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The paramagnetic susceptibility X and relaxation time Ty of phosphorus-doped silicon have
been investigated in the temperature range between 1.5 and 100 °K by means of 2- and 9-GHz
electron-spin-resonance (ESR) methods. The temperature dependence of X is found to be
appreciable even at temperatures far below the degeneracy temperature for the samples of
donor concentrations 4.9 ~16x 101® cm=3, where the metallic-impurity conduction is observed;
moreover, in these samples, Tl'j shows a linear temperature dependence. From the analysis
of the temperature change of ESR intensities, it is concluded that X should be composed of two
parts: a contribution of the Curie paramagnetism due to localized magnetic moments and that
of the Pauli paramagnetism of conduction electrons. The donor concentration dependence of
each part is in qualitative agreement with the results of the Mikoshiba’s inhomogeneity model.
The linear temperature dependence of Ti" is interpreted as due to the interaction between
localized moments and conduction electrons, where Hasegawa’s theory for dilute alloy systems
is applied. The results are also compared with those of the static-susceptibility measurements.

I. INTRODUCTION

The impurity states in heavily doped semicon-
ductors are classified into three groups with regard
to electrical transport properties at low tempera-
ture!2: low, intermediate, and high concentra-
tions of impurities.

The high-concentration range is also called the
region of the metallic-impurity conduction, where
the negative-magnetoresistance effect is observed.
This effect strongly suggests that localized mag-
netic moments of some kind should exist in metallic
semiconductors. >*

In order to obtain other evidence for localized
moment, experiments of electron-spin resonance
(ESR)° and measurements of static magnetic suscep-
tibility® for phosphorus-doped silicon have been
carried out from the standpoint that the informa-
tion on magnetic properties should be essential for
this problem. Inthe ESR measurement, unexplain-
able and anomalous behavior appeared in the sus-
ceptibility -impurity concentration curve, while
in the static-susceptibility measurement, Curie-
type temperature-dependent susceptibilities as-
sociated with localized moments were not observed.

This paper presents the results of the advanced
experiment of ESR, where some experimental con-
ditions and procedures of the previous ESR mea-
surement have been modified. In addition to ESR
measurement at 9 GHz, we have performed ex-
periments at 2 GHz, where a new method to deter-
mine the absolute value of the paramagnetic sus-
ceptibility is contrived. The temperature range
of measurements has been extended to higher tem-
peratures than that of the previous experiment. In
the donor-concentration region 3x10'-2x10'°
cm™3, direct evidence for localized moments has

been obtained from data of ESR intensities. The
temperature-dependent part of the ESR linewidth
is interpreted as due to the interaction of localized
moments and conduction electrons.

II. EXPERIMENTAL

Samples were prepared in the form of powder of
diameters 20~ 50 u by means of crushing and etch-
ing techniques developed by Dash.” As the measure
of the impurity concentration, the Hall concentra-
tion N was defined by the relation N =(eR)™,
where e is the electronic charge and R is the Hall
coefficient at room temperatures. In the analysis
of the data, Np was assumed equal to the excess
donor concentration. The samples are listed in
Table I together with Ny and used ESR frequencies.
The spectrometer for the 2-GHz ESR was of the re-
flection type with a coaxial magic tee.® The micro-
wave signal was detected by the hot-carrier diode®
and 30-Hz phase-sensitive detector.

Now we know that the paramagnetic susceptibility
X is expressed by the following equation'®:

x = (2y/1w) fom x'’ dH, ,

where v is the gyromagnetic ratio, w the angular

TABLE 1.
Code Ng ESR frequency
No. (em™d) (GHz)
1 1.5x10%8 2
2 3.3x1018 2
3 4.9 x1018 2
4 6.1x1018 2
5 1.6x10%? 2,9
6 1.1 x102° 9
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FIG. 1. Configuration of the sample and the reference
in the coaxial cavity of TEMyy mode for the measurement
of the absolute value of the paramagnetic susceptibility.

frequency of the microwave, y’’ the imaginary or
loss part of the complex magnetic susceptibility,
and H, the variable static magnetic field. In order
to obtain the absolute value of the paramagnetic
susceptibility x, the integrated area under the
curve of the ESR absorption x’’ of the sample
should be compared with that of a known amount

of the reference sample.

