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We report the observation of exciton-induced photoemissjon resulting from electronic
energy transfer from ‘:free" exciton levels to impurity states in solid Xe and Kr. A dif-
fusion length of 1y=75 A for Wannier excitons in solid Xe was deduced, corresponding to

a diffusion coefficient of D=0.5 cm?® sec™?

. The energy of the bottom of the conduction

band is Vy=—0.46 £0.1 eV for Xe and V(=-0.23 0.1 eV for Kr.

The physical information available concerning
exciton dynamics in simple insulators such as
solid rare gases is rather meager. The vacuum-
ultraviolet luminescence spectra of pure solid
Ar, Kr, and Xe exhibit the emission from rare-
gas diatomic molecules, which results from an
efficient exciton-trapping process.! No emission
could be detected from exciton states in these sol-
ids.>*3 Thus, from the exciton radiative lifetime
7,~107% sec, we infer that exciton trapping oc-
curs within 7,<7,/100=10"1! sec. Relevant in-
formation regarding exciton dynamics can be ob-
tained from experimental studies of photoemis-
sion resulting from electronic energy transfer to
impurity states in solid rare gases. The impur-
ity energy gap £’ in these simple solids is E
=1} +P, +V,, where I’ is the impurity gas-
phase ionization potential, P.* is the medium po-
larization energy by the impurity positive ion,
and V, represents the energy of the matrix con-
duction band (relative to the vacuum level).* The
photoemission threshold from the impurity is
E,=E. -V, The lowest Wannier exciton states
of the matrix, characterized by the energy levels
E, (n=1,2,...), can be located either above or
below E,*. In the former case, i.e., E,>E,, one
will observe direct photoemission from impurity
states in the energy range E,'< E<E,, In the lat-
ter case, when E,<E_' one can expect photo-
emission due to energy transfer from free exci-
ton states, E, (n>1), of the solid to the impurity.
This Auger-type impurity ionization process can
result only from the “collision” of a free exciton
with the impurity. The electronic energy E, of
the trapped diatomic molecule!"2 is too low, i.e.,
E, <E_ toinduce impurity ionization. We have
observed a dramatic enhancement of the photo-
emission yield of lightly doped solid rare gases
(doping level <1%) when excited into the exciton
manifold of the host crystal. Exciton-induced
photoemission was reported twenty years ago in
alkali halides containing F centers.® The present

experiments on solid rare gases provide informa-
tion regarding free-exciton dynamics on the time
scale T,~1 psec,® prior to exciton trapping.

The systems studied were C4H,/Xe (E;f=17.75
ev? and E, =8.40 eV?®), and Xe/Kr [E; =10.4 eV
and E,(®P,)=10.17 eV].° Photoemission studies
were carried out in the energy range 6-11.5 eV.
The vacuum-ultraviolet light source consisted of
a high-pressure (2-5 atm), high-intensity, gas
pulsed discharge lamp.!® The light was passed
through a 0.3-m Czerny-Turner monochromator
employing a spectral resolution of 5 A (~0.025
eV). The monochromator was separated from
the sample chamber by a LiF window. The opti-
cal arrangement allowed for a simultaneous mea-
surement of optical absorption and photoemission
yield. The emitter electrode consisted of a 3-
mm-wide gold strip evaporated on a LiF window.
The collector electrode was a gold ring 15 mm
in diameter, located 30 mm from the emitter.
The signal was amplified in two stages and inte-
grated by a boxcar integrator. A noise level of
5X107!% A was achieved. The samples were pre-
pared by deposition of a gaseous mixture on the
emitter electrode mounted on a variable-temper-
ature helium-flow cryostat at 30-40°K. The gas-
eous mixtures were prepared and handled in an
ultrahigh-vacuum system previously pumped
down to less than 10™® Torr. The sample cham-
ber was pumped by an ion pump and a cryogenic
pump down to less than 107° Torr.

The curve of photoemission yield,!! for pure
Xe, Fig. 1, agrees with previous work.}13 A
square-root extrapolation of the yield versus en-
ergy (see Fig. 1) results in E,=9.7420.05 eV
which together with the spectroscopic value E
=9.28+ 0.05 eV results in V,=~0,46+0.10 eV for
pure Xe. At energies lower than the threshold a
structure is observed (photoemission yield ~1%)
at 1380 A, which coincides with the E, exciton
states of Xe. Several possible interpretations of
this effect are as follows: (1) Impurity ioniza-
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FIG. 1. Photoemission yield from solid Xe at 40°K.
Upper inset: square-root extrapolation of the yield
versus energy.

tion.'> On the basis of our data for the CsHy/Xe
we infer inter alia that the (unidentified) impur-
ity concentration should exceed 5 ppm, which is
rather high under our experimental conditions.
(2) Nonlinear processes such as exciton-exciton
collisions** or exciton photoionization,!* which
can be ruled out for the low light intensity em-
ployed in these experiments and in view of our
observations that Y is independent of the light in-
tensity. (3) Exciton diffusion to the gold substrate
followed by electron ejection from the electrode.
A preliminary result indicating that the 1380-A
photoemission peak decreases with increasing
the sample thickness tends to support this mech-
anism.

