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metallic density regions. Since Loucks and Cutler have
shown that the surface potential results mostly from
the step barrier and not from higher order terms in the
gradient expansion, it is felt that in respect to retention
of only the first-order terms in the screening length
expansion, the high-density theory provides an adequate
picture of laboratory systems.

The present intent in this paper has been to show
that the exact theory for the dense electron gas can be
extrapolated to realistic densities in which case the
results obtained are still sensible and physically
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meaningful. The high-density theory does provide some
useful insight into the physical world and it is with
this thought in mind that the theory is offered.
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Resonances of electrons at neutral S, Se, and Te donors have been observed in GaP at 77°K. Within
experimental error, the g values of the resonances are all in the range 1.9976-:0.0008. Each resonance
consisted of a single broad line, 45 to 60 G wide and Lorentzian in shape. The results are discussed in terms
of the effective-mass theory of Kohn and Luttinger.

15 FEBRUARY 1967

INTRODUCTION

HE elements of column VI, S, Se, and Te, act as
hydrogenic-donor impurities when they substi-
tute for P in GaP. The depths of the donor energy levels
below the conduction band, Ep, have been determined
from the variation of the Hall constant with tempera-
ture.l? The results are given in Table I. Also given in
Table I are the results of optical determinations of Ep.
Pair spectra which result from direct recombination
between donors and acceptors are observed in GaP.2~®
An analysis of the energies of the pair spectra gives the
energy levels Ep of the donor impurities listed in
Table I.

Since the donor ionization energies are of the order
of 0.1 eV, the donor impurities are almost all electrically
neutral at 77°K (k7'~0.1 eV). The bound-donor elec-
trons are paramagnetic. In this paper, paramagnetic
resonance measurements on the bound-donor electrons
of S, Se, and Te in GaP are reported.
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EXPERIMENTAL METHOD

The crystals used in these studies were grown by
L. M. Foster and J. E. Scardefield. The crystals were
grown from solution with Ga as the solvent. The S, Se,
and Te impurities were added in the form of S, ZnSe,
and GaTe or ZnTe, respectively. The crystals were in
the form of dendritic platelets. The impurity concen-
tration in the crystals that were studied were in the
range 1017-2X10'® cm=3.

Because of their conductivity at room temperature,
the crystals loaded the microwave cavity heavily. There
was no paramagnetic signal observable at room temper-
ature. The electrons were frozen out at the donor sites
at 77°K. The loading of the cavity disappeared and a
resonance signal was observed. The strength of the
paramagnetic signal was proportional to the donor-
impurity concentration. The signal is attributed to the
donor electrons. An example of the resonance signal
observed is shown in Fig. 1 for a GaP:Se sample. The
signal is typical of that obtained for all three donor

TasBLE I. The depths of the donor-energy levels below the
conduction band in GaP.

Ep (optical) Ep (thermal)
eV eV

Donor
S 0.110 0.0894-0.020
Se 0.109 cee
Te 0.095 0.0764-0.020
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GaP: Se

Fic. 1. The EPR
signal of an Se-donor
electron in GaP at
77°K.

9=19976

impurities, S, Se, and Te. The resonance signal consists
of a single line, Lorentzian in shape, and with no
structure. The resonance signal is isotropic. The ¢
values of the resonances for the three donors are, for
GaP:S, 1.99754-0.0008; for GaP:Se, 1.9983-0.0007;
and for GaP:Te, 1.997840.0010. The differences be-
tween the three g values are within experimental error
and are not regarded as significant. The linewidth could
be correlated with donor concentration, increasing from
a width of about 50 G for concentrations around
5X107 cm™3, to 130 G for one sample doped with
2X10' cm=3 S impurities.

DISCUSSION

The resonance results will be discussed in terms of the
effective-mass theory of donor states of Kohn and
Luttinger.” In semiconducting materials with high
dielectric constants, the orbit of the donor electron is
large. The properties of the donor electron, therefore, are
mainly determined by the band structure and the die-
lectric constant of the lattice. In an indirect-band-gap
material such as GaP, there are several conduction-band
minima with which the donor may be associated. In this
case, the wave function of the donor electron is given
approximately by? '

'//D=Z_ ailFf i(Dy:(k,r). 1)

The F;(r) are hydrogen-like envelope functions, and
¥:(k,r) are Bloch functions that are associated with the
ith conduction-band minimum. The «; are coefficients
in the summation over the various conduction-band
minima. From pressure measurements on GaP, it was
shown by Edwards et al.® that the conduction-band
extrema are in the (100) directions. The summation in
Eq. (1), therefore, extends over the six minima in these
directions.

The magnetic properties of a donor electron will,
according to Eq. (1), be given by the magnetic prop-
erties of an electron at a conduction-band minimum.

