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It is demonstrated that tunneling spectra in various high Tc cuprates display generic features. The principal
conductance peaks in superconductor-insulator-normal metal (SIN) junctions indicate the superconducting gap
in the density of states (DOS). Higher energy features include a dip and hump structure with a strength that is
asymmetric in bias voltage. The dip and hump features follow the doping trends of the superconducting gap, A,
with a rough scaling as ,,~2A and ,--3A respectively. Tunneling spectra in underdoped Bi2Sr2CaCu2Os+~ display
a more pronounced hump feature suggestive of a second gap in the DOS. It is observed that the hump feature
in the tunneling density of states is consistent with other experimental observations of the so-called high energy
pseudogap which may have magnetic origins.

1. I N T R O D U C T I O N
One of the confusing aspects of the pseudogap in high Tc cuprates concerns its energy
scale as found in various experiments. Tunneling, ARPES and optical conductivity measurements [1,2] indicate that the pseudogap has
an energy scale close to the measured, lowtemperature superconducting gap, A, which for
optimal doped Bi~Sr2CaCu2Os+z (Bi2212) is
about 35-40 meV. This of course is consistent
with scenarios whereby the pseudogap is due
to some type of precursor superconductivity [2].
However, other experiments display pseudogap
type effects at a much higher energy scale, on
the order of the superexchange energy, J. For
example, Raman measurements [3] of optimally
doped Bi2212 in the B2g + Alg symmetry show
a suppression of spectral weight below T~ which
is strongest around 125 meV. Other Raman data
show high energy suppression of spectral weight

above Tc [4]. In the case of Lal.ssSr0.15CuO4 angle integrated photoemission (PES) reveal a clear
pseudogap above Tc with a size of 30-35 meV
which is about three times the superconducting
gap for this compound [5]. We suggest here that
these observations of higher energy pseudogaps
are connected to the higher energy dip and hump
features found in quasiparticle tunneling spectra.
The observation of asymmetric, high energy dip
and hump features in the SIN tunneling spectra
of Bi2212 is well documented [1]. The correlation
of these features with similar ones found in SIS
junctions has also been established [1,6]. The fact
that the energies of the dip/hump features follow
the trends of the superconducting gap in Bi2212
indicates that they are linked to the interactions
responsible for superconductivity. We first show
here that these spectral features are not unique
to Bi2212 but in fact are found in several other
cuprate superconductors.
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Figure 1. Comparison of SIN conductances of
T12201 and slightly overdoped Bi2212.
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RESULTS

All results presented here have been obtained
by point contact tunneling (PCT) using a Au tip
[1]. To be sure these are intrinsic properties of the
quasiparticles in the Cu-O planes it is necessary
to establish that they are universal to cuprate superconductors. In Fig. 1 we show the SIN tunneling conductance of T12Ba2CuO6 (T12201) obtained by P C T which exhibited a m a x i m u m gap
value, A = 25 meV, for crystals with as-grown Tc
= 86 K. For comparison we show the SIN spect r u m for a slightly overdoped Bi2212 (Te = 82 K)
crystal which displays a similar gap value. Both
spectra reveal sharp conductance peaks and a
cusp feature at zero bias which are consistent with
a d-wave superconducting density of states. For
negative bias, which corresponds to electron removal from the superconductor, a pronounced dip
feature is observed at ~ 2 A , followed by a higher
energy hump feature near 80 meV or slightly more
than 3A. This trend of the h u m p feature scaling
with the superconducting gap exists over the entire doping range [6]. For positive bias there is
no sharp dip feature but rather an abrupt change
of slope and the h u m p is barely discernible. This
asymmetry is found in most spectra obtained by
point contact methods. STM measurements of
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Figure 2. Comparison of SIN conductances of
Cu1234 and optimal doped Bi2212.

Bi2212 reveal less a s y m m e t r y and the d i p / h u m p
is more clearly resolved for positive bias [7]. The
origin of this effect is not known but may be related to the different t u n n e l i n g matrix elements
for vacuum and P C T j u n c t i o n s along the c-axis.
We note that the clear observations of the cusp
feature in P C T j u n c t i o n s indicates that the nodal
regions of the Fermi surface are contributing to
the tunnel current. But these regions are not expected to produce the d i p / h u m p features as will
be discussed below. Overall the SIN spectra of
the T12201 and Bi2212 are very similar indicating no difference between single and double CuO planes per unit cell. This also shows that the
d i p / h u m p features are not due to properties of
the layers adjacent to the Cu-O planes or proximity effects.
To continue the comparison of Bi2212 with
other cuprates we show in Fig. 2 the SIN spect r u m for a compound CuBa2CaaCu4Oy (Cu1234)
which has a Tc onset of 113 K. The Cu1234 spect r u m exhibits a superconducting gap, A = 38
meV, and is thus compared with a spectrum on
optimal doped Bi2212 which shows a similar gap
value. Again one observes the sharp conductance
peaks, cusp feature at zero bias and asymmetric
d i p / h u m p features at nearly the same locations
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Figure 3. SIN tunneling conductances for three
underdoped Bi2212 crystals. Dashed lines are 7th
order polynomial fits of the entire spectrum.

