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Broken Particle-Hole Symmetry at Atomically Flat a-Axis YBa2Cu3O7�� Interfaces
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We have studied quasiparticle tunneling into atomically flat a-axis films of YBa2Cu3O7�� and
DyBa2Cu3O7�� through epitaxial CaTiO3 barriers. The junction heterostructures were grown by oxide
molecular beam epitaxy and were carefully optimized using in situ monitoring techniques, resulting in
unprecedented crystalline perfection of the superconductor-insulator interface. Below Tc, the tunneling
conductance shows the evolution of a large unexpected asymmetrical feature near zero-bias. This is
evidence that superconducting YBCO crystals, atomically truncated along the lobe direction with a
titanate layer, have intrinsically broken particle-hole symmetry over macroscopically large areas.
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FIG. 1 (color online). Schematic crystal structure at the (100)
YBCO/CTO interface, showing oxygen coordination of Cu and
Ti atoms. O atoms are present at the vertices of each polyhe-
dron. Note the fivefold coordination of chain Cu at the interface
instead of fourfold in the bulk, and alignment of TiO3 octa-
hedron along the truncated CuO2 plane edges.
Tunneling into superconductors probes the electronic
structure of quasiparticle (QP) excitations. According to
the Bogoliubov description in conventional BCS theory,
at the Fermi energy QPs are made up of electrons and
holes with equal weight. Tunneling electrons into or out of
the superconductor reveals the hole and particle content
of the excitations, and in the absence of magnetism pro-
duces particle/hole (p-h) symmetric conductance spectra.
For this reason, broken p-h symmetry in the local QP
density of states (DOS) near impurities [1,2] and vortices
[3,4] in cuprates has provided some of the most detailed
experimental data on intrinsic magnetism in these super-
conductors [5,6]. Experimentally, impurity-induced DOS
perturbations behave counterintuitively. For example,
local DOS behavior near nominally nonmagnetic Zn in
Bi2Sr2CaCu2O8�� [1] has been explained by the Kondo
effect [7,8] while nominally magnetic Ni causes less order
parameter disruption than Zn [2]. Similarly, chain oxy-
gen vacancies in YBa2Cu3O7�� (YBCO) cause strong
resonances in the local DOS distributed in energy
throughout the gap [9] and reveal magnetic character of
the vacancy-Cu complex. These experiments play a cru-
cial role in theoretical discussions of cuprates [10,11] and
point to the utility of studying the electronic behavior of
new defect structures. They have been possible only on
c-axis surfaces of single crystals (cold-cleaved in situ).
Study of the DOS of other surfaces [such as an abruptly
truncated (100) crystal] and defect structures (such as a
linear impurity array) requires either in situ vacuum
tunneling into the as-grown surface or epitaxial stabili-
zation of the defect structure by a suitable tunnel barrier.

In this Letter, we report p-h asymmetric conductance
spectra tunneling into an atomically flat (100) YBCO
surface through a nonmagnetic insulator, and we propose
this asymmetry is caused by the underlying magnetism of
the cuprate states. The barrier is a heteroepitaxial CaTiO3

film, and Fig. 1 shows the arrangement of Cu-O planes
and chains at the interface in this geometry; it is the
0031-9007=04=93(10)=107004(4)$22.50 
precise truncation of the lattice at this plane that leads
to our new results. We find a large particle-hole asymme-
try in the subgap DOS in the superconducting state. We
attribute these modifications of the DOS to QP scattering
at the interface which behaves as a linear array of impu-
rities. We have measured both the temperature and doping
dependence of the asymmetry, and find it is strongest at
optimal doping and weakens with underdoping, disap-
pearing as the critical temperature Tc ! 50 K.

