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We have observed an anomalous broadening of two fluorescence lines in PrC13. The
new effect is observed only when the terminal state is a magnetic doublet and only at low
temperatures (T &100 K). However, the effect is seen far above any transition or order-
ing temperature. The broadening can be, at least partially, suppressed by application
of a large magnetic field. The effect is almost certainly a cooperative phenomenon aris-
ing from an interaction between ground- and excited-state ions.

In previous papers" we have investigated the
properties of PrCl, and Prpp, Lap»C1, . In the
course of this work we observed an unexpected
behavior of the fluorescent linewidths which we
report in this Letter.

The experimental setup is the same as described
in Refs. I and 2 except that a superconducting
magnet was used to obtain the magnetic field
data. The 'P, (p = 0) level was pumped with the
pulsed dye laser (4 nsec pulse width) from the
'H, ground state (excitation -488 nm). Fluores-
cence of the 'I'p to the 'I, and 'II, manifolds was
observed" (Fig. 1). In hexagonal PrCl, and
LaC1, (site symmetry C,„or 3) the levels with
p, = I, 2 are doublets while those with p, =0, 3 are
nonde gene rate.

The anomaly that attracted our interest is dis-
played in the upper (solid) curve in Fig. 2 which
is a plot of linewidth versus temperature of the
'Po 'F, emission -(645 nm) in PrCl, . Theories
based on ion-phonon interactions predict a mono-
tonic decrease in linewidth with decreasing
temperature. ' Indeed, the data (curve 2) for
Prp p] Lap 99C 1, are monotonic. If a large magnetic
field splits the Zeeman components, the line-
width as a function of temperature of these com-
ponents changes as seen in curve 3. The maxi-
mum reduction of width occurs when the two com-
ponents are fairly well separated' and further in-
crease of the field to 90 kG has no effect.

In Fig. 3 we show the linewidth as a function of
temperature for transitions to 'H, in PrCl, .' The
619-nm transition in zero field (curve 1) does not
display the dramatic increase of 1inewidth at low-
er temperatures. Note, however, that at 20 K

its width is more than double that in dilute crys-
tals (curve 2). In the latter, we see that there is
significant phonon broadening even at 50 K so
that a minimum, such as observed in the 645-nm
line, would be effectively masked. In a magnetic
field the linewidth of the 619-nm emission in
PrCl, becomes about as narrow as it is in the
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FIG. 1. Partial energy-level diagram of Proo&La+&C13.
We display only those levels of interest. The energy of
each level is shown at the right. (The energies and
hence transition wavelengths change slightly in PrC13.)
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FIG. 2. Linewidth versus temperature of 645-nm
emission. The solid curve, 1, is for PrC13 in zero
magnetic field. The middle curve, 2, is the linewidth
of each Zeeman component in a magnetic field of 60 kG
|'the data actually refer to a different crystal from 1).
The lowest curve displays the linewidth as a function
of temperature in Proo&Lao gpC13, Magnetic fields do not
affect the linewidth in dilute crystals.
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FIG. 3. Linewidth versus temperature of 619- and
616-nm emissions. These linewidth-versus-tempera-
ture plots 1, 3, and 4 all refer to PrC13. In the dilute
crystal, 2, the 619-nm emission is almost identical to
curve 3. The 616-nm emission in the dilute crystals is
nearly the same as curve 4.

dilute crystal. This is in contrast to the 645-nm
emission where the Zeeman components nar-
rowed to a point intermediate between that of
PrCl„B = 0, and that of the dilute crystal.

We will characterize the behavior of the con-
centrated crystals by introducing a "na,rrowing
parameter" ~ defined as ~= ~vp —~v~, where
Avp is the linewidth when B=O and Dv~ is the
linewidth for large' magnetic fields. Then me

find that for PrCl„'Pp -'E.„a=1.3+0.2 cm ',
and for 'P, -'B,(I).=2), a=1.8+0.2 cm '. For
all transitions in dilute crystals and for nonmag-
netic levels in PrCl„e is zero. The nonmagnetic
level of 'II, has the same linewidth in dilute and
concentrated crystals.

