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In this Letter we describe the optical properties
of a new type of "center" found in ZnTe. The tran-
sition occurs approximately 0.4 eV below the band

gap energy. The excited state of this center in-
volves one electron and one hole bound to an im-
purity. The transition is remarkable, because,
although most of its oscillator strength is asso-
ciated with phonon processes which produce a
broad spectrum (whose width is =50% of the width

of typical F -center transitions), it nevertheless
exhibits a weak no-phonon part sharp enough for
useful Zeeman measurements. Under suitable
conditions, the absorption and emission are mir-
ror images of each other about this zero-phonon
line. The excited state of this center is signifi-
cantly split by electron-hole j:j (exchange) coup-
ling. The two excited states introduce two no-
phonon lines, one of which is much broader than
the other. The temperature dependence of the
shape of the broader line in emission clearly
shows that this line is homogeneously broadened

(in this particular case, lifetime broadened).
That homogeneous and inhomogeneous broadening
of impurity lines can be readily distinguished in
this case (and other analogous eases) should be
of use in understanding line broadening in solids.

ZnTe is a direct band gap semiconductor with
the zinc-blende structure, which is normally
found to be p type. At 4.2'K it has an exciton
transition at 2.381 eV. Crystals may be grown
from the melt and from the vapor. In certain
vapor -grown crystals, particularly those which
have been cooled rapidly after growth, at 77 K
a broad absorption peak is seen at 2.10 eV. At
20'K the peak shows much structure. The crys-
tals also fluoresce and at 20'K the fluorescent
peaks "mirror" in energy the absorption peaks
with one line common to both spectra. This is
illustrated in Fig. 1. The fluorescence may be
stimulated by excitation above the band gap ener-
gy, but it is far more efficient to use the Hg yel-
low lines which fall in the absorption region of
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FIG. 1. The fluorescence and absorption at 20'K of the new center in ZnTe. The positions of the peaks are
mirrored' about a central no-phonon line common to both spectra. These peaks all relate to the allowed J =1 tran-

sition. The LO phonon energy is indicated and the arrows mark the no-phonon level cooperating with TO phonons.
The two broad peaks in each repeated interval are considered to arise from transverse and longitudinal acoustic
phonons.
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the transition.
Figure 1 shows that the strength of the transi-

tion is chiefly associated with phonon emission
processes. The central line common to both ab-
sorption and fluorescence must be the no -phonon
electronic transition. The longitudinal optical
phonon energy of 0.026 eV is indicated in Fig. 1.
Clearly this energy marks the repeat-interval for
the structure which becomes more diffuse as more
phonons become involved. Other char aeter istic
phonon energies both acoustic and optical are ev-
ident. The unusual clarity of this structure is to
be ascribed to the rather large coupling param-
eter (about 8.8 to the optical phonons); in addi-
tion, because of the weak piezoelectric effect,
the interaction with the acoustic phonons is not
overwhelming and so does not unrecognizably
broaden the spectrum. The surprising feature
of the 20'K spectrum is the unexpectedly large
width of the no-phonon line (the full width at half
height is about 0.001 eV).

As the temperature is lowered, the absorption
spectrum changes very little, but a new set of
emission peaks shifted 0.0017 eV to lower ener-
gies begins to appear, and completely displaces
the higher temperature emission spectrum at 2'K.
The no-phonon line of the low-temperature emis-
sion spectrum is very sharp, and is accompanied
by an acoustic phonon wing. This shift with tem-
perature for the region near the no-phonon lines
is shown in Fig. 2. Analogous shifts take place
in the phonon wings.

These results show that the excited state of the
transition is split by 0.0017 eV, and that the op-
tical transition from the ground state is allowed
to the upper level of the excited state, but forbid-
den to the lower level. Thus no absorption is
seen involving the lower level, and emission from
this level only occurs when kT is much less than
the splitting between the two levels; i.e. , only
when the excited system spends much more time
in the lower than the upper level.

Of all complexes involving three or fewer elec-
trons and holes, only a complex containing one
electron and one hole can give rise to state split-
tings with some optical transitions allowed and

others forbidden. We therefore conclude that the
excited state consists of a hole and electron,
which may be regarded as an exciton, bound to
an ionized donor or acceptor. The splitting of
this state must arise from an exchange interac-
tion between the hole and electron. The energy
of this state will be approximately the band gap
energy minus the binding energy of the donor or

---—THEORY
EXPERI- —I=L.UORESCENCE ——EXPERIMENTAL
MENTAL ABSORPTION

4.2 K C
h

3.06 K

A

)(

Oz 0
~ 1.981
U

o
z

—41
I i G.I, :.oI K

/ ( cf) l

I I I l~ I ~~0&( Q I I I I I

a)