The phase-sensitive-detector outputs of the ESR
absorption, after passing through the R-C inte-
grator, were represented on a chart of the record-
er; then the planimeter was employed to obtain
the integrated areas. Diphenylpicrylhydrazyl
(DPPH) is suitable for the calibration purpose be-
cause of the linewidth as narrow as that of silicon.
On the other hand DPPH has disadvantage that the

Ho (B)
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resonance line overlaps that of silicon because the
g value is so close to that of silicon. When a co-
axial sample cavity is used as in the case of 2-GHz
ESR, however, this drawback can be removed as
follows. As is shown in Fig, 1, the sample and the
reference sample are mounted at the positions A
and B, respectively, in the coaxial sample cavity.
In this configuration, the rf magnetic fields for the
mode of TEMy at A and B are perpendicular to each
other. Resonance signals of the sample and the
reference one are separately obtained by turning
the direction of static magnetic field Hy by 90° with-
out changing any other experimental conditions. In
Fig. 2, typical resonance lines of the sample and
the reference are shown.

III. SUSCEPTIBILITY

The observed paramagnetic susceptibility ¥ as a
function of Ny and temperature T is represented in
Figs. 3 and 4.

Figure 3 is a plot of y at several temperatures
against N;. The variation of x with temperature
is remarkable for the sample at the low-concen-
tration end. In the low-concentration region, the
electrons are localized in impurity sites, so that
the Curie paramagnetism is expected. In the in-~
termediate and the metallic-impurity conduction
region, where the Hall effect is observable at li-
quid-helium temperatures, electrons will be free
to move and the Pauli paramagnetism should be ex~
pected. Temperature dependence of y, however,
is appreciable also for the samples in these re-
gions. But such tendency gradually decreases with
increase of Ny; finally, for the sample of Np=1.1
x10% cm™®, y is independent of T. At concentra-
tion below 1.6x10' cm™, all the curves at each

N

\ / DPPH
/\ ] Si ¢

at 12.6K
FIG. 2. Typical example of ESR
NO. 4 absorption lines of the sample and the
reference after passing through the

R-C integrator. The scales of X'’ and
H, of DPPH and Si are same but arbi-
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trary.
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FIG. 3. Concentration dependence of paramagnetic
susceptibility X inemuat several temperatures.

temperature have a tendency to converge into the
NY3 line. For the sample of Ny=1.1x10% cm™®,

x is far below the line, which will be discussed
later in Fig. 6. For the sample of Ng=1.6x10"
cm™®, both 2- and 9-GHz ESR for powder were mea-
sured but no marked difference of the susceptibility
was found within experimental errors. Though, in
previous data at 9 GHz,® there was an anomalous
peak at Np=2x10" e¢m™ in x-Ng curve, no such
anomaly has been found in this experiment.

In Fig. 4, ESR measurements of y against 7T for
all the samples are shown. Sample No. 1 of the
low-concentration region shows the behavior of the
modified Curie paramagnetism'! at low tempera-
tures. We consider that the sample No. 6 exhibits
the Pauli paramagnetism of the conduction elec-
trons in the degenerate state. In samples 2-5,
which belong to regions of intermediate concentra-
tion and beginning of high concentrations, it is
remarkable that y increases with falling tempera-
ture from high-temperature range; and after the
rate of the increase reduces once, y increases more
steeply. In other words, we can see a plateau in the
middle-temperature range. When our attention is
confined only to this region except for low-temper-~
ature side, it might be concluded that the tempera-
ture dependence of x is similar to that of the Pauli
paramagnetism, However, it seems rather sur-
prising that the y values should show temperature
dependence even at liquid-helium temperature,
where the state of electrons should be degenerate.
The increase of x at these temperatures should be
interpreted as due to the contribution other than
Pauli paramagnetism. From the behavior of tem-
perature dependence of y with the change of N as
shown in Fig, 3, it is natural to conclude that there
exists the Curie paramagnetism even in the inter-
mediate- and the high-concentration region, and that
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its contribution decreases with increasing N, We put
on the fundamental assumption that y should be the
sum of the contributions from the Curie paramag-
netism X, and from the Pauli paramagnetism y(7),
i.e.,