In Fig. 2 we display the photoemission-yield
curves for C,H,/Xe and for Xe/Kr. The emission
onset for C Hy/Xe occurs at E,*=8.15+0.05 eV
which together with the spectroscopic value’ EGi
=17.75 eV results in V;=-0.4+0.1 eV for solid
Xe in good agreement with the result for the pure
solid. For Xe/Kr the onset E,'=10.68+0.1 eV
together with E;*=10.40 eV results in V,=-0.28
+0.1 eV for solid Kr.

The most prominent feature of these results in-
volves the large photoemission yield in the ener-
gy range where light absorption occurs predomi-
nantly into the host-matrix exciton states below
the photoemission threshold for the pure solids.
The absolute quantum yields for photoemission
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FIG. 2. Photoemission-yield curves from dilute (1%)
impurity states in solid Xe and solid Kr measured at
30°K. Dashed curve, photoemission from benzene/Xe;
dotted curve, photoemission from Xe/Kr. A photo-
emission-yield curve (hatched) for pure Xe is present-
ed in the same arbitrary units as that for CgHg/Xe. The
photoemission-yield curves are compared with the ab-
sorption spectra of pure Xe (dot-dashed curve) and of
pure Kr (solid curve). Upper inset: the dependence of
the photoemission yield on the benzene concentration C
in CgHg/Xe solid films.

from CgHy/Xe are estimated'® to be approximate-
ly Y~20% at 1455 A and Y~ 30% at 1380 A. The
photoemission originates from exciton-induced
Auger-type impurity ionization.

The line shapes of the emission curves are ex-
pected to provide pertinent information regarding
exciton dynamics. The C,H,/Xe system exhibits
a minimum in the ¥ curve at 1480 A which coin-
cides with the maximum of the n=1 exciton state.
The photoemission peaks at 1380 and 1350 A prac-
tically coincide with the exciton energies E, (1380
A) and E; (1345 A). The dip in the photoemission
curve at 1480 A cannot be adequately explained in
terms of the “dead-layer” theory,'® which results
in L~150 A for the electron escape length and in
the unphysically large value 2 >70 A for the width
of the dead layer.

An attractive alternative approach to this prob-
lem involves a kinetic picture where competition
between exciton trapping and energy transfer
from excitons to homogeneously distributed im-
purities is considered. The number density »(x,
t) of “free” excitons at the distance x from the
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surface is governed by the diffusion equation

an(x,t)_Dazn(x,t)
at ax?

+kI exp(- kx)

S5 six e, )
TO

where D is the exciton diffusion coefficient, 2 the
absorption coefficient, I, the incident light inten-
sity, S the rate constant for impurity ionization,
and [X] the impurity concentration. Under steady-
state conditions, n(x,t)=n(x), and Eq. (1) is read-
ily solved using the appropriate boundary condi-
tions 7(0) =n(~)=0. The photoemission quantum
yield Y can be expressed in the form

S[x]r [ kL kl ]

Y=1- (RIZLRL+1 "~ (I/L)+1

2)

where the effective exciton lifetime is 7=(1/7,
+S[X])* and 1=[D(1/7,+S[X])"1]*2 is the exciton
diffusion length in the doped crystal, which is
related to the diffusion length ;= (D7,)"? in the
pure crystal via I =1,(1+S7[X])"V2,

In the limit /=0, YockL(RL+1) ! and a mono-
tonic increase of Y with & is exhibited. Thus our
observation of the splitting of the Y curve about
the n=1 exciton state implies that [ is finite. Nu-
merical calculations of Y=Y (k) were performed
utilizing the experimental absorption spectrum
of solid Xe and employing a wide range of param-
eters k., *)L and I/L. These calculations result
in the following conclusions: (1) For &, *’L>2
and /L >0.03 the Y curve around the n=1 exciton
band exhibits a symmetric spiitting revealing a
minimum at E;"™ (2) The Y curve around the n
=2 exciton band peaking at E,™*, which is char-
acterized by a lower absorption coefficient %, 2’
~0.25k,,*), is unsplit, its maximum coinciding
with E,™* for k., )L <8. (3) The Y value at
E ., and the maximum value of ¥ around n=1
are practically identical for the range of param-
eters mentioned in point (1). Our experimental
results are in qualitative agreement with these
features. The asymmetric splitting observed
around E,;™ results from the energy dependence
of L about the threshold, while the ratio Y(1370
R)/Y(1450 A)~1.5 which is larger than the ex-
pected value of unity may originate from the in-
efficient electronic relaxation of the n=2 state
to the n=1 state on the time scale of 7,~107!2
sec, whereupon the parameters [, and L for the
two electronic states may be somewhat different.