We have also investigated the analogous transi-
tions in the very similar crystals PrBr, and

Prp~] Lap ggBr3 En al 1 cases, the r esul ts me re
qualitatively identical to those observed in the
chlorides and e was 0.7 cm ' and 1.7 cm ' for
the analogous transitions to 'I, and 'II„respec-
tively.

Certain characteristics of the magnetic-field
narrowing are reminiscent of mhat one could ex-
pect for a strain-broadened line. Suppose we
have a doublet li), I i'), and a strain potential en-
ergy V, such that a:—(i iV, li)= (i'IV, li') and
b =—(i i V, li'). At zero field the linewidth is given
by' (a'+b')'" However, .if we apply a, magnetic
field such that gPB» (b')'", the linewidth is re-

duced to (a')'", that is, only the diagonal compo-
nent of strain contributes. Any attempt to inter-
pret our results strictly in this framework suf-
fers from several fatal flaws. For one we would
have to explain why the diagonal part of V, does
not influence the nondegenerate states more. Also
it is very difficult to understand why b should be
larger in concentrated crystals than in dilute (in
fact, we would expect the reverse to be true. )

We will shorn that the experimental observa-
tions can be explained, at least qualitatively, by
the existence of an exchange interaction between
excited magnetic levels and magnetic sublevels
of the ground 'B, manifold. Of course, such an
interaction will immediately account for the dif-
ference between concentrated and dilute erysta1. s.
A two-ion spin Hamiltonian for axial crystals
may be written as

. .(jf i~ J (&) J (J)i+ 1JJ (i)J' (i)

(i)pB.j(i)) (])
where J ('~ and J ~') are the angular momenta of
ions i and j, g~ ' is the Lande g factor of ion i,
8 is the external magnetic field, and the crystal
c axis is in the z direction. Culvahouse, Schinke,
and Pfortmiller' have shown tha, t Kp= +2.44 cm '
and K, = +1.79 cm ' for the ground-state-ground-
state nn interaction of Pr '" in Pr: LaCl, . Thus
one would expect splittings of several cm ' in
the ground state. Similar splittings would be ex-
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pected in the excited states since the exchange
field would be comparable.

The coefficients E, and K, may include the ef-
fects of magnetic dipole interactions, electric
quadripole-quadripole interactions, isotropic and
anisotropic exchange, and virtual-phonon ex-
change. The magnetic-dipole term is readily
calculable, but can be shown to be very small
(&0.005 cm '). An estimate of electric quadri-
pole-quadripole interaction in our case, using pa-
rameters scaled from PrA10,"but using Prc13
wave functions, indicated that (K)zoo&0. 1 cm ',
which is again too small. The virtual-phonon ex-
change could contribute significantly to K, while
exchange can be significant in both E, and K, .

The temperature dependence of the broadening
may be attributed to the different interaction
strengths between the thermally populated levels
of the 'II4 manifold and the excited states. For
instance, recognizing that the matrix elements
of J, are all proportional to g, while both (J„)
and (J,) are zero, we can calculate the tempera-
ture-dependent interaction by multiplying the in-
teraction strength of each level by its Boltzmann
factor and summing. Taking the energies in 'H4

from Fig. 1 with g, (p, =2) =1.0, g, (p, '=2')= —4. 33,
and g, (p, = 1)= 1.6, we find that the resultant" is
fairly small for temperatures above 200 K, but
increases rapidly with decreasing temperature
below -140 K. Thus, the linewidth of the 645-
nm line initially decreases on cooling as the life-
time of the terminal state increases, but then in-
creases below -140 K as the net exchange split-
ting exceeds the phonon-broadened linewidth.

The magnetic field can influence the linewidth
in several ways. First, we can, in principle,
describe the effects of exchange as an equivalent
field which can split the magnetic states even in
zero external magnetic field. " Since Prcl3 was
not ordered at temperatures accessible to us,
there is a random and an average component to
the equivalent field. If the average splitting is
of the same order as the random part, the two
fields contribute to the linewidth. When an exter-
nal field splits the line, however, only the ran-
dom splitting contributes to an inhomogeneous
width. Also, as we saw in the discussion of
strains above, the magnetic field can quench the
off-diagonal terms so long as gPB is greater than
the off-diagonal interaction. Thus, depending on
whether the exchange splittings are dominantly
diagonal or off-diagonal terms in the Hamiltonian
for the excited state, all or part of the exchange
broadening may be quenched. This could explain

the difference in the high-field width of the 619-
nm line (same as in the dilute sample) and the
645-nm line (high-field width greater than in the
dilute case).

