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We have measured the low-energy quasiparticle excitation spectrum of the electron doped high-temperature
superconductoreHTS) Nd; gCey 15Cu0,—, and Py gCeq 14CUO, _, as a function of temperature and applied
magnetic field using tunneling spectroscopy. At zero magnetic field, for these optimum doped samples no
excitation gap is observed in the tunneling spectra above the transition tempé@raturecontrast, belowr .
for applied magnetic fields well above the resistively determined upper critical field, a clear excitation gap at
the Fermi level is found which is comparable to the superconducting energy gap beld®ossible interpre-
tations of this observation are the existence of a normal-state pseudogap in the electron doped HTS or the
existence of a spatially nonuniform superconducting state.
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The existence of a pseudogap in hole doped highdoped HTS have the same underlying mechanisms of super-
temperature superconductofBiTS) has been established conductivity and the pseudogap state. Furthermore, contro-
over the recent years. The physical origin of the pseudogapersial experimental results on the symmetry of the super-
state, however, is still one of the most debated topics foconducting order parameter in the electron doped HTS have
HTS. For a recent experimental review see, e.g., Ref. 1. Iveen published recentfy!? That is, both the symmetry of
different types of experiments including tunneling spectrosthe order parameter and the question whether there is a nor-
copy it has been found that the pseudogap feature with thmal state pseudogap are under discussion for electron doped
superconducting energy gap merge smoothly into each othéiTS.
at the critical temperaturd@,.>~® Even more, from angle- In this communication, we report on the measurement of
resolved photoemission experiments it has been suggestélte  tunneling spectra in  superconductor-insulator-
that the pseudogap has the sare_,.-symmetry as the superconductor junctions based on bicrystal grain boundary
superconducting gap in the hole doped HTSt has also  junctions (GBJ'S). The temperature and magnetic-field de-
been observed that the temperatilife associated with the pendence of the tunneling spectra has been studied up to 16
appearance of the pseudogap state roughly becomes equalftdor the optimum electron doped HTS NgiCey 15CU0O,

T, around optimum doping or in the slightly overdoped re-(NCCO) and Pj gCe,1:CuQ,_, (PCCO. While above
gime, but is considerably larger than in the underdoped T¢(B=0) no pseudogap feature could be observed, below
regime. The evident question arising from the experimental .(B=0) a pseudogap around the Fermi level is clearly
observations is whether or not there is a relation between theresent for magnetic fields larger than the resistively deter-
physical origin of the superconducting gap and themined critical fieldBf,. This suggests that similar to the
pseudogap. Such a scenario has been proposed within thewsle doped HTS, there is a pseudogap state also for the elec-
ries involving so-called preformed pairs or at least dynamicatron doped HTS. However, the presence of a nonuniform
pair correlations abov&,.’ superconducting state may also be consistent with our obser-

With respect to the different HTS materials, the holevations.
doped system La ,Sr,CuQ, seems to be a special case. For The NCCO- and PCCO-GBJ's have been fabricated by
this material, the behavior of the pseudogap has been rehe deposition of 200 nm thiclg axis oriented NCCO- and
ported to be different compared to the other hole doped HTSCCO-films on SrTi@ bicrystal substrates using molecular
e.g., the size of the pseudogap might be much larger than tHeeam epitaxy(MBE). Only symmetric,[001] tilt bicrystals
superconducting gahHowever, the experimental situation with misorientation angles of 24° and 36° have been used.
is not well settled and more experiments are needed to furFhe thin-film deposition has been described in detailed by
ther clarify this point. For the electron doped HTS of the Naito and Satd® For bicrystal GBJ's with a junction area of
classLn,_,CgCuQ, (Ln=Nd, Pp with T’ structure, up to about 108 cn? a normal resistance ranging between 0.1
now no low-energy spectroscopic experiments probing thend 5 K) is obtained-* Josephson behavior in NCCO-GBJ's
pseudogap state have been reported. There is no doubt thais been demonstrated recently by Kleefisthall* We
experiments on electron doped HTS are important and highlgtress that the observation of Josephson behavior for both
desired with regard to the question whether hole and electroNCCO and PCCO together with the low in-plane resistivity
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FIG. 2. Resistive transition of a PgCe,5Cu0,_ thin film

FIG. 1. Conductance vs voltage of a 28901] tilt PCCO-GBJ in " ! A L
sample at different applied magnetic fields.

zero applied magnetic field measured at different temperatures.

