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Observation of Surface-Induced Broken Time-Reversal Symmetry
in YBa;Cu3O7 Tunnel Junctions
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Data fromab-oriented YBaCu;O;/1/Cu tunnel junctions are presented. Self-assembled monolayers
form the insulating tunnel barrier, I. The YBaw O, features in the tunneling conductance match those
of low-leakageab-oriented YBaCwO,/Pb junctions. Results show that the zero-bias conductance
peak is an Andreev bound state (ABS) ofdawave order parameter. Inero magnetic field, the
ABS splits below ~7 K, consistent with the presence of a subdominant order parameter at the
surface. An applied magnetic field induces further splitting that grows nonlinearly with increasing field.
[S0031-9007(97)03529-1]

PACS numbers: 74.50.+r, 74.72.Bk

Tunneling spectroscopy provides unsurpassed sengieflected quasiparticles leads to bound states confined to
tivity and resolution in the measurement of the su-the surface. These bound states can carry current and
perconducting quasiparticle density of states, yieldingwill produce a ZBCP in a tunneling spectrum [12-14].
information on the superconducting mechanism and gapurther calculations have considereg:—,»- symmetry
[1]. However, the YBaCwO; (YBCO) features repro- gaps at surface orientations ranging from (100) to (110).
ducibly observed in the conductance of YBasO;/Pb  These have shown that the Andreev bound state is a robust
tunnel junctions are quite puzzling because they are qualfeature existing for any specular surface misoriented from
tatively different than those expected for a conventiona(100) (the lobe direction of thé,.—,» gap), albeit with
superconductor [2—6]. One particularly intriguing featurevariable spectral weight [12,13,15]. In a broken time
is the zero bias conductance peak (ZBCP) observed wheerversal symmetry (BTRS) state, the Andreev bound state
tunneling intoab-oriented thin films [2—5]. This feature shifts to finite energy, resulting in a split ZBCP [14,16)].
was originally analyzed in terms of spin-flip scattering of It is generally agreed that the bulk state of YBCO does
the tunneling electrons from magnetic impurities specunot exhibit BTRS [17]. However, a state with two order
lated to exist in the insulating barrier [3]. The tempera-parameters with a /2 relative phase difference has been
ture and voltage dependence of the ZBCP and its splittingroposed to exist at the surface of YBCO, giving rise to
upon application of a magnetic field showed some qualiBTRS [18]. The phase diagram of this BTRS state has
tative agreement with this model [7,8]. However, quanti-recently been calculated by Fogelstrén al. [14] who
tative analysis showed major discrepancies. According tdiscuss the origin of a surface-induced BTRS state and
the spin-flip scattering model, the splitting of the ZBCP ismake several predictions in quantitative agreement with
linear with field and proportional to the Langéfactor of  our measurements. The essence of their theory follows:
the scattering centers. Wb-plane YBCO tunneling, the Andreev scattering near the surface of,a > supercon-
ZBCP splitting is nonlinear with field, and its magnitude ductor causes strong pair breaking. The quasiparticles may
implies an anomalously large factor [3]. A further ob- then be paired by a subdominant pairing interaction that
servation that challenges the spin-flip scattering analysis less sensitive to surface pair breaking than the domi-
for YBCO is the absence of the ZBCP in the tunnelingnant d wave. Calculations minimizing the free energy
conductance of-axis-oriented YBC@Pb junctions. show that thed-wave and subdominant order parameters