The tunnel junctions were fabricated from normal-
metal–insulator–superconductor (NIS) trilayer films
grown by ozone assisted molecular beam epitaxy, which
has demonstrated excellent control of atomic layering of
transition metal perovskites [12]. We used in situ reflec-
tion high-energy electron diffraction (RHEED) to char-
acterize the surface crystal structure and morphology
during film and heteroepitaxial barrier growth. (100)
orientation of 200 nm thick YBCO and DyBCO films is
accomplished by the self-template technique [13] on
carefully prepared (100) SrTiO3 substrates [14]. After
YBCO deposition [Fig. 2(a)], the RHEED specular spot
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(SS) intensity was equal to that of the starting substrate,
and the third and first-order spots were comparable in
intensity, with no reconstruction or other spots visible.
These characteristics indicate that the surface was very
close to an ideally truncated (100) crystal. Ex situ atomic
force microscopy of YBCO films grown with identical
RHEED showed rms roughness <4 �A over many mm2,
and asymmetric x-ray diffraction reciprocal space maps
showed pure a-axis orientation and pseudomorphic
growth up to 200 nm [15]. Directly following the cuprate
growth, an insulating barrier of precisely 4, 5, or 6 unit
cells of CaTiO3 (CTO) was deposited. The CTO grew
two-dimensionally and pseudomorphically, showing one
SS oscillation/monolayer. The third-order spots disap-
peared within two CTO layers [Figs. 2(b) and 2(c)], and
the SS was completely recovered by five layers [Fig. 2(d)].
Taken together, these features indicate uniform barrier
coverage. Doping was controlled via a predetermined
cooling procedure [16], followed by in situ Au counter
electrode deposition.

The NIS trilayers were patterned into vertical mesa
junctions with areas of 50–1000 	m2. For this study we
fabricated junctions ranging from near optimal (Tc �
83 K) to moderately underdoped (Tc � 55 K). The sur-
face Tc, determined by the initial appearance of the gap
structure described below, and bulk Tc, determined by
transport on the film underneath, agree to within a few
degrees. This is strong supporting evidence that the sur-
face DOS sampled by tunneling is not marred by extrin-
sic effects (disorder or oxygen loss) and that the
drastically altered superconductivity seen in the DOS is
entirely due to the abrupt (100) termination.
a-axis YBCO 1 ml CTO

5 ml CTO2 ml CTO
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FIG. 2 (color online). RHEED images during trilayer depo-
sition. (a) After 2000 �AYBCO; one-third order spots are due to
the self-assembled c-axis structure lying in the plane of the
film. The a-axis films are b-c twinned, with domain sizes
�100 nm inferred from linewidths of diffraction maxima.
(b)–(d) Diffraction during barrier growth.
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Differential conductance G�V� measurements identify
tunneling as the dominant transport mechanism. G�0� has
a weakly insulating T dependence from 300 to 100 K
(decreasing less than a factor of 2) and below Tc,
G�100 mV� is nearly T independent. Moreover G�0�
scales linearly with junction area and exponentially
with barrier thickness (a factor of 12 per titanate layer,
at fixed doping). In addition, well into the normal state,
G�V� has the general form of a shifted parabola with
minimum at � �20 mV for all junctions [Fig. 3]. This
is consistent with elastic tunneling between metals of
different work functions, resulting in a trapezoidal bar-
rier profile [17]. Estimates of barrier thickness and height
by fitting G�V� at 100 K as in Ref. [17] are reasonable
compared to other perovskite junctions with titanate bar-
riers we have grown [18]. Fit thicknesses are within 25%
of the nominal, and barrier heights for electron tunneling
in the �40 junctions presented here are 800	 250 meV
(YBCO) and 205	 120 meV (Au).

The most important new result reported here is the
unusual low bias (jVj � 50 mV) behavior of G�V� below
Tc. At negative bias, corresponding to tunneling of QPs
from cuprate states with mostly particlelike character
(‘‘occupied’’ states) into empty Au states, G�V� acquires
a gaplike feature that reflects the onset of superconduc-
tivity. At T � Tc, near optimal doping the filled-state
DOS [Figs. 3(a) and 4, normalized] shows a coherence
peak near �25 meV whose energy is independent of T,
and a ‘‘peak-dip-hump’’ feature. This behavior is in good
quantitative agreement with angle-resolved photoemis-
sion data on untwinned, optimally doped c-axis YBCO
FIG. 3 (color online). (a)–(c) Raw conductance data for three
NIS junctions with different underdopings, showing tempera-
ture evolution of the gap structure for occupied state DOS and
filling in of empty-state DOS for T < Tc. P-h asymmetry is
strongest at highest Tc.
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FIG. 4 (color online). Normalized G�V� data for junction of
Fig. 3(a). The inset shows extra spectral weight at T � 4 K in
empty-state DOS versus Tc for all junctions (filled-state DOS is
conserved). The extra spectral weight decreases with decreas-
ing Tc, disappearing as Tc ! 50 K.
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at the ��; 0� point in the Brillouin zone [19]. STM or STS
on optimally doped c-axis YBCO has also shown a
T-independent coherence peak energy [20]. Integrating
the normalized

