is expected to be
insignificant. For the insulating samples this is certainly
the case: as can be easily seen by plotting the data on a
log-log plot, the susceptibility of these samples at low
temperatures falls off even faster than 1/7 for T>5 K.%¢
The metallic samples show similar behavior (see paper
II). These considerations suggest that if one writes the
susceptibility within the entire temperature range as the
sum of a paramagnetic and a diamagnetic term:
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X(T’n)zxp(Tyn)+XD(T’n) ’ (8)

then for temperatures T > 60 K, the term X is negligible,
and the measured donor susceptibility equals the diamag-
netic term Xp. Furthermore, (i) X, appatently scales
linearly with concentration, and (ii) the temperature
dependence of X is independent of concentration and,
for T >60 K, is given by the dashed curve through the
data in Fig. 3. This curve, which represents an average
over the X /ng data for all the samples, indicates that X
is temperature independent between 60 and 100 K, above
which it steadily decreases in magnitude with increasing
temperature.

These data do not enable us to directly determine the
temperature dependence, if any, of the diamagnetic term
Xp below 60 K. However, the temperature dependence
of X, above 60 K certainly resembles that expected for
the LPP susceptibility of a free-electron gas with a degen-
eracy temperature on the order of a few hundred degrees.
Although the LPP susceptibility varies with concentra-
tion as n'/3, on the basis of the observed temperature
dependence we can associate the term X, with diamagne-
tism of the “LPP type” in spite of the fact that it is linear
in n.

The linearity of X, in concentration that is indicated
by Fig. 3 can be seen more explicitly in Fig. 4, which is a
plot of the measured donor susceptibility at 78 K, i.e.,
Xp, as a function of concentration. The straight line is a
least-squares fit to the data; the small nonzero intercept is
not significant in that it lies within the uncertainties of
the measurements. This figure shows clearly that X,
does indeed vary linearly with n, in a range of concentra-
tion that covers most of region IIA, and part of region
IIB. The slope of the straight line corresponds to
an  average diamagnetism per donor Xp/n,
=—(7.5+£0.4)x 10~ emu.

To ascertain how far in concentration this linear be-
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FIG. 4. Donor susceptibility at 78 K as a function of concen-
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5527

havior persists, we made use of static susceptibility data
at 78 K obtained by Sasaki and co-workers!! for Si:P
samples with concentrations comparable to and higher
than ours. The concentrations of these samples, which
had been determined from Hall effect measurements,?’
were converted to the Thurber scale using values of
room-temperature resistivity that we deduced from Ref.
27. The data of the Sasaki group along with our results
at 78 K are shown in Fig. 5, plotted as a function of con-
centration on a double-logarithmic scale. (It should be
noted that the value of the susceptibility of pure silicon
obtained by Sasaki et al. and by our group are the same
within the 0.4% uncertainty of our measurements, so
that the absolute calibration of the two experiments
match and therefore a meaningful comparison can be
made without adjustments.) The straight lines drawn
through the data in Fig. 5 have slopes of 1 and 1 at low
and at high concentrations, respectively. As indicated by
the straight lines, Fig. 5 demonstrates that the donor sus-
ceptibility at 78 K (=X ) varies linearly with concentra-
tion up to ~ 10" cm™3, or roughly three times the criti-
cal concentration, above which it exhibits the n!/3 behav-
ior characteristic of the LPP susceptibility of electrons in
a standard band. The crossover from linear to n'/3 be-
havior occurs at about 10" cm~3, which is approximate-
ly the concentration ncg at which the Fermi level is be-
lieved to enter the conduction band. This shows that X,
scales linearly with concentration within the entire im-
purity “band” region II. We note that a similar cross-
over from linear to n!/? behavior was observed by
Bowers®® in Ge:As, at a concentration corresponding
roughly to three times the critical concentration for that
system.