(pap<50 ullcm at 25 K of the films, T, values of about 24  1he transition width is increased. On further increasing the

K, and the X-ray data demonstrate that our thin-film sampleg,,sjied field,p,,(B, T) further shifts to lower temperatures,
are optimum doped, well oxygen reduced, and single phasgyever, no further broadening of the superconducting tran-
This is important with respect to the possibility of an inho- jtion is observed as it is the case e.g., for YBaO, ,
mogeneous dopant or oxygen distribution, or the formatioregm the data in Fig. 2 one can derive an upper critical field
of different phases. We note that such inhomogeneities arg i, i referred to as the resistive critical fi@d,(T). The

more d.'ff'CU|t to t.)e rulled out for. large bulk single crystals. Jsize of B,(T) depends on the chosen resistivity criterion.
In Fig. 1 quasiparticle tunneling spectra of a PCCO-GB ‘ .
he functional form ofB£,(T), however, seems to remain

are shown for temperatures between 4.2 and 28 K in zer ithi . | uti di .
magnetic field. Very similar spectra are obtained for NCCO € Same within our experimental resolutitree discussion

The superconducting gap clearly shows up in the spectrgelo.v\b' . . .
resulting in a large density of states peak At(8.2 meV for Figure 3 shows the quasiparticle tunneling spectra for
PCCO and 5.8 meV for NCCO at 4.2)KWe note that the NCCO measured at 2.2 K for magnetic fields between 0 and

peak value itself corresponds ta 2nly for a perfectly iso- 16 T @pplied parallel to the axis. The main effect of the

tropic sswave symmetry of the superconducting order param-aIOIOIied field is the syppression of the density. qf states peaks
. : at the superconducting gap feature and the filling of the gap

at smaller voltages. Note that the position of the peaks does
not change with varying applied magnetic fields, however,
pthe peak amplitude decreases with increasing field and dis-

axis tunneling in BiS,L,CaCyOg, 55 So far it is not clear aPPears aBc,, which is about 5.6 T at 2.2 K. A key experi-
whether this dip structure indicates strong coupling of theMental finding is the fact that the gap feature itself remains
quasiparticles to collective excitatioras, e.g., phonons clearly presgnt even for the largest applied field of 16 T. This
Figure 1 shows that the states in the superconducting gap apfoWs theexistence of a gapped state for-8B¢, .
filled up with increasing temperature. While for NCCO al-
most no change of the peak position is observed with in-
creasing temperature, for PCCO there is a slight reduction.
However, this reduction is much smaller than expected for
A(T) according to the BCS theory. The gap structure disap-
pears at 24 K which corresponds to tiig of the sample.
Figure 1 also shows a temperature-independent background
conductance of the GBJ that is parabolic in the low-energy
regime, becomes linear for voltages above 20—-30 mV, and
stays about linear up to several 100 ninot shown in Fig.
1).

Another way to probe the normal-state properties of a

larger values forA up to 4 meV are obtained depending on
the degree of anisotropy. Arount= +=10 meV a dip struc-
ture is observed in the spectra that also has been seen i

conductance (mS)

Nd
: _ ope : 24° [001] tilt E
superconducting sample is to apply a magnetic field that is 4r A

Ce

1.85 0.15
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larger than its upper critical field. Following the experimen- 15 10 5 0 5
tal approach of Refs. 15 and 16, we have measured the voltage (mV)
magnetic-field dependence of the resistive transition of a

PCCO epitaxial thin film with the magnetic field applied FIG. 3. Conductance vs voltage curves of a symmetrid 281]
parallel to thec axis. As shown in Fig. 2, in a magnetic field tilt NCCO-GBJ measured at 2.2 K in different applied magnetic
of 1 T, the superconducting onset temperature is reduced arfiglds applied parallel to the axis.
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While at 2.2 K the magnetic field needed to close the

Nd, . Ce

pseudogap feature is beyond the maximum field of 16 T 5 (T) N d'ﬂsoe&wgl‘:g"w E::z:z:::;
available in our experiments, this is not the caseTfor7 K. Br . Pr,~Ce, .0UO, (resisiive) |

Nd, ..Ce, ,;CuQ, , (tunneling} ]
Ce CuOA_y (tunneling)

CuOA_y (tunneling) |

In this T regime, we can define a pseudogap critical fald

that is sufficient to close the pseudogap feature. In Fig. 4 we
show the temperature dependence of fhandBES. Al-
though there is significant scatter in our data due to broad-
ening, it is evident thaB!d is by a factor of about 4 larger
thanBZ, . This observation holds for both NCCO and PCCO
indicating that there is no major difference among these elec-
tron doped materials arising, e.g., from the magnetic mo-
ments of the N&" ions in NCCO! It is interesting to note 0 5 10 15 20 25

that the functional form of the temperature dependence of temperature (K)

both critical fields deviates strongly from a BCS-type tem-

perature dependence of the upper critical field having nega- FIG. 4. Temperature dependence of the resistive critical field
tive curvature. The unusual positive curvatureBgf(T) in  BE (full symbols and the pseudogap critical fieBf3 (open sym-
Fig. 4 for NCCO has also been reported in Refs. 16 and 17bols) for dlﬁerent s_amples of t_he electron doped HTS, NCCO, and
and, furthermore, has been observed in the hole doped HTRCCO. The solid lines are guides to the eye.