7W. Kohn and J. M. Luttinger, Phys. Rev. 98, 915 (1955); W.
Kohn, Solid State Phys. 5, 257 (1957).
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The problem has been considered by Roth.® She showed
that the s-like character of the conduction-band mini-
mum has admixed into it, via the spin-orbit interaction,
some p-like character from other bands. The g factor of
an electron at the conduction-band minimum will,
because of the p-like admixture, depart from the value
2.0023 expected for an s state. If the spin-orbit inter-
action is treated as perturbation, the g factor is given
by

gii=2.0023(8:;—AAs;) , 2)
where (O1 Ll n) (| L;10)
0| L;|n)(n|L;|0
Aij=—2 " 3)
0 Eon

\ is the spin-orbit-coupling parameter. Eo, is the
energy difference between the ground state O and the
admixed state #. Thus, the components of the g factor
are related by (2) and (3) to matrix elements of the
angular-momentum operators, L;.

A significant contribution to the perturbation in Eq.
(3) is from the nearby valence band which is p-like in
character. In Ge,* InSh,2 and GaAs,® for which the
donor resonances have g values that depart significantly
from 2.0023, the dominant contribution to the pertur-
bation in Eq. (3) is, in fact, from the nearby valence
band.

The effective-mass tensor is, like the g tensor, related
to matrix elements of the angular-momentum operators.
In cases where the dominant contributions to both the
effective-mass tensor and the g tensor are from the
nearby valence band, it is possible to express the com-
ponents of the g tensor in terms of the components of the
effective-mass tensor.>* For example, the component of
the g tensor, g1, parallel to the valley axis in an indirect-
band-gap material, is related to the transverse effective
mass #; by®

Agu=gu—2.0023~%(A/E)[ (m/m)—1]. (4)

A is the spin-orbit splitting in the valence band at
k=0, and E., the separation of the conduction band
from the valence band at the position in 2 space at
which the conduction-band minimum occurs. A similar
expression relates g, to the longitudinal effective mass
m;. Equation (4) and a related one for g are valid for
an electron at one of the conduction-band minima. Since
the wave function of an electron is a sum over all six
minima [Eq. (1)], the observed g factor will be an
average over these minima and is given by

g=3%gut+3g.. . ®)
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An isotropic line is therefore observed. For direct-band-
gap materials in cubic symmetry, the bottom of the
conduction band is spherical, and is characterized by an
effective mass m*. Roth ef al.* have derived a relation
between g and the effective mass m* for a spherical
conduction band.

In cases where the departure of the g values from
2.0023 is large, as for donors in Ge,'* InSh,? and GaAs,?
excellent agreement is found between the g value calcu-
lated from (4) and that observed experimentally. For Si,
on the other hand, the g values of the donor resonances
are close to 2.0023,'5 and the Ag values calculated from
Eq. (4) are three times larger than observed experi-
mentally, and also have the wrong sign.®1¢ Liu'é showed
that the two-level approximation to the effective-mass
and g tensors that is used in the derivation of Eq. (4) is
not valid for Si. The summation in Eq. (3) has to be
extended over levels other than the nearby valence
band. Liu showed that the 2p core state, although some
80 eV below the conduction band in Si, contributed
significantly to the g tensor because of the compara-
tively large spin-orbit splitting in the 2p state. Liu’s
calculation of the g tensor for donors in Si is in excellent
agreement with the experimental results for P, As, and
Sb donors.!>' The g value for the resonance of Bi
donors in Si, however, is in comparatively poor agree-
ment with the calculation.’® A possible reason for the
poor agreement in the case of Bi may be that the
effective-mass theory for donors requires correction for
donor states as deep as Bi (0.071 eV).

The resonance results obtained for S, Se, and Te
donors in GaP will now be discussed in terms of the
effective-mass theory of donors described above. Prior
to the resonance measurements reported in this paper,
an estimate of the g value at the conduction-band
minimum was made from Zeeman studies of bound
excitons in GaP .18 A value 1.8940.10 was obtained. The
resonance measurements on S, Se, and Te donors are in
the range g=1.9976240.0008. The departure from the
free-electron value is —0.00474-0.0008. In order to
check whether the measured g value is in agreement with
that predicted by Eqgs. (4) and (5), it is necessary to
know some of the details of the band structure of GaP.

There is less known concerning the band structure of
GaP than, for example, Ge or Si. The conduction-band
minima are along the [100] directions,® but their exact
positions along these directions have not been de-
termined. Zallen and Paul®® assume them to be at the
band edge. Along the directions in % space at which the
conduction-band minima occur, the separation between
a minimum and the valence band is 5.3 eV. This separa-
tion was determined from a study by Ehrenreich ez al.2
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of the reflection spectrum of GaP. The spin-orbit
splitting A of the valence band of GaP at 2=0 has been
determined® to be 0.127 eV from extrapolation of
infrared-absorption measurements on p-type GaP-GaAs
alloys. The values of the effective masses 7; and m, are
unknown. However, Moss, Walton, and Ellis? were
able to determine an average effective mass m*=0.35m
from infrared Faraday measurements in GaP. The
average is related to m; and m, by

m*=m,(2mit+m.)/ 2mi+m). (6)
Since a knowledge of both m; and m, is required to
calculate g from Egs. (4) and (5), the value of m™* alone
cannot be used to calculate g.