The donor susceptibility at high temperatures, which
we have labeled X (T,n), is actually comprised of a posi-
tive spin part and a negative orbital part:
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FIG. 5. Double-logarithmic plot of dopant susceptibility at
78 K versus concentration. Squares: current data. Circles:
data from Ref. 12. The straight lines have slopes of 1 and % at

low and high concentrations, respectively.
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XD(T,n)=x5(T,n)+X0(T)n) . 9)

The orbital term X, obviously represents the dominant
contribution; nevertheless X p, must contain an admixture
of a spin component associated with delocalized electrons
which are present in the metallic phase at all tempera-
tures, and which, due to thermal activation to the mobili-
ty edge, are present at these high temperatures even in
the insulating phase. The overall linear dependence of
Xp on n could therefore arise either from a fortuitous ad-
justment of the two components, or from linearity of each
individual component. Alternatively, if one associates
the observed X, with LPP susceptibility, as appears to be
appropriate in light of the observed temperature depen-
dence, the spin and orbital terms must perforce have the
same concentration dependence, which in this case is ob-
served to be linear.

To examine this question we looked at spin-
susceptibility data at 77 K obtained from ESR measure-
ments by Ue and Maekawa'’ (UM), and by Quirt and
Marko'* (QM) for various concentrations of phosphorus
in silicon. The concentrations of the UM samples were
converted to the Thurber scale using the same procedures
as for the samples of Ref. 12. The quoted room-
temperature resistivity of the QM samples were used to
determine their concentrations on the Thurber scale. As
shown by Wagner and Schwerdtfeger,? although the re-
sults of UM and QM are self consistent, they differ in ab-
solute value by a factor of almost exactly 2. We have
scaled the results of UM down by a factor of 2. (We will
comment on this choice later.) The results of these pro-
cedures are shown in Fig. 6, which is a double-
logarithmic plot of the spin susceptibility at 77 K versus
concentration. The straight lines through the data in Fig.
6 are identical to those in Fig. 5 except for a vertical
translation, and indicate that the spin component of the
donor susceptibility at 77 K follows the concentration
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FIG. 6. Double-logarithmic plot of ESR spin susceptibility at
77 K versus concentration. Squares: data from Ref. 13. Cir-
cles: data from Ref. 14. The straight lines are the same as those
of Fig. 5 except that they have been translated vertically.
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dependence of X, with the same crossover point from
linear to n /3 behavior. It appears, therefore, that the ob-
served linear behavior of X, from the lowest concentra-
tions, through the metal-insulator transition to about 3n_,
and the crossover to n'/? dependence for concentrations
above 3n., correctly describes the behavior of the indivi-
dual positive and negative contributions.

As to the issue regarding the absolute values of the
spin susceptibility, we note firstly that for concentrations
greater than 10" cm 3, where n!/? behavior prevails, the
values of QM are slightly smaller than standard band
theory predictions for the Pauli susceptibility, whereas
those of UM are nearly twice as large. Secondly, in the
linear region below 10'° cm~3, the UM values are higher
even than those expected for the Curie susceptibility at
77 K. Although electron-electron interactions can give
rise to a spin-susceptibility that is much higher than the
Pauli (or Curie) value,* it is unlikely that these effects are
significant at temperatures as high as 77 K. If anything,
one may expect the spin susceptibility in this disordered
system at these temperatures to be smaller than the Pauli
value, owing to rapid spin-flip scattering processes.’!
Pending further investigation and in accordance with
Holcomb,? we take the values of QM to be more accu-
rate.

By means of a least-squares fit to the data of Fig. 6
within the linear region, we determine that the average
spin susceptibility per donor at 77 K is X,/n,
=4.3X10"? emu. Using our value of Xj /ng
= —7.5X10"?" emu, we then find that the average orbit-
al susceptibility per donor is Xo/n,=Xp/n,
—X,/ng=—12x10"%" emu. Thus, the ratio of the or-
bital to the spin susceptibility in the impurity band is
Xo/X,=—3, which is significantly different from the
standard band expectation of —4 (see Sec. II).

