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This Letter reports donor-acceptor pair spectra in CuC1 crystals. A simple neutral-
donor, neutral-acceptor complex does not explain the data. Recent calculations have
predicted an O level near the conduction-band minimum. It is this level which is
speculated to be the source of electrons for the highly conducting state of this potent-
ially excitonic superconducting material. The photoluminescence results reported in
this paper do not confirxn the 0 level but would be consistent with its existence.

The optical properties of CuC1 have been stud-
ied by a number of investigators over a period of
nearly twenty years, ' ' investigations which have
established the free-exciton structure as well as
the energy band structure at the center of the
Brillouin zone. In the earlier work, some extrin-
sic spectral structure was also observed includ-
ing transitions associated with neutral acceptor
bound excitons. ' Recently, a series of very inter-
esting experiments on CuC1 have revealed that
the magnitude of its magnetic susceptibility varies
over a wide range, from --10 ' to —1, under
controlled experimental conditions. For example,
Brandt et al. ' have shown that CuC1 samples,
when cooled at a rate of 20'K/min under a hydro-
static pressure of 5 kbar, undergo a series of

transitions from a state of weak diamagnetism to
one of strong diamagnetism (n--1) at a tempera-
ture of approximately 170'K. The transition to a
strongly diamagnetic state was accompanied by a
sharp increase in electrical conductivity. Similar
experiments were also performed by Chu et al. ,

'
in which a strong dia, magnetism (K --0.1) was
also observed. Although still a conjecture, there
is a nevertheless a strong possibility that CuCl,
and perhaps related materials, may be capable
of supporting a supercurrent at elevated tempera-
tures and pressures. These experiments have
stimulated a renewed interest in CuCl, its elec-
trical and optical properties, and its energy
band structure. The energy band structure of
CuCl has been recently calculated by Kunz, %eid-
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man, and Collins, ' which included a theoretical
study of possible defect and or impurity levels.
These calculations have predicted an 0 bound-
electron level lying near to the conduction band
minimum. It is this level which is speculated to
be the source of electrons for the highly conduct-
ing state. The present investigation describes
the first observation of donor-acceptor pair spec-
tra in CuCl. It will be shown that one component
of the donor-acceptor pairs must be doubly
charged, a characteristic which would be compat-
ble with the 0 center.

The samples employed were water-clear single
crystals grown from the vapor phase, by a tech-
nique similar to that of Chu et al. Photolumines-
cence was excited with a high-pressure Hg-lamp
at sample temperatures (2 K. Spectral analysis
of the luminescence was provided by a high-reso-
lution, high-dispersion spectrograph (-1 Aimm)
which employed photographic recording of the
spectral data. Zeeman splittings of the spectral
lines were produced by magnetic fields up to 40
ko, with the samples oriented in the Voigt con-

figuration (q&H).
Photoluminescence spectra were analyzed from

three samples as well as from different parts of
the same sample. Some of the emission lines
were common to all samples while others were
uniquely observed in a particular sample. More
than 60 lines have been observed in the energy
region 3.11116-3.20347 eV. Shown in Fig. 1 is
a typical spectrum, a section of which has been
expanded (between 3.158 71 and 3.20347 eV) to
more clearly illustrate some of the details. The
line at 3.18010 eV is a bound-exciton line previ-
ously reported by Certier, checker, and Nikitine. '
All of the pair lines were characterized by a four-
component magnetic field splitting, and polariza-
tion data showed that the low- and high-energy
components were v lines. A geometrical con-
struction of the magnetically split components of
the line at 3.162 34 eV is illustrated in Fig. 2. The
splitting is typical of the magnetic field behavior
of all of the pair lines although the magnitude of
this splitting does vary somewhat from line to
line.
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FIG. 1. Photoluminescence spectra showing donor-acceptor pair recombination in CuCI. Expanded scale shows
spectra in greater detaiI.
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FIG. 3. Transitions expected from a simple donor-
acceptor complex in zero and nonzero applied magnetic
field. These transitions are based on a 1& conduction-
band minimum and a I'7 valence-band maximum.
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FIG. 2. Transition nomograrn showing behavior of
8.162 84-eV line in applied 40-kQ magnetic field. The
field-split lines are shown for the polarization E-LK in
which the 0. lines are allowed. g, =1.73; K=- 1.32.

