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It is generally assumed that an isoelectronic
substitution of a lattice atom in a semiconduc-
tor produces no bound states within the forbid-
den band gap. This paper shows that many such
states arise from the substitution of nitrogen
for phosphorus in GaP.

An optical transition, called A-B, which has
previously not been understood, is frequently
seen in the low-temperature fluorescent and
absorption spectra of gallium phosphide. This
transition has been shown' magnetically to in-
volve a nondegenerate ground state and an elec-
tron-hole pair in the excited state, but the bind-
ing energy of the exciton to the center is an
order of magnitude too low to correspond to
an exciton bound to a charged impurity. Evi-
dence is presented here that this transition is
due to isolated nitrogen on phosphorus sites
and that a series of lines (variously labelled
D, E, F, G, H! and as a converging series?),
visible in emission and absorption, are due
to nitrogen-nitrogen pairs.

Absorption, unlike fluorescence, provides
a direct measure of the A-B center concentra-
tion. Many strongly fluorescent crystals were
found to have weak A-B absorption, but a dra-
matic increase in this absorption occurred for
crystals that were grown by a modified water-

transport method® in boron nitride vessels at
about 1000°C. These crystals are red in trans-
mitted light at room temperature due to the
strong A-center absorption; pure crystals are
orange. The red crystals have very low con-
ductivities at 300°K indicating an electrically
inactive impurity. A low-temperature absorp-
tion spectrum is shown in Fig. 1(a). If quartz
vessels were used, or quartz vessels and boron,
orange crystals resulted. It was therefore sus-
pected that nitrogen caused the A-line absorp-
tion. Since nitrogen gas was found to produce
only weak effects, it appeared that the active
source of nitrogen was NHy made by the high-
temperature reaction of H,O with BN. Red crys-
tals may also be grown from Ga solution, read-
ily in the presence of small quantitites of NHg,
but only at hazardously high pressures in the
presence of pure N, (derived from GaN).

The spectrum associated with NN pairs con-
sists of a series of lines, each a fine-structure
multiplet, observable in the energy range from
a few to 132 meV below the A-B transition.
These lines are shown in absorption in Fig. 1(a)
and in fluorescence in Fig. 1(b). They are la-
beled NN,, NN,, etc. They form a series which
decreases in energy separation toward short-
er wavelengths. Gross and Nedzvetskii sug-
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FIG. 1. The NN lines (a) in absorption and (b) in fluorescence in crystals containing about 10 N atoms/cc. Lat-
tice phonon replicas have been labelled NN5’, NNg”, etc. Local modes are labelled NNj;,., etc. In more lightly
doped crystals there is a sharp A line in absorption and fluorescence; here the A line (and its higher energy pho-
non wings) dominates the absorption, but is very weak in emission. (c) and (d) show the approximate relative
strengths of the lines in absorption and fluorescence. (e) shows the expected relative intensities of the lines if it
is assumed that the nitrogen atoms are arranged randomly and that relative numbers alone control the transition
intensities. The orientations of the pairs are also indicated.

gested? that these fluorescent lines were due
to transitions which originated at an exciton
bound to an acceptor in its ground state, and
which terminated on an excited state of the ac-
ceptor. The fact that lines many millivolts
apart are visible in absorption at 1.6°K shows
that this cannot be the case. In addition, this
model would predict that the lines converge
towards lower energies, whereas, in fact,
Fig. 1 shows that they converge towards high-
er energies.

In Fig. 1(b) the NN pairs are seen in fluores-
cence at 4.2°, yet the A line is absent or very
weak despite the fact that it is very strong in
absorption. This is because at these high ni-
trogen concentrations an exciton bound to A
may readily transfer to an NN-pair state which
has a lower energy. This situation represents
incipient impurity banding of the bound excitons.
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At lower concentrations A becomes apparent
in fluorescence and at very low concentrations
(e.g., 10 atoms/cc), it, and its phonon wings,
dominate the emission.