Zero-bias quasiparticle bound states in the tunnelingan coexist with ar/2 relative phase difference at low
density of states op-wave superconductors have beentemperature. This phase difference between the two or-
proposed [9]. For the same physical reason, Hu [10fler parameters leads to a spontaneous supercurrent, and a
showed that a quasiparticle bound state forms at theurface phase transition to a BTRS state is achieved. The
Fermi energy (defined to be zero) when the node of d&ound states are shifted to finite energyziero applied
d-wave order parameter [11] is normal to a specularlymagnetic field. Application of an external magnetic field
reflecting surface, regardless of any proximity effectsto the spontaneous BTRS state will further shift the bound
Quasipatrticles reflecting from the surface experience atate energyonlinearly with increasing field. The pre-
change in the sign of the order parameter along theidicted splitting of the ZBCP irzero magnetic field and
trajectory and subsequently undergo Andreev reflectionits evolution with increasing field distinguishes the BTRS
Constructive interference between incident and Andreesgtate. Furthermore, this zero field splitting is a unique
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feature of the Andreev bound state that is incompatiblghat they are a strong indication that tunneling is the trans-
with spin-flip scattering. port current and that it is directed predominantly along the
In this Letter, we present the results of reproduciblecopper oxide planes. Second, the junction resistance is al-
measurements of YBCf(nsulatoyCu planar tunnel junc- most independent of temperature. As a typical example,
tions in which the ZBCP is observed to split rero  the resistance of a junction biased at 80 mV increases by
magnetic field at low temperature. The measured temenly 4% from 77 to 4.2 K. This is consistent with the be-
perature dependence of the ZBCP gives good quantitatiieavior of low-leakage YBC@Pb junctions and in agree-
agreement with the calculated phase diagram for surfacenent with the expected behavior of a tunnel junction with
induced BTRS phases of &>, superconductor [14]. a high barrier. Taken together, these reproducible obser-
The observed nonlinear evolution of the ZBCP splittingvations provide strong support that elastic tunneling is the
with increasing magnetic field is also in agreement withdominant transport mechanism through the junctions.
these calculations. Typical conductance data from a YBZOu junction
The tunnel junctions measured in this experiment ar@re shown in Fig. 1. No significant anisotropy is observed
fabricated on YBCO thin films grown by off-axis mag- between (100)-, (110)-, and (103)-oriented YBCO films,
netron sputter deposition that typically exhibit zero resisjust like YBCO/Pb junctions. In addition.ab-plane
tance atT. = 89 K. Four different film orientations are characteristics are observed in junctions fabricated on
grown, with details of the deposition conditions publishedchemically modified (001)-oriented films. We believe
elsewhere [4,19]. After a film is grown, it is soaked in athis indicates deeper penetration of the counter electrode
1 mM dry acetonitrile solution of 1,12 diaminododecanematerial into chemically modified YBCO films compared
for 2% days. This method results in the formation of ato junctions fabricated by Pb deposition on unmodified
densely packed monolayer of 1,12 diaminododecane ofiims. This would allow tunneling current to flow in
the YBCO surface. Although these particular films havethe direction of the copper oxide planes in junctions
not been extensively characterized, this general type dabricated on nominally-axis films.
organic monolayeiYBCO structure has been extensively The YBCO/Cu junctions exhibit a gaplike feature
studied and characterized [20,21]. Notably, this is the firs(GLF) at the same energy as that measuregbitoriented
use of such structures for preparing tunnel junctions oryBCO/Pb junctions,~16 meV = 2.1k3T.. The GLF
a cuprate superconductor. The Cu counter electrodes aemergy has also been shown to scale within ab-
subsequently evaporated through a stainless steel shadoewented Pr-doped YBCO thin films fronf. = 90 to
mask. The resulting tunnel junctions typically have an are20 K, proving that the superconducting state is being
of ~0.2 mn? and a resistance that varies between 4 angrobed when tunneling in theb-plane direction [5].
100 ). Note that although tunnel junctions are formed,Without such proof, the relation of the ZBCP to the
the state of the organic monolayer in the fabricated juncAndreev bound state is suspect.
tion is not yet known.
Conventional/-V and dI/dV-V tunneling measure-
ments are performed in a standard four-lead arrangement 0.28 ' : '
as a function of temperature and magnetic field. No at- \—Kondo
tempts are made to shield thel G field of the Earth,
but this field is insignificant compared to the).1 T field
required to produce a measurable ZBCP splitting. The
junctions are nominally aligned so that the magnetic field
is parallel to the film’'s surface. However, this alignment
is imprecise, and it is expected that demagnetization ef-
fects produce a diamagnetic signal perpendicular to the 0.20] H=0 |
junction. ' —— 15K
For YBCO/Pb junctions, the observation of the well- -20 10 0 10 20
kno_wn Pb superconducti_ng d_ensity of states is used to Voltage (mV)
verify that elastic tunneling is the dominant transport
mechanism through the junction. Since Cu has a feaFIG. 1. Temperature-dependent conductance data from a

