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Determination of the energy gap for charged excitations in insulating La2cu04
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Measurements are reported of the photoconductivity (PC) in reduced, undoped, single-crystal

La2Cu04. The spectral dependence of the PC shows a threshold at 2.0+ 0.1 ev, corresponding to
the minimum energy for the creation of charged excitations. Transient measurements indicate

that the PC is surprisingly persistent: the average recombination time is longer than 10 s at room

temperature.

Many models' for high-T, superconductivity depend on
the strong correlations in the motion of electrons in the
two-dimensional Cu02 layers. These same correlations
result in an antiferromagnetic insulating state when there
is one hole per Cu ion, as in La2Cu04, whereas one finds a
superconductor with T, near 40 K when there are 1.15
holes per Cu, in Lal ssSro lsCu04. Because the excess
holes induced by doping reside primarily on the oxygen
ions, it is believed that the lowest-energy charged excita-
tion in the insulator corresponds to the transfer of an elec-
tron from states on the oxygen ions to states on the Cu
ions. The size of this charge-transfer energ~ figures prom-
inently in various theoretical descriptions of the super-
conducting state as well.

Reflectivity measurements on undoped La2Cu04 yield
optical conductivitys with a threshold below 2 eV. How-
ever, from optical experiments alone it is not possible to
determine whether the threshold is that for charged exci-
tations or for neutral ones, such as excitons. In this paper
we report measurements of photoconductivity, using both
pulsed and continuous photoexcitation, in insulating single
crystals of La2Cu04. We observe a dramatic increase of
the photoconductivity as a function of photon energy
above 2.0~0.1 eV, showing that this is, indeed, the
threshold for charged excitations. The decay of the photo-
conductivity after pulsed excitation is very slow, corre
sponding to a recombination time longer than 10 s at room
temperature.

Large (- cm ) single crystals of La2Cu04 were grown
in air by the top-seeded solution growth method using
CuO flux. Brick-shaped samples, a few mm in each
direction, were cut from the crystals and annealed at
900'C for 30 min in a vacuum of better than 10 torr.
This procedure yielded highly insulating samples with a
minimal oxygen content, in which the Neel temperature
was TN 325 K, as determined from the sharp peak in the
magnetic susceptibility. The surfaces of the sample were
polished using Meller A1203 powder (to 0.3 pm grit size)
and a Buehler mixture of oil and water as the grinding
fluid. Since the polishing introduces damage and anneal-
ing causes nonstoichiometry to 1 pm below the surface,
the samples were subsequently etched for 5 min in a solu-
tion of 1 vol. % Br in methanol. Auger measurements in-
dicated that, after this treatment, the sample surface was
stoichiometric.

Indium contacts were soldered onto two opposite faces
of the sample. Although we measured the photoconduc-

tivity (PC) in two-probe geometry, comparison with
four-probe measurements showed that the contact resis-
tance was small compared to the sample resistance. The
sample was placed in a variable-temperature optical cryo-
state, with the exciting light incident on a tetragonal
(100) face. The continuous illumination was provided by
a 75 W tungsten lamp dispersed by a Perkin-Elmer prism
monochromator. The power incident on the sample was
measured with a pyroelectric detector. The light was
switched on and off using a shutter operated at 50% duty
cycle with a cycling time of 10-200 s. The current as a
function of time was averaged over several cycles using a
Nicolet digital recorder. To measure the transient PC,
the sample was excited with 10 ns pulses from an yttrium
aluminum garnet laser which pumps a dye laser which, in

turn, pumps a Raman shifter. The voltage across a load
resistor was averaged and recorded on the digital recorder.

Figure 1 shows the photoconductance per square of
photoexcited surface normalized to the continuous in-
cident photon flux as a function of excitation energy E at
T 132 K. For these measurements, the intensity of the
incident light was reduced until the PC became linear; at
the higher photon energies and at higher intensities it was
sublinear. The incident light was polarized parallel (open
circles) and perpendicular (solid squares) to the Cu02
planes, but the applied electric field was in the Cu02 plane
for both measurements. From E„=1.0 eV to 2.2 eV,
kgb increases by nearly 4 orders of magnitude. The ap-
proximately exponential rise just below 2 eV has a slope
(60 meV) that corresponds to an energy only slightly
larger than the spectral resolution for the data shown.
However, we checked that the edge does not sharpen ap-
preciably with higher resolution. Above E„-2.4 eV,
kgb varies slowly with E„, but the precise dependence
varies with surface preparation. Figure 2 shows the pho-
toconductance normalized to incident photon flux on a
linear scale. Least-squares fits of power laws to the data
for a number of samples gives exponents of about 1 and
thresholds of 2.0+ 0. 1 eV. Yu et a1. have reported' a
threshold for photocurrent in YBa2CuOs 3, also near 2 eV.
However, the onset is more gradual than that in Fig. 2,
with an exponential tail of about 0.4 eV width, compared
to our 60 me V.