A-B shows only a jj-coupling—induced split-
ting, any cubic-field splitting of the J=2 state
into a doublet being too small to observe. This
is consistent with a simple point defect and
hence an isolated N atom. Many of the NN-
pair lines, however, show complex structure;
for instance, NN, has six components, three
from the J=1 line and three from the J=2 (this
detail is not visible in Fig. 1). Such splittings
could arise from lowered symmetry if the cen-
ter consisted of two foreign atoms. If it is as-
sumed that the N atoms, being uncharged, are
distributed randomly, then the small concen-
tration of pairs of N atoms is expected to vary
as the square of the total nitrogen concentra-
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tion. The absorption of the A line (or more
conveniently its phonon wing), and of the NN
lines (in particular NN,,), have been measured
in a series of differently doped crystals of vari-
our thicknesses. Figure 2 shows that the NN,
absorption varies as the square of the A-line
absorption and confirms that the NN lines arise
from pairs of nitrogen atoms. Further confir-
mation comes from the Zeeman pattern of the
NN lines. These patterns appear to be based
on that of A-B but show additional structure
and marked changes with change of direction

of the magnetic field. Frequently, more than
eight lines can be resolved, and this can only
be accounted for if it is assumed that pairs
with different orientations to the field, but of
the same separation, give different Zeeman
patterns.

The different NN lines correspond to differ-
ent separations of the N atoms. The exciton
must be bound to an isolated nitrogen atom in
the same way as a particle is bound to a short-
range potential well. If the well is made deep-
er by placing two nitrogens close together the
binding can become much tighter. As the NN
separations become large the differences in
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FIG. 2. The absorption of line NNy, plotted against
the absorption in the phonon wing of the A-B lines,
which is proportional to the A-B center concentration.
Each point represents a crystal with a different nitro-
gen doping. The line is drawn with a slope of 2 and
shows that the concentration of the NN centers varies
as the square of the concentration of the A-B center.
The concentration scale is obtained as indicated in the
text.

energy positions of the corresponding lines
must become less. Since the lines converge
at higher energies (where line identification
ultimately becomes difficult because the fine
structure becomes greater than the main sep-
aration), it follows that the higher the energy
the greater the spatial separation. An exciton
at an isolated N atom is the A-B state. Hence,
the NN lines converge on A-B, It is reasonable
to suppose that the lowest energy line NN, cor-
responds to two N atoms on nearest-neighbor
phosphorus sites; NN, to a pair on the next-
nearest neighbors; and so on. The directions
of these pairs and their relative numbers, as-
suming a random distribution, are known from
the lattice geometry, and are shown in Fig. 1(e).
The relative intensities of the lines in absorp-
tion and emission shown in Fig. 1(c) and 1(d)
provide qualitative confirmation of this assign-
ment. Notice that NN,, NN, and NN; are ex-
pected and observed to be weak. The fine struc-
ture of the lines also provides circumstantial
support. Thus, the local symmetry around
pairs with [111] or [100] orientations cannot
split the J=1 state into a triplet, but a [110]
orientation, for example, can. NN,, NNg, and
NN, are of the former class and have singlet
or doublet J =1 states, whereas NN, has [110]
orientation and its J=1 state is a triplet. It
is interesting to notice that unless both mem-
bers of the pairs were the same, certain pairs,
such as those in [111] directions, would have
inequivalent orientations, viz. [111] and [T1T].
The absence of any abnormal fine structure
for these pairs is further evidence that two
nitrogen atoms are involved in the states.