1.983 1.985 1.987 1.981 1.983 1,985 1.987

3.58 K 2.58 K

0
1.981

l

I I I I I Q I I

1.983 1.985 1.987 1.981 1.983
PHOTON ENERGY IN eV

1.985 1.987

FIG. 2. The fluorescence near the no-phonon lines
at several low temperatures. C is the no-phonon J=1
line, 8 is the no-phonon J = 2 line, and A is an acoustic
phonon wing associated with the decay of state B via a
virtual phonon transition to state C. As the tempera-
ture is lowered, A and B grow at the expense of C.
Below 2'K peak C cannot be seen. The absorption at
C is shown at 4.2'K; the corresponding fluorescent
line is slightly displaced to lower energies. This
asymmetry shows that C is homogeneously broadened.

acceptor involved. Since the latter quantities can
be much larger than the exciton binding energy
(which is probably less than 0.02 eV in ZnTe),
these bound exciton states can be fax removed
from the intrinsic excitons. Because of the large
spin-orbit splitting (-1 eV) of the valence band,
there will be j:j coupling between the hole (j = —,'),
and the electron (j= -',). Thus the allowed transi-
tion is to the J=1 level and the forbidden to the J
=2 level, the anticipated crystal field splitting
of the J= 2 level being apparently very small.
This model is supported by the following obser-
vations: (a) In 31000 gauss the sharp fluorescent
line splits into a quintet as expected for a J=2
state. (b) Uniaxial compressive stress produces
shifts and splittings in accord with the model.
(c) The fluorescence at 1.6'K has a lifetime of
about 1 p. sec, while at 20'K it is at least 10 times
shorter, with substantially the same quantum ef-

ficiencyy.
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The shapes of the fluorescent and absorption
lines in Fig. 2 are determined by acoustic pho-
nons; optical phonons chiefly cause a repetition
of the basic pattern as shown in Fig. 1. The J=1
state in absorption contains essentially all the os-
cillator strength and is lifetime broadened by
spontaneous phonon emission to the J=2 state.
In fluorescence, the J=2 state can decay in two
ways: (1) directly (in a forbidden optical proc-
ess), producing a sharp optical line, and (2) in-
directly, by emitting (or absorbing) an acoustic
phonon in a virtual transition to the J. =1 state,
followed by photon emission from the J=1 state.
The energy of the photon is the energy of the di-
rect transition minus (or plus) the phonon energy.
The energy denominator for this second order
transition is resonant for the absorption of acous-
tic phonons having energies near the J=1 to J=2
state splitting. With this model the shape of the
entire emission spectrum of Fig. 2 at low tem-
peratures (below 10'K) can be calculated in per-
turbation theory from the shape of the low-energy
tail of the emission at one temperature and the

measured constant width of the absorption line
below 10'. These calculations give the theoretical
curves of Fig. 2. (The assumption of weak coup-
ling and the neglect of other phonon processes
prevent precise agreement with experiment. )
That the emission near the position of the J= 1
symmetrical absorption line must be badly dis-
torted when kT is comparable to the homogeneous
linewidth of this state follows from thermodynamic
arguments of detailed balance. If this linewidth
were due to inhomogeneous effects, such distor-
tion would not occur, as thermal quasi-equilibri-
um would not be attained.

The precise nature of the center is at present
unknown. It seems clear, however, that it is
either a compensated donor or acceptor. Anneal-
ing treatments in zinc vapor suggest that the cen-
ter is associated with a stoichiometric defect.
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Recently, Morton and Rosenberg' reported the
first observation of a change in the thermal con-
ductivity of a paramagnetic salt with the applica-
tion of an external magnetic field. It is the pur-
pose of this Letter to examine their preliminary
results for holmium ethyl sulfate in the light of
the present theory of phonon-spin interactions in
rare-earth salts, and to indicate some novel as-
pects of this problem which the theory predicts.
We shall show that the peak in the thermal resist-
ance-versus-magnetic field plot displayed in ref-
erence 1 is most likely not due to the attenuation
of acoustic modes, but rather may be due to the
attenuation of a low-level optical mode capable
of carrying thermal currents. A second resist-
ance-versus-field peak is predicted, which should
fall at the fields predicted for acoustic phonons.
Preliminary experimental results support this
conclusion.

The thermal conductivity, ~, of a dielectric
material is given by

where f represents the phonon wave vector; s is
the polarization index;

C = [(@e)'/kT] exp(ku&/kT) [exp(a&a/kT) - 1] ',

x[Q l(&lg & la) I ]g((u- -(u )aN,m 2
m n n fs s s' (2)

where la) and (k) are the two spin states; V ~
is a phenomenological spin-phonon coupling con-
stant4; and g(&u - es) is the spin-phonon line shape
function, ' equal, for a Lorentzian line, to (T,/w)

x[1+T2'(&u -~s)'] '. The sPin frequency is ~s
= 5a|,p, Oaf, being the energy splitting between
the two spin states, and ANs =Ãz -Ny, the dif-

the specific heat per phonon mode; v f is the pho-
non velocity; and Af is the phonon mean free
path.

For a single phonon interacting with a two-level
spin system, it has been shown' that

3
1/A = 1/v r = (w(o /IMv )fs fs fs fs fs
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