; s BCO/Cu tunnel junction. The conductance exhibits the
tureless density of states, more indirect, though no les$ me GLF and ZBCP observed in low-leakage-oriented-

; . ! S

rgorous, means are reqUIred to_characterize tI'gj‘r]Spo{(%CO/Pb tunnel junctions. The ZBCP is observed to split in
through the YBCQCu junctions. These are the obser- zero magnetic field at low temperature. Voltage is defined to
vation of YBCO tunneling characteristics and the mea-be the voltage of Cu with respect to YBCO. Inset: Zero bias
surement of the junction resistance versus temperaturéonductance((0), versus temperature for the same junction,
First, the YBCQ'Cu junctions exhibit all the usual fea- also in zero field. The downturn iG(0) at low temperature

tures attributable to the YBCO electrode that are observe@?rirli?r?; rg(t)ﬁ‘r;gf tg t;ﬁffr;v(%t)'of lglsz)eg)ehfg%rsgl)iglengezn?roﬁ n

in low-leakage ab-oriented-YBCQPb tunnel junctions Kondo-type spin-flip scattering, which is indicated by the
[3,4]. These YBCO features are so well characterizediotted line.
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The YBCO GLF is significantly different from the 0.23— .
gaps observed in conventional Idy-superconductors. It
appears that there is a large amount of pair breaking in
YBCO near the tunnel junction, resulting in a large number
of states within the GLF, as expected forlavave order
parameter. ltis further significant to note that the depth of
the GLF in YBC(Q/Cu junctions is typically twice as small
as that measured in YBG®Db junctions. This smaller 020}
gap depth is also reproducibly observed:inoriented Pr- , ) , X
doped YBCQ'Pb junctions [5], suggesting that it may be -10 5 0 5 10
an indication of more disorder and quasiparticle scattering Voltage (mV)
near the interface of YBC{Cu junctions compared to
YBCO/Pb junctions [22].

The most significant experimental observation is the
temperature dependence of the ZBCP: It is reproducibly
observed to split in zero magnetic field at low temperature,
as presented in Fig. 1. To our knowledge, Gesirél. [2]
provide the only other possible evidence for a zero field
ZBCP splitting inab-oriented YBCO tunneling. Corrobo- P ‘
rating evidence comes from the zero-bias conductance, L (b)
G(0), versus temperature, shown in the inset to Fig. 1. Be- oL—a— L .
low about 30 K, the ZBCP begins to appear in the con- H (T)
ductance with a concomitant increaseGi0). The G(0)
increases with decreasing temperature until the onset &fiG. 2. (a) Magnetic field dependence of the ZBCP from
splitting in the density of states, below which it decreases® YBCO/Cu tunnel junction. A magnetic field induces

. . : . further splitting of the ZBCP. (b) A compendium of data on
Numerical simulations of thermal broadening on the low;;, magnetic field-induced splitting of ZBCP's. Data from

temperature data show that the conductance cannot be exgco/Cu and YBCQPb [3] junctions are indicated by closed
plained by thermal population effects alone, implying thatand open circles, respectively. The theoretical curve for the

the density of states is temperature dependent. There issgbdominant order parameter beifig (s wave) is shown as a

distinct splitting in the density of states below a particular’ull ine [14]. As a comparison, data from other junctions with
agnetic scattering centers are included. These are represented