Because of the incomplete knowledge of the band
structure of GaP, any calculation of the g value from
Egs. (4) and (5) requires that some further assumptions
be made. If one assumes that the spin-orbit splitting in
the valence band at the position in % space of the con-
duction-band minimum is given by % the spin-orbit
splitting at £=0, as implied in Eq. (4), then for a wide
range of m,; and m, values consistent with an average
m*=0.35m [Eq. (6)], a Ag=—0.03 is calculated from
Egs. (4) and (5). The calculated g value is close to 2, in
excellent order-of-magnitude agreement with the ex-
perimental value 1.99764-0.0008. The calculated Ag,
although small, is however some six times the observed
Ag. In view of the many assumptions made concerning
the GaP band structure, it is difficult to determine
whether the large discrepancy between the calculated
and the observed Ag values is significant. In addition to
the assumptions regarding the GaP band structure, the
use of the two-level approximation to the effective-mass
tensor implied in Eq. (4) may not be adequate for GaP.
As noted above, the two-level approximation is not
valid for Si, for which small Ag values are observed.

Another possible reason for the discrepancy may arise
because effective-mass theory is no longer accurate for
hydrogenic-donor impurities as deep as 0.1 eV below the
conduction band. The orbital radius of a donor electron
with an ionization energy of 0.1 eV in GaP (dielectric
constant 10.2)22 is 7 A. Since this radius is only 1} times
the lattice constant, Eq. (1) is not an accurate wave
function to use for a hydrogenic-donor electron in GaP.
The donor ionization energy Ep derived from the
effective-mass wave function of Eq. (1) is given by

Ep=e'm*/2h%, N
where e is the dielectric constant, % is Planck’s constant,
and e is the charge on the electron. If the value of
m*=0.35m measured by Moss et al.22 is used in Eq. (7),
a value of Ep of 0.046 eV is obtained, which is to be
compared with the experimental values of 0.1 eV in
Table I. A similar but smaller discrepancy between
calculated and experimental donor ionization energies

21 J, W. Hodby, Proc. Phys. Soc. (London) 82, 324 (1963).
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exists for Si (e=12.0). Kohn,” noting this discrepancy,
corrected the effective-mass formalism for deep donor
states. Formally, this was done by dividing the wave
function into two parts, an outer region where the
effective-mass formalism is still valid, and an inner
region where, since the dielectric constant is no longer a
good concept, a new wave function is required. Kohn, in
addition, used the observed Ep rather than the calcu-
lated Ep in the effective-mass theory.

A recalculation of the g values with the corrected
wave functions has not been carried out. However, the
effect of the corrected wave functions on the g value can
be considered qualitatively. Since the electrons of deep-
donor impurities are less influenced by the lattice, a g
value between that calculated from the uncorrected
effective-mass theory [Egs. (4) and (5)] and the 2.0023
expected for a tightly bound s-like state would be pre-
dicted. In the case of the donor resonances in GaP, the g
values are indeed between these limits.

As a final note, a comment on the linewidth and shape
will be made. The wave function of the donor electron
will, even with a radius of 7 A, overlap several neigh-
boring Ga and P nuclei. Since all Ga and P isotopes have
a nuclear moment, there is a resultant hyperfine inter-
action between the donor electron and every nucleus
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overlapped by the electron. If the individual lines
resulting from these hyperfine interactions are not
resolved, an inhomogeneously broadened line is ob-
tained. The width of 45-60 G is not inconsistent with
unresolved hyperfine interactions with several neigh-
boring Ga and P nuclei. However, an inhomogeneously
broadened line would be expected to have a Gaussian
rather than the observed Lorentzian shape. The ob-
served Lorentzian shape is probably due to motional
effects caused by hopping of electrons between donor
impurities. If one uses the criterion observed in Ge and
Si, hopping begins to occur when the average separation
between donors is about fourteen times the Bohr radius.
With a Bohr radius of 7 A, hopping would therefore
occur when the total donor concentration Np is the
order of 10'® cm—3. The net donor concentration in the
samples used in the resonance experiments was of this
order, and hopping would therefore be expected.
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A detailed and accurate study of the de Haas—van Alphen effect and Fermi surface of arsenic has been
made by a vector-modulation technique. We find two sets of Fermi surfaces which together give the required
volume compensation. The first set contains three closed, centrosymmetric pockets (8 in our notation)
which have a tilt angle (for the minimum area) of 86.4+0.1° from the trigonal axis. Their total volume is
found to be (2.1240.01) X10% carriers/cm?. The other set forms a single multiply connected surface of
symmetry 3m and consists of six a pockets (the Berlincourt carriers) which have a tilt angle of 37.254-0.1°,
and which are connected together by six long thin necks with a tilt of —9.64-0.1°. This is in excellent
agreement with the recent pseudopotential calculation by Lin and Falicov if the 8 pockets are due to elec-
trons at L and the multiply connected surface to holes around 7'. The multiplicities of the pockets are de-
duced from the experimental data and are supported by the consequent satisfactory agreement with the

observed electronic specific heat.

I. INTRODUCTION

RSENIC is a semimetal with the same A7 trigonal
crystal structure as the other semimetals bismuth
and antimony.! Recent theoretical work by Cohen,
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Falicov, and Golin? has shown that all their band
structures are primarily a function of this crystal
structure, and so these semimetals should have many
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