It is interesting to compare the above value of the aver-
age orbital term, X,/n,, with theoretical predictions for
the Larmor diamagnetism of isolated donors in silicon.
(i) A straightforward calculation using Eq. (2), a hydro-
genic wave function with a Bohr radius of 17 A, and an
average band effective mass yields Xp,mor/7g
=—12X10"% emu. (ii) On the basis of effective-mass
theory, Kohn? offered some years ago the estimate
XLarmor /Mg = —15X 107" emu. (iii) Taking the multival-
ley structure of the conduction-band minimum into ac-
count, Devaraj et al.3®>  recently  obtained
XLarmor /Mg =—11X 10~% emu. These values are compa-
rable, and are surprisingly close to our determination of
Xo/ng. A most striking feature of the data is that the
average orbital susceptibility per donor remains the same
over nearly two decades in concentration spanning the
MIT, despite the fact that the ratio of localized to delo-
calized electrons is changing substantially. This indicates
that as far as the average orbital contribution of the
donor electrons in the impurity band is concerned, it
makes little difference whether the electrons are in local-
ized or delocalized (extended) states. This appears to be a
confirmation of the prediction of Mooser** who, based on
work by Baltensperger®> on the impurity band in Si:P,
showed that the orbital diamagnetism of itinerant elec-
trons in the impurity band should be essentially the same
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as that of electrons localized at isolated donor sites. We
should reiterate here that only localized states with an
odd occupation number (singly occupied sites or clusters
with an odd number of electrons) carry a local moment.
As mentioned earlier, the number of such states decreases
rapidly with increasing concentration beyond n’.

We have used the fact that X,/n, is a constant over a
range of concentration where the ratio of localized to
delocalized electrons varies appreciably to suggest that
their average orbital contribution is essentially the same.
A corollary to these arguments is that the average orbital
susceptibility per donor due to localized electrons and
due to delocalized electrons must each separately be in-
dependent of concentration. One would not expect this
to be evident unless the contribution to the susceptibility
due to the delocalized electrons is independent of temper-
ature at 78 K. This is consistent with the conjecture,
made earlier on the basis of the observed temperature
dependence of X, that the degeneracy or Fermi tempera-
ture is well above 78 K. This would imply, then, that X,
is independent of temperature below this temperature, so
that the value of X at all temperatures T <60 K is ap-
proximately the same as that at 78 K, namely
—7.5%10~%" emu/donor, as indicated by the continua-
tion of the dashed curve to temperatures below 60 K in
Fig. 3.

We should consider other possible mechanisms that
could give rise to this observed behavior. Linear depen-
dence could, in principle, be associated with electrons in
extended states at temperatures above the degeneracy
temperature of the electron gas. If so, then the suscepti-
bility at high temperatures should be consistent with the
LPP expression for a free-electron gas, Eq. (3), which,
with increasing temperatures above &£ /k, describes the
transition from degenerate to classical statistics (linear in
n). We find, however, that a rigorous application of free-
electron theory, using Eq. (3) in conjunction with tables
provided in Ref. 36, cannot simultaneously reproduce
both the concentration dependence and the temperature
dependence between 70 and 300 K that is seen in Fig. 3.
In addition, it is unlikely that the electron gas is, in fact,
nearly nondegenerate at temperatures around 80 K since
the Fermi temperature is believed to be on the order of 80
K or higher in these materials.

We conclude that the susceptibility is associated with
an electron system that is degenerate below 100 K. As
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discussed in Sec. II, within our present picture of the na-
ture of the metal-insulator transition in Si:P, the density
of states at the Fermi level, g (e), is finite for concentra-
tions n >n’, where n’ <n,. Furthermore, in the context
of magnetic susceptibility, this quantity is the thermo-
dynamic density of states, which is expected to vary
smoothly across the transition.’’” A possible implication
of our current findings is that the susceptibility over our
entire measured range of concentration n across the tran-
sition could derive from a LPP-type susceptibility, Eq.
(5), where the observed linear dependence results from a
linear dependence of the density of states on donor con-
centration. A similar suggestion based on specific-heat
studies has been advanced by Mael et al.>® for MoGe al-
loys. One should keep in mind, however, that the spin
susceptibility in general involves a Fermi-liquid correc-
tion, so that the above implication holds only if this
correction varies smoothly across the transition, or intro-
duces at most a small discontinuity.

Irrespective of the possible reasons for the unexpected
concentration dependence of the various contributions to
the susceptibility or, for that matter, whether we have
made a correct separation into positive and negative
terms, it is important to note that if one makes the
reasonable assumption that the net measured diamagne-
tism is independent of temperature at low temperatures
(as would surely be true for a degenerate system), then us-
ing this as a baseline allows one to make a reliable deter-
mination of the term X, which one normally associates
with local moments in insulating samples, and which
clearly persists for metallic samples. This is the subject
of the following paper (paper II).
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