The concentration of the nitrogen present
may be estimated by purely optical methods
if a random distribution and a constant matrix
element for the transitions are assumed. It
is then apparent that

Strength of NN in absorption N N
m = m

Strength of A in absorption 2 N/

where N,, is the number of P atoms in the mth
shell (24 for NN,,), N is the concentration of
“isolated” nitrogen (which is much larger than
the concentration of the pairs), and N, is the
number of P sites/cc of GaP. Using NN, the
concentration scale shown on Fig. 2 was de-
rived. The measurement of extremely sharp
lines, and pair-geometry-dependent matrix
elements limit the accuracy of the concentra-
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tion calibration to an estimated factor of five.
The first suggestion that nitrogen was involved
in the centers was actually obtained from the
fluorescent phonon wings of the more tightly
bound NN lines. All the lines display phonon
wings corresponding to lattice phonons, but
the deep lines give distinct phonon replicas
which correspond to energies greater than that
of the LO lattice phonon. These must repre-
sent local modes and have been labeled in Fig. 1
for NN, and NN;. It is found that Zw)qoe =0.061
eV. If 7w (=0.048 eV) is the average of the
lattice TO and LO phonons,! a crude model
gives for the local mode frequency

1/2
w ~6{-—————1/4MG3+1/MN} -1.270
1/MGa+1/MP

loc
where My is the atomic weight of nitrogen,
etc. Experimentally, w]oc=1.27w in coinci-
dentally good agreement with the expected val-
ue. The local modes are more important for
the deeper bound excitons because these more
tightly bound states have wave functions more
concentrated at the central nitrogen atoms.

Several other series of lines have been ob-
served which are generically related to the
NN lines, and which probably involve elements
other than nitrogen. This type of binding to
neutral centers may therefore be quite com-
mon and may lead to a wide variety of states
within the forbidden gap of semiconductors.

It seems likely that at least some of these cen-
ters will bind not only excitons but also either
holes or electrons. They may therefore influ-
ence not only optical but also electrical prop-
erties of semiconductors.

Thanks are due to R. T. Lynch for growing
the crystals from gallium solution, and to H. C.
Montgomery for electrical measurements.
Part of this work was performed by one of us
(J.J.H.) during a stay at the Bell Telephone
Laboratories.

D, G. Thomas, M. Gershenzon, and J. J. Hopfield,
Phys. Rev. 131, 2397 (1963).

2E. F. Gross and D. S. Nedzvetskii, Dokl. Akad.
Nauk SSSR 154, 64 (1964) [translation: Soviet Phys.—
Doklady 9, 38 (1964)].

C. J. Frosch, J. Electrochem. Soc. 111, 180 (1964).

SUPERCONDUCTIVITY OF PROTACTINIUM*

R. D. Fowler, B. T. Matthias, L. B. Asprey, H. H. Hill
J. D. G. Lindsay, C. E. Olsen, and R. W. White

Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico
(Received 8 November 1965)

We have observed superconductivity in prot-
actinium metal below 1.4°K and thus filled the
last vacant spot in the center of the periodic
system, the region in which every element be-
comes either superconducting, ferromagnetic,
or antiferromagnetic. We show in the follow-
ing table the position of Pa in relation to its
surrounding elements with their superconduct-
ing transition temperatures.

Hf 0.1
Th 1.4

Ta 4.4
Pa 14

W 0.011
U 0.7(0), 1.8(c)?

2The two polymorphic modifications of uranium are
orthorhombic and cubic. They have different transition

temperatures. See B. S. Chandrasekhar and J. K.
Hulm, J. Phys. Chem. Solids 7, 259 (1958).

Pa has five valence electrons and hence would
be expected to have the highest transition tem-
perature in the series Th, Pa, U. All surround-
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ing elements are superconductors, and by anal-
ogy with the Hf, Ta, W series, Pa would be
expected to have a very high transition temper-
ature, certainly far above 18°K. This reason-
ing would hold, however, only if Pa were to
crystallize in one of the simple elemental struc-
tures. It is therefore of interest that Zacharia-
sen found an entirely different crystal struc-
ture for Pa,! namely, that it is tetragonal with
a tenfold coordination, a structure observed
to date only for Pa. The fact that Pa metal
has a more complicated structure than most
metals is in agreement with the empirical ob-
servation that, whenever a metal could be ex-
pected to have a very high transition tempera-
ture, it was found instead to have a lower crys-
tal symmetry and therefore also a lower tran-
sition temperature.

While these arguments, based on analogies
to superconductors in other parts of the peri-