X=xXa*+Xs(T)y Xa=(ngp%/pR) T |

(1)
Xs(T)=x (03 (F'/F)T/Tp)™"

where #; is the spin concentration associated with
the Curie paramagnetism, pp the Bohr magneton,

p the density of silicon, % the Boltzmann constant,
Xs(0) the susceptibility due to the Pauli paramagne-
tismat T7=0°K, F and F’ the Fermi integral and
its derivative, respectively, and T, the degeneracy
temperature. Choosing », and x,(0) as adjustable
parameters and fixing T, as calculated from N and
band parameters, we can fit the above-mentioned

x value to the measured one. The dotted lines in
Fig. 4 represent the x, and x,(7) values and the
solid line is the sum of these two contributions.
Clogston et al. '? measured the magnetic suscepti-
bility of alloys containing iron atoms and divided

it into two parts, i.e., the temperature-dependent
part and the constant one. From the value of the
former, which corresponds to the Curie-Weiss law,
the magnetic moment of an iron atom was decided.
In our case, the same procedures are followed, but
for simplicity the Curie law is taken instead of the
Curie-Weiss law and the g and the S values are as-
sumed to be 2 and 3, respectively.

The n, and the x,(0) values obtained from this
analysis are plotted against Ny in Figs. 5 and 6,
respectively., In Fig. 5, it is found that »n, de-
creases with increasing N and becomes nearly
zero at Np=1.1x10%° cm™3.

Toyozawa’s theory* describes the state of local-
ized magnetic moments in the metallic semiconduc-
tors on the basis of the calculation of the impurity
band by Matsubara and Toyozawa'® and Anderson’s
criterion'* of the appearance of the localized mo-
ments in dilute alloy systems. The results of this
theory are in qualitative agreement with many fea-
tures related to the negative magnetoresistance
effect. The n, values due to this theory, however,
should increase with increasing Ny not in accor-
dance with the present experiments. Mikoshiba'®
proposed a simple inkomogeneity model, in which
the impurity states are regarded as spatial mixtures
of the metallic and the nonmetallic region. He used
the Poisson distribution of impurities and the criti-
cal distance between impurities in the Mott transi-
tion.!® The theoretical curve in Fig. 5 due to this
model, with effective Bohr radius taken as 18 A, is
in qualitative agreement with experimental points.

As to the x,(0) values in Fig. 6, experimental
points obey the NY 3 relation in the Hall-concentra-
tion region between 5% 10'® and 1. 6x 10" cm™, but
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outside this region experimental values deviate
from the extrapolated curve of the N3 relation.
Theoretical curve of the inhomogeneity model is
represented by the solid line, which is equal to the
Pauli paramagnetism above Ng=1.5x10" cm™.

In this theory, it is assumed that in the metallic
region the electronic state can be described by a
degenerate Fermi gas in a band with the same band
parameters as the conduction band. The experi-
mental values show similar behavior to that of the
theory below Ng=1.5%x10' cm™2, but they are dif-
ferent from each other by a factor of about 2.
Pines’s theory,'? which treats the electron-electron
interaction on paramagnetic susceptibility of con-
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FIG. 4. Temperature dependence of paramagnetic
susceptibility X in emu for various concentrations.

duction electrons in metals, suggests that enhance~
ment factor of the Pauli paramagnetism is about
1.3. It seems that effects of the electron-electron
interaction and the perturbing impurity potential
might be responsible for this large enhancement
factor. For sample No. 6, x,(0) deviates far from
the extrapolated value of the N }e/ 3 relation. In this
concentration, the mean distance between impuri-
ties is smaller than the effective Bohr radius of
the donor electron, so that the effect of the per-
turbing impurity potential is expected to influence
paramagnetic susceptibility, and higher-band ef-
fects might also play an important role.