R
0
�60 mV G�T; V�dV, DOS is conserved as

expected (to normalization error, �2%).
In stark contrast, G�V� for positive bias shows an un-

expected and dramatic steplike increase just above V � 0
where a ‘‘gap’’ is expected by symmetry. This bias corre-
sponds to electrons tunneling from the gold into cuprate
states with mostly holelike character. For V > 0, the
integrated ‘‘empty’’ state DOS is not conserved; data
near optimal doping [Fig. 4] show 12% more states at
low T as compared to the normal state. This clearly
demonstrates the breaking of symmetry between particle-
like and holelike DOS at this interface in the supercon-
ducting state. The extra spectral weight decreases linearly
in T (not shown), vanishing at Tc. Samples with lower Tc
show less pronounced asymmetry [Figs. 3(b) and 3(c)].
This extra spectral weight can be used to quantify the
strength of symmetry breaking at different doping, and is
summarized for all junctions in Fig. 4 (inset). We empha-
size that every epitaxial junction with pure a-axis orien-
tation we have measured shows extra states only above the
chemical potential and inside the gap, with occupied state
DOS conserved. The G�V� curves are also relatively in-
sensitive to magnetic fields up to 7 Tesla (parallel or per-
pendicular to the surface) at any voltage, including low
bias. This rules out an explanation involving collectively
generated interfacial currents, such as when the splitting
of a zero-bias conductance peak increases in field [21].

Thus, we conclude that this steplike DOS asymmetry,
seen only below Tc, is a robust and intrinsic feature of
YBCO crystals atomically truncated along a lobe direc-
tion by an epitaxial CTO layer. This behavior is in marked
contrast to all tunneling data on c-axis, (110) or rough
(100) surfaces, with or without impurities or defects, in
that here p-h asymmetry is a global (averaged) property
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of the atomically flat surface. We contrast this with sym-
metric DOS seen at (110) and rough (100) YBCO surfaces
[22] showing a large zero-bias conductance peak (ZBCP)
attributed to Andreev bound states (ABS) [23]. For flat
lobe-facing surfaces the ABS model predicts p-h sym-
metric DOS and no ZBCP. Flat (100) YBCO surfaces with
amorphous barriers have shown a ZBCP [24] attributed
to the nonspecular interface. We also contrast our results
with small sloping backgrounds in G�V� outside the gap in
STM spectra of c-axis Bi-2212 [25] in which coherence
peaks and subgap G are nearly symmetric about V � 0.

Two aspects of our data merit particular attention:
(i) the low bias asymmetry appearing only in the super-
conducting DOS, and its doping dependence, and (ii) the
large residual subgap conductance seen in G�V�: the sub-
gap conductance never vanishes, even at T � Tc; at most
it falls to �80% of G�0�jT�Tc

. As for (ii), we note that all
planar cuprate NIS junctions (a-b plane and c axis) in the
literature show similar or larger subgap G [26], and its
origin is not understood. It is often ascribed to weakened
superconductivity at the surface, intrinsically or due to
disorder. In our case it persists despite the fact that the
interface epitaxy was carefully optimized and that tun-
neling (with a narrow forward cone estimated �25
)
probes QP states near antinodes where the energy gap is
fully formed and G�0�jT�0 should approach zero.