for the two different crystals. Here the hump
feature is at approximately 130 meV, slightly
larger than 3A. Note that Cu1234 has 4 CuO planes per unit cell. We have thus demonstrated that these spectral features are observed
on three very different cuprate superconductors
and therefore that they are intrinsic properties of
the quasiparticles in the Cu-O planes. Furthermore, we have established that the locations of
the d i p / h u m p features are tied to the superconducting gap value, independent of the the particular cuprate being studied.
Further insight into the d i p / h u m p can be found
by examining underdoped Bi2212 where it is observed that the superconducting gap continues to
increase even though Tc decreases [1]. In Fig. 3
is shown the SIN spectra from P C T junctions on
three underdoped Bi2212 crystals. In each case,
the superconducting gap parameter has been obtained by fitting the conductance curve to a dwave DOS. The superconducting gap features are
considerably more broadened than found on optimal or overdoped Bi2212 as seen in Figs. 1 and
2. Also, the hump features are relatively more
pronounced and for the most underdoped crystal
the hump is at ~200 meV, again slightly more

than three times the superconducting gap, A =
65 meV. The location of the h u m p and its doping dependence is very similar to the hump found
in the spectral weight function in A R P E S near
the (Tr,0) point [8]. From observation it appears
that the superconducting gap feature is emerging
out of a weak depression in the electronic density
of states. The dashed lines of Fig. 3 represent
7th order polynomial fits to the entire spectrum.
These fits suggest a background shape that looks
like a high energy pseudogap. Note that the minima of the fitted curves is not at the Fermi energy
(zero bias). While this might seem unusual, such
behavior is in fact found in spin-fermion FLEX
calculations of a magnetic pseudogap [9]. In these
models, the high energy pseudogap is due to short
range antiferromagnetic order and is essentially a
precursor of the SDW gap of the parent insulator.
The dynamics prevents a fully developed gap to
form and instead a pseudogap is found near (Tr,0).
3. D I S C U S S I O N

AND SUMMARY

The similarity of the p e a k / d i p / h u m p features
observed in tunneling to that found in A R P E S [8]
suggests that they are the same phenomena. Two
recent theoretical explanations of the A R P E S
spectral weight [10,11] along the (rr,0) direction
are based on the scattering of electrons by collective spin excitations. In these models a sharp
quasiparticle peak exists at energy, A, followed
by a dip feature which is due to the scattering
off a collective mode, ~ A .
This produces a dip
at ~ 2 A , however in the underdoped regime the
feature should be less than 2A due to the decreasing energy of the collective mode. We have
preliminary evidence from SIS junctions that this
is observed [12]. At still higher energies there
is a recovery of this strong coupling effect and
the spectral weight exhibits a broad hump feature
due to scattering off incoherent spin excitations.
The characteristic energy of this hump feature is
set by the superexchange energy, J. From tunneling density of states we find that ~h~,,~p~3A"~2J
over the entire doping region [6]. The combination of the d i p / h u m p features in these models
gives the appearance in the density of states of a
high energy pseudogap with a characteristic en-
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ergy set by J. This is generally referred to as a
magnetic pseudogap but which is distinguished
from the low energy pseudogap associated with
precursor superconductivity and therefore linked
to the pairing gap. What is not clear at the moment is whether a magnetic pseudogap exists in
the absence of pairing fluctuations as suggested in
FLEX calculations [9]. Certainly the PES measurements in La214 indicate a magnetic pseudogap at temperatures much higher than Tc but its
energy scale is still ,-*3A.
In conclusion we have found a connection between various experimental probes that suggest
a high energy pseudogap scaling with J and the
dip/hump features found in tunneling. Theoretical spin-fermion models seem to provide a
straightforward explanation of the phenomena in
terms of the scattering of electrons off collective spin excitations in the superconducting state.
This magnetic pseudogap appears to be linked to
the superconducting gap which might simply be
an indication that the underlying interactions responsible for both gaps are the same.
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