A semiquantitative fit of the Y line shape, the

concentration dependence of Y, and the absolute
Y values was accomplished using Eq. (2) with the
parameters k,,, )L =2.5, I,/L=0.2, and ST,=5
X107 em™3, all of which are reliable within a
numerical factor of 2, The parameters [, and S7,
for the n=1 excitons and for the n=2 excitons are
identical within this margin of uncertainty, From
B =6X10° cm™!, we estimate a mean value of
L ~380 10\, which is reasonable for solid rare gas-
es at sufficiently high energies. The “free” exci-
ton diffusion length is Z,~175 &,

The diffusion length of excitons in solid Xe is
lower than the corresponding values in organic
crystals, i.e., [,=150 A for singlet excitons
(7,=25X107° sec) and [,=10° A for triplet exci-
tons'® (1,=25X107% sec) in crystalline anthracene.
However, the exciton diffusion process in the sol-
id rare gas occurs on an extremely short time
scale, T,21072 sec, which implies that D ~0.5
cm?® sec”! in this system. The rate constant S
~5x107" cm™® sec™! is consistent with this high
D value. We now focus our attention on the inter-
esting question of whether the excited motion is
coherent or diffusive. Setting S=7R2{V2)¥2 gnq
D =A(V®'Y2 where R is the reaction radius,
{V®Y2 the rms exciton group velocity, and A the
exciton mean free path, we get A =(D/S)nR?,
which with R =10 A results in A &3 A, Thus A
is of the order of the lattice spacing and the exci-
ton motion is diffusive (at least above ~20°K).

Complementary information concerning dynam-
ics of free excitons is obtained from optical line-
shape studies.'®?° The Wannier exciton results
in an n=1 exciton optical linewidth ZI"'=3,19
X 10"4n%2E,? (eV) for weak exciton-phonon cou-
pling.'® Taking the experimental value m =0.5
for the effective mass®® and E,;=1-3 eV2%2! for
the deformation potential, we estimate ZI'=~10"%-
107% eV which is appreciably lower than the ex-
perimental value zZI'=0,075 eV for the n=1 (P,)
state. Thus the solid-rare-gas exciton states are
close to the limit of strong exciton-phonon cou-
pling which together with the low value of A pro-
vides a posteriori justification for the diffusion
model adopted herein.

The photoemission yield of Xe/Kr (1% xenon),
portrayed in Fig. 2, reveals that light absorption
into the low-energy n=1 (P,) exciton state of sol-
id Kr does not lead to impurity photoemission.
The n=1 (*P,) state of solid Kr is active in Auger-
type energy transfer to the Xe impurity state.
Thus the nonradiative n=1(P,)~n=1(P,) multi-
phonon relaxation process in solid Kr is slow on
the time scale of energy transfer from the mobile
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“free” excitons to the Xe impurity.
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R. P. Groff, A, Suna, and R, E., Merrifield
Centval Research Depaviment, E. I, du Pont de Nemouvrs and Company, Wilmington, Delawave 19898
(Received 22 May 1974)

The conductivity of single crystals of tetrathiafulvalene-tetracyanoquinodimethane (TTF-
TCNQ) was measured over the temperature range 40—300 K. The maximum low-tempera-
ture conductivity parallel to the » axis ranged from 12-35 times the corresponding room-
temperature value. The temperature dependence of the intrinsic conductivity (after resid-
ual resistivities were excluded) was the same for all crystals measured and was fitted by

a T~ 2:33*0.14 genendence for 60<7T =< 300 K.

Extraordinary maxima' in the apparent elec-
trical conductivity of single crystals of tetrathia-
fulvalene-tetracyanoquinodimethane (TTF-TCNQ)
have alternately been ascribed to the presence of
superconducting fluctuations® or experimental
artifacts,? There is considerable disagreement
on the experimental results for the conductivity
obtained in different laboratories,** We have
measured the conductivity along the ¢ and b axes
of a number of TTF-TCNQ single crystals. Our
measurements show that the temperature depen-
dence of the b-axis conductivity of TTF-TCNQ
can be described by a single function, even for
crystals whose conductivity enhancement differs
by a factor of 3.

Solution-grown TTF-TCNQ crystals were pre-
pared under argon, at room temperature, in
acetonitrile, by diffusion of 5x10~%} solutions
of the two components into an equal volume of
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pure solvent, Both the TTF and TCNQ had been
twice gradient sublimed under argon, Crystal
growth was allowed to proceed for five days be-
fore harvesting, These crystals grow prefer-
entially along the b axis with a laminar structure
in which individual laminae are oriented parallel
to the a-b plane. In order best to deal with the
problem of nonuniform conductivity between lam-
inae for b-axis measurements, crystals were
selected with one perfectly developed a-b face
and as free as possible from defects, inclusions,
etc., visible in transmission microscopy with
collimated incident light, Conventional dc mea-
surement techniques were adopted with four sil-
ver-paste (Du Pont No. 7941 thinned with octyl
acetate or hexyl acetate) electrodes attached to
the best developed a-b face, This arrangement
gave more reproducible results than such alter-
native electrode configurations as wrapping the