Regarding (i), two qualitative scenarios based on how
the plane and chain DOS are perturbed by local defects
may be relevant to our data. Our low bias asymmetry may
be compared to asymmetric resonances observed in the
local DOS at Cu sites next to a Ni impurity [2] or in
individual YBCO chains [9], both of which can show
substantial p-h asymmetry but yield nearly symmetric
DOS when averaged over large (>100� 100 �A2) areas
[27]. That is, extra spectral weight in empty-state DOS at
one site is compensated for by extra weight in filled-state
DOS at other sites. In our geometry, the interface consists
of one-dimensional CuO2 plane edges, as well as inter-
leaved CuO1�� chains [Fig. 1]. The truncation of the CuO2

plane with a row of TiO3 octahedra may perturb the QP
DOS at the Cu site in a manner analogous to that seen
experimentally [2] around a Ni defect and predicted
theoretically [28,29]. It is precisely into these sites that
tunneling occurs and, because of the translational sym-
metry of the interface (all sites are equivalent), the asym-
metry in the tunneling DOS would no longer disappear
upon averaging over the interface.

Similarly, a perturbation of the chain-derived DOS at
the interface may arise from a different oxygen coordi-
nation of chain Cu atoms next to the titanate. In unper-
turbed chains, s-wave pairing is induced by proximity to
superconducting planes, and p-h asymmetric resonances
along chains in YBCO6:97 seen by STM or STS [9] imply
a magnetic character for the scattering defects. A theory
of these resonances [11] may be relevant here, assuming
perturbed surface chains remain superconducting by
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proximity in the a-axis geometry and represent a tunnel-
ing channel comparable in strength to plane edges.
Scattering resonances in this model may contribute to a
large residual subgap G, or to p-h asymmetric DOS, or
both, depending on the sign and distribution of the scalar
component U0 of the impurity potential (notation of
Ref. [11]) characterizing the defects. A distribution with
large U0 would lead to nonzero residual G. If all defects
are identical (e.g., chain O vacancies), they likely produce
U0 of a definite sign, and thus lead to p-h asymmetry on
top of residual G. This may explain the doping depen-
dence of both the residual subgap G and the p-h asym-
metry seen here: as the defect density increases, bound
states begin to interfere, gradually washing out the asym-
metry and further filling in the gap [30].

To conclude, we have performed the first systematic
study of a-axis tunneling into atomically flat YBCO with
an epitaxial titanate barrier. We observe a remarkable
subgap asymmetry of the QP DOS in the superconducting
state, which we interpret as a consequence of the termi-
nation of the cuprate crystal at the boundary. Since the
interface is regular and homogeneous, this result provides
a clear test for theories of high Tc superconductivity.

We thank K. E. Gray, D. K. Morr, M. R. Norman, M.V.
Klein, P. J. Hirschfeld, and I Vekhter for discussions, and
E. Colla for technical assistance. B. A. D. and R. R. thank
the Condensed Matter Theory group, Abdus Salam ICTP
(Trieste) for kind hospitality. B. A. D. and J. N. E. were
supported by U.S. ONR Grant No. N00014-00-1-0840;
R. R. by U.S. DOE, Basic Energy Sci.–Mat. Sci., Contract
No. W-31-109-ENG-38 and the MacArthur Foundation at
UIUC; S. K. by Contract No. NSF-DMR-98-1794 while at
UIUC and LANL DR Project No. 200153 and U.S. DOE
Contract No. W-7405-ENG-36 while at LANL. We thank
the F. Seitz MRL-CMM and MRL-Microfab lab (UIUC),
U.S. DOE, Mat. Sci. No. DEFG02-91ER45439.
10700
*Corresponding author.
Email address: davidson@tasc.infm.it

†Current address: TCM Group, Cavendish Laboratory,
Madingley Road, Cambridge CB3 0HE, U.K.

[1] S. H. Pan et al., Nature (London) 403, 746 (2000).
[2] E.W. Hudson et al., Nature (London) 411, 920 (2001).
[3] J. Hoffman et al., Science 295, 466 (2002).
[4] I. Maggio-Aprile et al., Phys. Rev. Lett. 75, 2754 (1995);

C. Renner et al., Phys. Rev. Lett. 80, 3606 (1998).
[5] J. M. Byers, M. E. Flatte, and D. J. Scalapino, Phys. Rev.

Lett. 71, 3363 (1993); M. E. Flatte, Nature (London) 411,
901 (2001); S. Sachdev, C. Buragohain, and M. Vojta,
Science 286, 2479 (1999).