The PC depends on the polarization of the exciting
light, but the anisotropy, like the high-energy spectrum, is
sensitive to surface preparation and is only a factor -2-3
at the highest excitation energies. A possible explanation
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FIG. 1. The photoconductance per square hgo normalized to

the incident photon flux F as a function of photon energy E for
light polarized parallel (open circles) and perpendicular (solid
squares) to the CuOz plane. The chopper cycle time was 40 s,
and T 132 K. F was reduced until Age was proportional to F
for each E .
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of the small polarization is discussed below. To within ex-
perimental error we observe no polarization dependence
for E„&1.8 eV.

The temperature dependence of the PC under continu-
ous excitation for 40 s and for E„1.0, 1.4, 1.8, 2.2, and
2.6 eV is shown in Fig. 3. For E„~1.8 eV and T) 150
K both the magnitude and the temperature dependence of

the PC vary from sample to sample and, for the same
sample, from day to day. From past experience, we be-
lieve that this results from absorption of oxygen near the
sample surface. At low T, and for low E, at all T, the
steady-state PC is much more reproducible. Nevertheless,
for all except the lowest E„, the PC displays a peak near
100 K. For comparison the dark conductivity re of the
sample is also shown. It is clear that below —100 K the
PC is remarkably parallel to the dark conductivity for all
Ex

Figure 4 is a log-log plot of the time dependence of the
photoconductance per square divided by incident photons
per square, hgPNo, in a short laser pulse with E„2.20
eV. Note that this plot covers eight decades of time.
Transients look qualitatively similar at all photon energies
and temperatures. The more rapidly decaying component
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FIG. 2. Relative photoconductance per incident photon.

When fit to a power law, these data and those for other sample
all give threshold energies of 2.0= —0. 1 eV. These data were
for a sample different from those in Fig. 1, and only the relative,
but not the absolute, photon flux was measured.
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FIG. 4. Time dependence of the transient photoconductance

per square normalized to the number of photons incident per
unit area in a 10 ns pulse.
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seen at the shortest times becomes relatively larger in

magnitude at low photon energies and at high tempera-
tures. As discussed below, we believe this to be a
bolometric (heating) eff'ect. The true PC decays very
slowly with time. There appears to be some steepening of
the decay near —10 s for the temperature of the measure-
ment in Fig. 4. For higher temperatures we sometimes
observe such steepening at shorter times, although this,
like the magnitude of the PC is not reproducible. Howev-
er, the decay never becomes more rapid than t o' and
even at room temperature a fit to an exponential decay al-
ways gives time constants longer than 10 s.

The temperature and time dependences suggest that the
increase of conductance under photoexcitation for E„—I

eV is bolometric. The dark conductivity is simply activat-
ed at high T with energy -0.1 eV. This is higher than
the value -40 meV found in lightly oxygen doped crys-
tals, " consistent with the idea that the shallowest impuri-
ties have been removed by our annealing procedure.
Below —100 K the conductivity crosses over to the
variable-range hopping dependence"' crd -exp[ —(To/
T) '~ ]. Heating of the crystal by an amount hT would
therefore cause an increase in conductivity proportional to
crd/T at high T, and to ad/T at low T. Of course, hT
depends on T, but since crd is exponential in T ' or
T '~, the power-law variations of the prefactor are
secondary, and the bolometric effect is expected to be ap-
proximately proportional to hard Figu. re 3 shows that for
E„ 1.0 eV this is the case. The more rapid decay of the
transient PC seen at the shortest times in Fig. 4 is the re-
laxation of the increased sample temperature after the
laser pulse. This effect becomes more proininent at the
higher tempertures because the temperature dependence
of the conductivity is stronger at higher T.

When the hole concentration is high the bolometric
mechanism is the only one observed. ' However, for crys-
tals with TN 325 K we always see the threshold behavior
in Fig. I, and we believe, for the following reasons, that it
results from the creation of charged excitations. First, for
the bolometric effect the photoresponse is linear in light
intensity, independent of photon energy; as already men-
tioned, we find sublinear intensity dependence at the high
photon energies in the Tlv 325 K crystals. Second, we
find that at —100 K a I-mm-thick crystal transmits light
at E„ I eV but is opaque above —1.6 eV. Since the
reffectivity is less than -20% this means that, in the spec-
tral region of the edge in the PC, virtually all the light is
absorbed. Therefore, the threshold is not simply one for
optical absorption, and must, instead, be one for the quan-
tum efficiency for creation of charged excitations. Last,
the time decay is inconsistent with a heating effect. Using
an electric current to heat the sample, we And that the
thermal relaxation time is less than -0.01 s, whereas the
decay after photoexcitation lasts at least 10 s. Because
the excitations carry current, they obviously carry a net
charge, unlike excitons, for example.