temperature. The peak-to-peak sepqrqtion at low tempergy (A) for Ta/Ta0s/Al [8], (A) for SSnO,/Sn [23].
ture and the onset of the zero field splitting in the density of) for Al/Ti-doped AbOs/Al [24], and (V) for a Au/Si:P
states are junction dependent. The peak-to-peak separatigpohottky barrier tunnel junction [25].
at 1.5 K is observed to range from 1.75 to 2.31 mV, and
the onset temperaturgy, of the zero field splitting varies
from ~6 to ~8 K, respectively. Thd is identified as the peak splitting is caused by currents induced by the mag-
temperature wheré(0) deviates from either iT) or 7! netic field and ther /2 phase difference between the two
behavior, which is the expected functional temperature desrder parameters. The saturation of the splitting around
pendence for ZBCP’s originating from spin-flip scattering~2 T is due to the screening current saturating at the bulk
or an Andreev bound state, respectively. Thés roughly critical current.
the same regardless of the choice of the functional tempera- It is important to emphasize just how strikingly dif-
ture dependence. Note that, due to thermal broadening eferent the behavior of the YBCO ZBCP is compared
fects, two peaks in the conductance are only resolved wetb ZBCP’s originating from spin-flip scattering. First,
below Ty, but the onset of splitting in the density of statesa ZBCP arising from magnetic impurity scattering will
manifests itself in the downward deviation@f0) and the  split only in a finite magnetic field. Figure 2(b) im-
broadening beyond.5kzT of the region wher& deviates plies that at least 4 T is required to split paramagnetic
from ~In(V) behavior. ZBCP's by the 1.16 mV zero field value observed in the
As shown in Fig. 2(a), an externally applied magneticYBCO/Cu junction. Second, the magnitude of the split-
field induces the ZBCP to split beyond its zero fieldting from magnetic impurities is 5 to 10 times smaller
value. The peak position, in energy, varies nonlinearlyat low fields. Third, the splitting for spin-flip scatter-
with increasing magnetic field, as shown in Fig. 2(b). Foring is roughly linear and extrapolates to zero at zero
contrast, we also plot published experimental data reprefield. Fourth, the zero-bias conductance increases loga-
sentative of junctions with magnetic impurities in the in- rithmically as the temperature approaches absolute zero,
sulating barrier [8,22—24]. The theoretical calculation (seén sharp contrast to the downturn we observe. Finally,
below) of the magnetic field-induced ZBCP splitting is alsowe reproducibly observe a large magnetic hysteresis in the
shown in Fig. 2(b) for the case of afy,-symmetry §  YBCO peak position that cannot be explained by spin-flip
wave) subdominant order parameter [14]. The theoreticadcattering [22].
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A quantitative comparison of our measured results witithe ZBCP provides further direct proof that the YBCO su-
the calculated phase diagram of Fogelstréinal. [14] is  perconducting order parameter changes sign on the Fermi
now presented. Maximal pair breaking and a subdomisurface.
nant gap withs-wave symmetry are assumed. Using our We are grateful to J. A. Sauls for many stimulating
data from Fig. 1, the onset of zero field splitting in theand inspiring discussions. We also acknowledge useful
density of states occurs &= 1 K, which corresponds conversations with M. Fogelstrom and A. J. Leggett. This
to the surface phase transition temperature of the sulsesearch is supported by the NSF through the STCS
dominant order parametef;,. First, we note that the (NSF-DMR 91-20000). Support is also received from
measured value df; corresponds to the relative strength NSF (DMR 94-21957) and ONR (N00014-95-1-0831) for
of the subdominant to dominant pairing interactions ofE.P. and L.H.G. and ONR (UR12126YIP) and AFOSR
T.o/T.1 ~ 0.15, obtained for the (110) orientation with (F49620-96-1-0155) for F.X., J.Z., and C.A.M.
surface roughness included. This coupling strength is be-
low the threshold value for the formation of a sponta-
neously broken time-reversal symmetry state in the bulk.
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