TI,Ba,CuQs, 5»1° Recent measurements of,Br,CuQ, have
shown that the curvature depends on the chosen resistivi
criterion, becoming almost linear for a high resistivity crite-
rion as expected for conventional type-Il superconductrs.
For our case, the curvature seems not to depend on the ¢ ) - o .
sen criterion, however, for large fields and high resistivity /& Next discuss possible physical interpretations of the

criteria the evaluation dBZ,(T) becomes difficult due to the cfitical field BE. Let us first assume tha@:3 is close to the
broadened(T). thermodynamic critical field, Then, extrapolatin@®?3(T)
While for the unusual behavior @&2,(T) intrinsic origins  © T=0 yieldsBc,(T=0)~30 T. Using the relatior,,(0)
have been proposed in the context of a quantum critical point. Y®0/27Bc2(0), onederivesé;,(0)~30 A. This value is
at T=0 (Ref. 19 and also within a bipolaron theof{,re- similar to that obta}lneq, e.g., for the hole doped HTS
cently Geshkenbeiret al. have suggested that inhomoge- L-81.855%.15CUQ, but is 5|gn|f|cr;mtly smaller than the usual
neous superconducting properti@s for example due to an Vvalué of about 70 A,'” NCCO A smaller value 0fé;,(0)
inhomogeneous oxygen or dopant distribujioan cause the would increase the importance of fluctuation effects in the
observed positive curvature BE,(T).2! In this case one has ©lectron doped HTS However, as can be seen from Fig. 2,
to assume regions with increased lo@al compared to the " the resistivity vs temperature curves, the fluctuation re-
bulk T,. Since in our case we are dealing with homoge-gime is small and fields slightly abo\&?, are sufficignt to
neously reduced thin films close to the optimum dopingd”Ve the films onto a weakly field-dependent semiconduct-

level, an explanation based on inhomogeneous oxygen dfd Pan(T) curve. Moreover, the fluctuation analysis in Ref.
dopant distribution is neither likely nor expected to changel® suggests thag, is not identical with the thermodynamic
T. considerably. However, intrinsically nonuniform super- cfitical field B, but cannot account for the difference by a
conductivity due to, e.g., phase separation cannot be rulef@ctor of around 4 betweeBZ, andBtJ. Last, we note that
out. Any further discussion of these issues is beyond théecently a very small value af,,~6-9 A has been calcu-
scope of this communication. lated assuming a spin-fluctuation pairing mechanism for both
We now address possible origins of the observed quashole and electron doped HT®ef. 23 corresponding to an
particle excitation gap structure observed beld@w for  even higher value oB.,.
BA,(T)<B<BPY(T). Of course, it is tempting to assume that _ Finally, at present there is no prediction f_or the magnetic-
for electron doped cuprates there is a pseudogap feature wifl¢ld dependence of the pseudogap even in the hole doped
similar properties, as has been observed for the hole dopeghse. Assuming that the pseudogap is caused by the exis-
HTS. Then, according to our data the pseudogap in the eledence of so-called preformed pairs, the pseudogap state
tron doped HTS merges smoothly into the superconductinghould be destroyed in magnetic fields exceeding the
energy gap aB?, in analogy to the experimental observation Clogston paramagnetic linfft Bo=A/\2uu5. Taking into
in Refs.4—6 in that the pseudogap in the hole doped HT@ccount corrections for a possibtewave symmetry] Bf
merges into the superconducting gapTat Moreover, in  ~0.52A/ug (Ref. 25], one obtainsBp~30-40 T using
both cases the density of states peak in the tunneling specte~3.5 meV obtained from our tunneling measurements.
disappears at the transition from superconducting into th@his value coincides well witlBf3(T=0). However, one
pseudogap state. We note that a reeeaxis tunneling study would then also expe®P5(T)«A(T) what is not supported
on Bi,SrCaCuyOg, s does not support the merging of the by our data. In order to further clarify the experimental situ-
superconducting gap and the pseudotfap.spatially non-  ation as well as to bring more insight into the nature of the
uniform superconducting state with regions having locallysuperconducting and, in particular, the possible pseudogap

n
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critical fields (Tesla)
o

{gjghechz than the bulk could also produce a gaplike behav-
Ior in quasiparticle tunneling. However, as discussed above it

is unclear how such regions can form within the optimum
%I_ectron and oxygen doped compound.
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state in the electron doped HTS, more measurements &klds above the resistive critical fieBE, and vanishes at a
lower temperatures, higher fields, and for different electrorfour-times-higher fieldB2S which is close to the Clogston
doping levels, especially for the undelectrondoped case, limit. These experimental observations suggest the existence
are required. of a pseudogap state also in the electron doped HTS. Further

In conclusion, tunne”ng spectroscopy performed on bi_clarification of the pseudogap evidence for electron doped
crystal GBJ's has revealed a pseudogap feature in the lowdTS is highly desired for a more general understanding of
energy quasiparticle excitation spectrum of the electrorin® Physical origin of the pseudogap in the HTS.

doped HTS, NCCO, and PCCO. The pseudogap feature This work was supported by the Deutsche Forschungsge-
evolves from the superconducting gap in applied magnetitneinschaft(SFB 341).
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