[6] A.V. Chubukov, D. Pines, and J. Schmalian, in The
Physics of Superconductors, edited by K. H.
Bennemann and J. B. Ketterson (Springer-Verlag,
Berlin, 2003), Vol. 1, p. 495; S. A. Kivelson et al., Rev.
Mod. Phys. 75, 1201 (2003); S. Sachdev, Rev. Mod. Phys.
75, 913 (2003).
4-4
[7] A. Polkovnikov, S. Sachdev, and M. Vojta, Phys. Rev.
Lett. 86, 296 (2001).

[8] See also J. Bobroff et al., Phys. Rev. Lett. 83, 4381
(1999); J. Bobroff et al., Phys. Rev. Lett. 86, 4116
(2001) for a discussion of Zn and Li impurities in other
cuprates by NMR.

[9] D. J. Derro et al., Phys. Rev. Lett. 88, 097002 (2002).
[10] S. Sachdev and S.-C. Zhang, Science 295, 452 (2002).
[11] D. K. Morr and A.V. Balatsky, Phys. Rev. Lett. 90,

067005 (2003).
[12] J. N. Eckstein et al., IEEE Trans. Appl. Supercond. 5,

3284 (1995); I. Bozovic et al., Nature (London) 422, 873
(2003).

[13] A. Inam et al., Appl. Phys. Lett. 57, 2484 (1990).
[14] M. Kawasaki et al., Science 266, 1540 (1994).
[15] B. A. Davidson and J. N. Eckstein (unpublished).
[16] For example, cooling in PO3

� 10�5 Torr with 1 h at
450 
C yields an (underdoped) Tc � 83 K.

[17] J. G. Simmons, J. Appl. Phys. 34, 2581 (1963); 35, 2655
(1964); W. Brinkman, R. Dynes, and J. Rowell, ibid. 41,
1915 (1970).

[18] J. O’Donnell et al., Mater. Res. Soc. Symp. Proc. 602, 9
(2000).

[19] M. C. Schabel et al., Phys. Rev. B 57, 6090 (1998); D. Lu
et al., Phys. Rev. Lett. 86, 4370 (2001).

[20] I. Maggio-Aprile et al., J. Electron Spectrosc. Relat.
Phenom. 109, 147 (2000).

[21] M. Covington et al., Phys. Rev. Lett. 79, 277 (1997);
M. Fogelstrom, D. Rainer, and J. A. Sauls, Phys. Rev.
Lett. 79, 281 (1997).

[22] For a review, see S. Kashiwaya and Y. Tanaka, Rep. Prog.
Phys. 63, 1641 (2000).

[23] C. R. Hu, Phys. Rev. Lett. 72, 1526 (1994); S. Kos, Phys.
Rev. B 63, 214506 (2001).

[24] J. N. Eckstein et al., Phys. C 335, 184 (2000).
[25] C. Renner et al., Phys. Rev. B 51, 9208 (1995); J. E.

Hirsch, ibid. 59, 11962 (1999).
[26] See, e.g., M. Covington et al., Appl. Phys. Lett. 68, 1717

(1996); M. Covington and L. H. Greene, Phys. Rev. B 62,
12440 (2000).

[27] We note that Fig. 3(b) of Ref. [9] [G�V� s averaged over
250� 250 �A2] shows very slightly higher conductance
for empty states inside the gap, in agreement with our
results, although details (chain geometry, doping level,
and magnitude of asymmetry) differ.

[28] M. I. Salkola, A.V. Balatsky, and J. R. Schrieffer, Phys.
Rev. B 55, 12648 (1997). Below formula (13) are ex-
pressions for spectral weights Z	 of the (quasi)bound
state peaks above and below the chemical potential 	.
As the impurity potential becomes stronger and the peak
energies approach 	, Z�, and Z� approach different
values, leading to a step of width of order the bound
state peak width. Using these formulas, having a peak at
	 requires fine tuning the potential’s magnetic and scalar
parts.

[29] H. Shiba, Prog. Theor. Phys. 40, 435 (1968).
[30] We estimate � � 0:24, 0.36, and 0.45 for Tc � 83, 70,

and 55 K [see, e.g., J. L. Tallon et al., Phys. Rev. B 51,
12 911 (1995)], corresponding to average vacancy spac-
ings of �4, 3, and 2b0; this is well into the regime in
which the bound states would interfere [11].
107004-4