In conclusion, we have observed anomalous be-
havior in linewidths of optical transitions in Pr
halides which we believe are indicative of an ex-
cited-state exchange process. " This effect oc-
curs far above any transition or ordering tem-
perature (for optical effects in the ordered re-
gime see Wickersheim, and Meltzer and Moos" )
and could be useful in studying cooperative phe-
nomena and exciton dispersion in concentrated
crystals.

We are grateful to H. Guggenheim for supplying
the crystals used, and to R. J. Birgeneau and
R. I . Fork for interesting discussions.
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The compositional dependence of the dc conductivity of As„Te& „ films with 0.8&x
& 0.78 was measured. The resistivity over the entire compositional range investigated
could be described with an effective-medium percolation theory. No adjustable param-
eters enter into this first analytical description of the compositional variation of a
transport property in an amorphous multicomponent semiconductor.

Over the last decade, the electronic transport
properties of amorphous semiconducting chalco-
genides have been studied extensively. However,
in spite of measurements of dc and ac conduc-
tivity, thermopower, Hall coefficient, photocon-
ductivity, and high-field conductivity over a wide
temperature range, no agreement exists on the
theoretical description of the conduction process.
In respect to As-Te based glasses, a controver-
sy has recently developed between the Cohen,
Fritzsche, and Ovshinsky (CFO)' model on the
one hand and the small-polaron model' on the
other. This paper reports the results of a study
of the compositional dependence of the dc conduc-
tivity of As„Te, , The choice of this system was
based on the following considerations: Relative
to other arsenic chalcogenides, '' As„Te, „ex-
hibits few tendencies for chemical ordering since
like bonds (As-As, Te-Te) and unlike bonds
(As-Te) have similar bond energies'; absence of
short-range order is also indicated by thermo-
dynamic data on liquid As, Te„' and by the smooth
monotonic compositional variation of both the
glass transition temperature" and the nearest-
neighbor separation', and finally, the electrical
conductivities of the pure components differ by
3 orders of magnitude, which, as discussed by
I andauer, ' allows sensitive tests of various pos-
sible mathematical descriptions of the composi-
tional dependence of the conductivity.

Generally, an evaporated specimen has a more
random structure than a quenched one, since the
latter retains the short-range order of the liquid.
Because of this and the reported difficulties in

quenching As„Te, „,' steady-state sublimation
of As, Te, was chosen to prepare the samples.
Small changes in the substrate temperature were
used to vary the composition which in each case
was analyzed with an electron microprobe. More
details are reported elsewhere. "

In order to check for the absence of contact and
layering effects, specimens with two and four co-
planar electrodes, as well as with sandwich con-
figurations, were evaporated onto one and the
same wafer. In almost all evaporation runs, the
resistivity computed from devices of various
geometries agreed within the experimental er-
ror of 15% in determining dimension and resis-
tance. loafers containing specimens outside this
range were discarded. The conductivity 0 was
found to be independent of thickness, which to-
gether with the absence of contact effects indj. -
cated that true bulk resistivities were measured.

Most specimens showed a slight curvature in
the 1na versus 1/T plot. The room-temperature
activation energy varied approximately linearly
with composition and ranged from about 0.38 eV
(30 at.% As) to 0.48 eV (80 at.% As). These val-
ues are about 0.03 eV lower than those reported
for bulk specimens in this composition range. "
In the so-called Stuke plot, "the speci. mens fell
within the experimental scatter on the line mea-
sured for quenched As-Te-I specimens (Quinn
and Johnson"). The room-temperature resistivi-
ty —on a linea~ scale—as a function of compo-
sition is shown in Fig. 1. The open circles de-
note experimental results. The dotted lines rep-
resent calculations based on effective-medium