From the magnetic-field data a number of con-
clusions can be drawn. CuC1 crystallizes in the
zinc-blende structure which is common to many
II—IV and III-V compounds. In virtually all such
materials, the top valance band is of I", symmetry
while the lower valence band is of I; symmetry.
CuC1, on the other hand, is characterized by a
negative spin-orbit splitting, as a result of a mix-
ing of Cu d electrons overlapping with the Cl p
potential sites. This interaction reverses the
valence band ordering, putting the I", band highest,
which is reflected in the four-component splitting,
and also in the four-component splitting of the
bound exciton reported by Certier, Wecker, and
Nikitine. '

From the I; conduction band and the I'; valance
band a triply degenerate I", transition and a sing-
ly degenerate I", transition are possible. Assume
that the pairs are made up of simple donors and
acceptors, in which case the upper state will con-
sist of a J= 1 and a J= 0 state, depending on the
orientation of the spins, and the lower state will
always be a singlet, as shown in Fig. 3. For this
simple donor-acceptor complex, one would ex-

pect to observe a zero-field splitting due to the
exchange interaction between the electron and
hole spins; this is not observed experimentally.
In the presence of an external magnetic field, the
J= 1 state will split into three components while
the J= 0 state will not split. The optical transi-
tions from this magnetic-field-split configuration
result in a low-energy o line and a high-energy 0
line, with the intermediate-energy lines being v

lines. Just the opposite is observed experimental-
ly. Thus, the simple donor-acceptor model can
be ruled out because of the absence of an exchange
splitting and the observed polarization which is
not compatible with the simple model.

Consider now another type of donor-acceptor
complex, one in which the donor is doubly charged,
as diagrammed in Fig. 2. With such a model it
is possible to account for all of the experimental
data. In the upper state the two electron spins
will pair leaving an unpaired J= —,

' hole state,
while the lower state will contain a J= —,

' unpaired
electron state. Moreover, in the presence of an
applied magnetic field, both the upper and lower
states will split as doublets, accounting for the
observed four-component splitting of the spectral
lines. In order that the low-energy component
and the high-energy component be v lines it is
necessary that either the electron g value or the
effective hole g value (K) be negative. It has al-
ready been shown by Certier, Wecker and Niki-
tine' that the hole g value in CuC1 is negative.
Thus, the data are consistent with previous ob-
servations. For the line shown in Fig. 2, an elec-
tron g value g, = 1e73 and a hole g value K = -1.32
were calculated. Donor -acceptor pair spectra
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are frequently characterized by a convergence
limit which implies that the pairs are randomly
distributed throughout the lattice. The absence
of such a limit indicates a nonrandom distribution
of the pairs, which is not uncommon. For exam-
ple, Henry, Nassau, and Shiever' observed a non-
random double donor-acceptor pair distribution
in Cds and Reynolds, Litton, and Collins" ob-
served a nonrandom double acceptor-donor pair
distribution in the same material.

An analysis for oxygen was performed on one
of the CuC1 samples by means of Auger-electron
spectroscopy (AES) according to the following
procedures. Variation of the 0 content from the
surface to the interior of the sample was deter-
mined by sputtering away the CuC1 over a 1-mm-
diam spot to a depth of 15 pm and periodically
monitoring the first-derivative Auger spectra of
the sputtered area. The sputtering was carried
out at relatively high energy and rates over a
period of several hours in an ultrahigh-vacuum
system (1 x 10 "Torr base pressure) backfilled
with high-purity argon to total pressure of 4 &10 '
Torr. In addition to Cl and Cu in approximately
stoichiometric proportions, presputter AES sur-
face scans showed relatively weak KLI. transi-
tions of approximately equal strengths at 272,
379 and 503 eV, indicating the presence of sur-
face-adsorbed C, N, and 0, respectively. The
surface layer was removed by low-energy sputter
cleaning procedures. However, after sputtering
away only a few nanometers, AES scans over the
range 0—2000 eV (5-keV beam energy) showed ex-
tremely weak O(503) and C(272) peaks, an obser-
vation which persisted to a depth of approximate-
ly 10 pm. Typical of these scans is the high-gain
spectrum shown in Fig. 4 accentuating the energy
range of 0 and C. By the time 15 pm of sample
was sputtered away, 0 was below the detection
limit of the spectrometer, -1x10"/cm'. Crude
calculations indicate that the 0 concentration
within the first 10 p,m of sample depth was very
high, between 8 x10"and 2 &10"/cm'. Thus, the
Auger results clearly confirm that 0 was present
at high concentrations within the sample volume
excited for photoluminescence.

The available data are not sufficient to confirm
the presence of doubly charged 0, nor to confirm
that the 0 level predicted by Kunz, Weidman,
and Collins' is one component of the observed
donor-acceptor complex, but the photolumines-
cence data are consistent with the 0 center
being one component of the complex. It is recog-

ILJ
O

z'
'o

C
272

0)
503

ENERGY (ev)

FIG. 4. First-derivative Auger spectrum of a CuCl
photoluminescence sample taken under high-gain con-
ditions at a depth of 10 pm from the surface.

nized that other chemical species or host defects
may give rise to the observed pair spectra and
thus cannot be ruled out at this time. It is clear,
nevertheless, that one component of the complex
must be doubly charged in order to explain the
data. It is further clear from these data that
electron donors play a nonnegligible role in the
properties of CuCl and may well be in part re-
sponsible for the observed diamagnetic anomaly.
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