Let us compare our results with static-suscep~
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tibility measurements,® in which the sum of the
diamagnetic and the paramagnetic contributions is
measured. In the static-susceptibility measure-
ment the contribution from the Curie paramagne-
tism is hardly observed in the metallic-impurity
conduction region. The fact that the result of ESR
at 9 GHz is the same as that at 2 GHz for sample
No. 5 indicates that there does not exist nonlinear-
ity of paramagnetic susceptibility associated with
magnitude of static magnetic field, so that the dif-
ference in the results of the ESR measurement
from that of the static measurement cannot be at-
tributed to the nonlinear susceptibility. Mikoshiba
suggests that the paramagnetic part of the nonmetal -
lic region will be cancelled by the diamagnetic part
of that region for the case of antimony-doped ger-
manium at T=1,24°K. However in our case, for
instance at Np=6.1x10" ¢m™3, this cancellation
will take place at about 25 °K; then at liquid-
helium temperatures large contribution of Curie
paramagnetism should be observed in the static-
susceptibility measurement, so that this suggestion
is not appropriate to our case. A possibility that
the resonance absorption due to surface defects in
a powdered silicon has been observed in our ESR
experiments seems remote because, though sam-
ples 1-6 were made with identical method, sys-
tematic Np dependence of x was obtained. On the
basis of above considerations it should be concluded
that there exists the temperature-dependent dia-
magnetism which would cancel the Curie paramag-
netism in the beginning of the metallic-impurity
conduction region, If this assumption is adopted,
the temperature-independent diamagnetism yq;, at
low temperatures can be estimated by subtracting
Xs(0) from the static susceptibility at low tempera-
tures.

In Fig. 7, Xqi, Obtained with this procedure
against N is shown. Experimental points are on

T T | 1

2x10'® 10'°

N (em=3 )

FIG. 5. Concentration dependence of the n, values.
The theoretical curve is due to Mikoshiba’s inhomo-
geneity model with effective Bohr radius of 18 A.
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FIG. 6. Concentration dependence of the X;(0) values.
Theoretical curve due to the inhomogeneity model is
represented by the solid line.

the NY 2 line in the vicinity of Np=10" cm™. Out-
side this region they deviate from this line as does
the case of x4(0). The inhomogeneity model could
qualitatively explain the behavior of y4, seen in
the lower-concentration region. The solid line due
to this model is the sum of the diamagnetic suscep-
tibility of the metallic region and that of the non-
metallic region. This theoretical diamagnetic sus-
ceptibility is equal to the Landau-Peirls diamag-
netic susceptibility above Ny=1.5x10' cm™. The
trend that the absolute value of x4, €xperimentally
obtained is smaller than the theoretical value has
been also observed for n-type germanium by
Bowers.!® The large deviations of the measured
values from the theoretical one in the vicinity of
Nr=10% cm™ possibly would be interpreted as due
to effects of the electron-electron interaction and
the perturbing impurity potential; it also would be
possible that the effect from higher bands might
play an important role as has been pointed out in
the case of lSh."®

1IV. LINEWIDTH
Figure R is a plot of the linewidth 6H,, against T
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FIG. 7. Concentration dependence of the temperature-
independent diamagnetism X 44, 2t low temperatures ob~
tained from the subtraction of X¢ (0) from the static sus-
ceptibilities. Theoretical curve is due to the inhomo-
geneity model.
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FIG. 8. Temperature dependence of the linewidth
for samples of intermediate and metallic-impurity
conduction regions. Solid lines are due to Hasegawa’s
theory.

for the samples 2~ 5, where 0H, is the width be-
tween points of maximum slope of the Lorentzian
absorption line. Except for samples 2 and 5, a
monotonic increase of 6H s with increasing T can
be observed. At liquid-helium temperatures, 6H,
increases with increase of Ny in this impurity-
concentration region.2® For sample No. 5, both
experimental values at 9- and 2-GHz ESR are
shown; a constant difference at all the measured
temperatures is found.