When the PC is linear in light intensity and all the light
is absorbed by the sample, the photoconductance per
square of surface per incident photon flux is given by

hg JF egpz.

where e is the electronic charge, g is the quantum
efficiency for charged excitations, p is the average mobili-

ty, and r is the average lifetime of the photocarriers or the
time of exposure to the light source, whichever is shorter.
The only quantity on the right of Eq. (I) that depends on
the photon energy is g, so the threshold must result from
the competition between creation of neutral excitations at
low energy and charged excitations at high energy. The
neutral species might be excitons, either excited states of
the Cu ions or electrons on the Cu ions bound to holes on
the oxygen ions. Alternatively, they might be excitations
of defects. Presumably, the low-energy tail, between —I

and 1.8 eV in Fig. I, arises from photoionization of de-
fects.

Because the PC is proportional to rI, rather than to the
absorption, it may not be surprising that its polarization
dependence is small. Because of the divergence angle of
the monochromator, the light is incident on the surface of
the sample with angles as large as 8-0.1 radian. This
means that even when the electric field is polarized per-
pendicular to the Cu02 planes, the in-plane component is
still —10%. Although the penetration depth of the light is
then 10 times longer for the perpendular polarization if
the absorption is dominated by the in-plane mechanism,
the quantum efficiency will be equal for the two polariza-
tion s.

Using z-10 s in (I) gives rip —10 cm /Vs whereas
the band mobility in crystals identical to the ones studied
here is found, from Hall measurements, " to be -3
cm2/Vs. Although this very small value for rIp might
arise from a very small value of rl, it is more likely that the
average mobility is very low because the photoexcited car-
riers reside in localized states. The peak in the tempera-
ture dependence of the PC occurs at the temperature
where the dark conductivity changes from hopping at low

T to simply activated at high T and the PC is proportional
to ad in the hopping regime. This, and the low value of
rip suggest that the PC below 100 K results from the
modulation of the hopping conductivity by the addition of
majority carriers, the holes.

This probably happens in the following way: Photoexci-
tation creates minority carriers that are trapped in local-
ized states. The majority carriers thermalize rapidly to
the Fermi energy. Quite generally, one expects'3 this
thermalization to take a time t —vp exp(AE/kT), with
vo-10"-10' s ' and BE-0.1 eV, the high-
temperature activation energy of crp This is .less than
-ps at 100 K. As a result of the increased carrier densi-

ty, the Fermi energy shifts slightly, and the density of
states or localization length changes a little causing the
conductivity to change.

Although this is a reasonable scenario for T & 100 K it
cannot explain the decrease of the PC with temperature at
higher T. The -0.1-eV activation energy of ad is

presumably the energy diAerence between the Fermi ener-

gy and the band edge. When the conductivity is dominat-
ed by this band conduction, one would expect an even

stronger increase of the PC with increasing T if the Fermi
energy shifted by the same amount, that is, if there were
no recombination. It is usually the case, however, that
carriers excited to the band have faster recombination
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rates. From transient experiments, we find that the PC at
1 ms is proportional to ey for temperatures up to 275 K,
much higher than for the measurements with 40 s of con-
tinuous excitation. This confirms the idea that at high T,
the decrease in aq with increasing T comes from enhanced
recombination at long times. As mentioned above, we
have seen some evidence of more rapid decay at high tem-
peratures, although it is not highly reproducible and the
distribution of rates still extends to very long times. Note
that a constant distribution of rates would result in a de-
cay of t ', much more rapid than we observe.

The very long decay times are reminiscent of persistent
photoconductivity, common to a wide variety of semicon-
ductors. The long times result, in inhomogeneous systems,
when the photoexcited electrons and holes are spatially
separated from each other' or, in homogeneous systems,
when the minority carrier is trapped at a defect with a
very small cross section for capture of the majority car-
rier. ' The latter seems a more likely explanation in the
present case, since we know from studies of the ortho-
rhombic-to-tetragonal transition that the crystals are
highly homogeneous. ' The low band mobility" places
this system in the diff'usive recombination regime' in

which r ' =4ttRnopkT/e, where R is the capture radius
of the recombination center and no is the charge carrier

density in the absence of photoexcitation. From the dark
conductivity we find nop so we can place an upper bound
on R: for r&10 s, one has R &3x10 ' cm. Such an
extraordinarily small size together with the absence of
recombination to a very high T can only be explained if
there is a larger barrier for capture of the majority by the
minority carrier.

In conclusion, our results indicate that the threshold for
charged excitations in undoped La2Cu04 is 2.0~0.1 eV.
Cooper et al. place the optical gap at 1.8 eV, and this
may be an overestimate because they use the inflection
point in the graph of the imaginary part of the dielectric
function versus photon energy. That the threshold for
quantum efficiency is at least 0.2 eV higher than the opti-
cal gap suggests that the exciton building energy is fairly
large. The photoconductivity is surprisingly persistent,
lasting longer than 10 s at room temperature. Whereas
persistent photoconductivity has been recently reported'
in reduced films of YBa2Cu307, other workers have re-
ported ' ' quite short decay times in films and single crys-
tals.
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