The temperature-dependent part of the linewidth
or the relaxation rate shows a linear temperature
dependence. According to Yafet’s theory,? the
spin-lattice relaxation rate Ti' of the conduction
electrons for silicon is proportional to the TS law
at T<Tp. From the results of our susceptibility
measurements, it has become clear that there exist
not only conduction electrons but also localized
moments in the heavily doped silicon, so that in-
teraction between these two spin systems is ex-
pected to affect the ESR linewidth. Now, it is as-
sumed that Hasegawa’s theory,22 which treats dy-
namical properties of two spin systems composed
of conduction-electron spins and localized d spins
interacting by exchange, could be applied to our
case. According to this picture, the effective re-
laxation rate is represented by

Tilere=Tax; s Xr=Xa/xs(0) (@

ESR STUDIES OF HEAVILY PHOSPHORUS-DOPED SILICON

4237

where T} is the spin-lattice relaxation rate of the
conduction electrons. The susceptibility ratio y,
is inversely proportional to T. This relation is
established in the case of dilute alloys. -2 In
our case, the relaxation rate 7 ]} can be estimated
from Elliott’s theory,®

T =73 (ag)%(NR/5.0x 10%)%/% | Ag=3.5x10°

3)
where Ty is the relaxation time characteristic of
electrical resistivity and can be estimated from
the Hall mobility? and Ag is the g shift.2"*® The
susceptibility ratio x, could be obtained from our
experimental data. The solid lines in Fig. 8 are
due to this procedure and show rather good agree-
ment with experiments except for sample No. 5,
in which the temperature coefficients are different
from each other by a factor of 3.

In sample Nos. 2 and 5, the broadening of the
linewidth with lowering temperature is found.
Sample No. 1, which belongs to the low-concentra-
tion region, also shows line broadening with de-
creasing temperature; this behavior could be un-
derstood as the effect of the motional narrowing
due to the hopping motion of electrons in the non-
metallic region.""0 Since sample No. 2 belongs to
the intermediate-concentration region, there exist
some nonmetallic regions large enough to contain
more than two donors, where the hopping motion
might be possible. The line broadening of sample
No. 2 would be due to this kind of the hopping mo-
tion.

The line broadening for sample No. 5 is quite
anomalous and no explanation is found. This prob-
lem is left for future study. The linewidth of sam-
ple No. 6 at 9 GHz was recognized to increase from
16 to 19 G with increasing temperature from 2 to
80°K. But we could not get a good signal-to-noise
ratio for discussing the temperature dependence
of the linewidth accurately.

V. CONCLUSION

Intensities of ESR and the relaxation time T'; of
the heavily phosphorus-doped silicon have been
investigated. It was concluded from the data of
ESR intensities that the spin systems observed in
ESR are the localized magnetic moments and the
conduction electrons in the region of the metallic-
impurity conduction and the temperature dependence
of T, supports this picture. The donor-concentra-
tion dependence of both susceptibilities due to these
two spin systems was in qualitative agreement with
the inhomogeneity model proposed by Mikoshiba.

Note added in manuscvipt. After this paper was
submitted for publication, an article by J. D. Quirt
and J. R. Marko [Phys. Rev. Letters 26, 318
(1971)] appeared. Employing the modulation-
switch technique, they obtained the constant-tem-
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discussions on this work. We especially thank T.

perature relative y value of the P-doped Si at 1.1,
Sakudo for his interest and encouragement through

4.2, and 77°K, which is essentially in agreement

with the present result. However, because of the the course of this work. Heartfelt thanks are due
lack of (a) a detailed analysis of the temperature to H. Unoki for allowing the use of experimental
dependence of x and (b) the absolute determination facilities and also to T. Ishiguro for helpful dis-
and comparison with the static values, their dis- cussions of the experiments. We wish to express

our thanks to N. Mikoshiba, J. Kondo, C. Yama-
nouchi, and the staff of the solid-state physics sec-
tion of our laboratory for their stimulating discus-

cussions on localized-moment problem remain
rather speculative.
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We have investigated light scattering from polaritons and plasmaritons in CdS near resonance.
These results are compared with computer-calculated dispersion curves for these excitations.
We find a good agreement between theory and experiments. Particular attention is given to
interesting effects arising from birefringence and resonance.

I. INTRODUCTION The coupled photon-TO mode, known as the “po-
lariton, ” has been investigated in a number of crys-
It is well known' that there is a strong coupling tals by light scattering at small angles.? However,
between the transverse optical (TO) phonons in light scattering from polaritons in CdS has not been
polar crystals and electromagnetic waves when reported so far.

their energies and wave vectors are nearly equal. The polariton dispersion relation in a crystal is



