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Far-infrared transmission study on Nd, gCe; 14CUO,_,, thin films
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Far-infrared transmission of Nd«Ce, ;5Cu0O,_, thin films (T.=19 K) has been measured in the frequency
range of 15-150 cm™ 1. An energy-gap-like peak is observedTig/T,, at 40 cm ! (=E,), corresponding to
E,~3.0kT¢, which is reminiscent of the BCS-type superconductors. On the other hand, both the temperature
and magnetic-field dependence of the peak show a non-BCS-like behavior. Also, redydiodl?2 K by
oxygen depletion does not affect the peak energy, for whigh 4.8 T, is extracted. The similarities of these
observations to the case of YBau;O,_, are discussed.

Several peculiar properties of Ng«Ceyq15CuO,_,  susceptibility measurements showeg-T 19 K, defined as
(NCCO make it of particular interest among high- the middle point of the transition curve, and transition width
temperature cuprate superconductors: There is no Cu-& 1.5 K for both samples. Temperature-dependent transmis-
chain! the temperature dependence of the in-plane normaion data were taken at temperatures from 5 to 25 K using
state dc-resistivityp,_,(T) is quadratic instead of linedr, a step-scan Fourier transform spectrometer over 15
and both electrons and holes appear to contribute to the-150 cm ! spectral range with a 4-K Si bolometric detec-
transport in the Cu-O plarfeEspecially interesting is that tor. The sample and a LaAlQreference, both wedged by
conventional(BCS) s-wave-like behavior has been reported 4° to avoid multiple reflections of the FIR radiation, were
by several groups: Microwave surface impedance measureaounted in such a way that they could be switched in and
ments on both thin film and single crystals by \&ual. have  out of the FIR beam path. At each temperature, transmission
shown evidence fos-wave-BCS-like behavior in the tem- of the sample was ratioed to that of the reference, generating
perature dependence with an energy gap AF2.1kT..*  a relative transmissiofT, . In the thin-film approximation
Tunneling measurements have also shown a resemblence (> \ ,>d, where\ is the radiation wavelength, is the
conventional superconductors, with a gap-like feature apenetration depth, andl is the film thicknesk the transmit-
2A~3.%T,.° On the other hand, there have been severaance through the sample is given by, including the multiple
observations indicating strong similarities between NCCOreflection inside the substrate,
and other high-temperature cuprate superconductors which
are non-BCS-like: Normal-state infrared reflectance exhibits 4n Te o
many of the features(linear frequency dependence of T= [ —
the reflectance in midinfrared and a ledge at 420 ¢jn [1+N+y[?[1-RRe ™
common to the hole doped high: cuprates such as
YBa,Cuz05_ s, Bi,Sr,CaCu,0g, and TlL,Ba,CaCu,0g.°
In addition, the specific-heat anomaly observed in cerami
NCCO shows significant similarities to YB&u;O;_;
(YBCO) in its magnetic-field dependenéaVhether NCCO
can be considered as a BCS-type superconductor or not is
important, but yet unresolved, issue and should be address
for furthur study. One of the most direct methods to answe
this question is to probe frequency-dependent conductivit
using far-infrared (FIR) transmission spectroscopy. FIR
transmission measurements have provided clear information

: @

where N=n+ik is the optical constant of the substrate,

é{=(4770'd/C) with o being the complex ac conductivity of

the film, a=47wwk is the substrate absorption coefficient,

and t is the substrate thicknesd.=(4n/|1+NJ|?) and

B.=(|1—NJ|?/[1+N|?) are the transmittance and reflectivity

the substrate-vacuum boundary aRg=(|N—1—y|%

N+ 1+y|?) is the reflectivity of the thin film. The transmit-
nce of the reference is given by settidg-0 in Eq. (1).
hen the relative transmissioh is

about the energy gap, including its temperature dependence, 1 1—R§e*2”‘t
not only in the conventional superconductbrsut also in T, = y Z|T-RRe Z|' 2
conducting oxides such as BaK,BiO; (BKBO).® ‘1+ 1N s

In this work, we present far-infrareFIR) transmission
data on NCCO thin films, focusing on the temperature and
magnetic-field dependence in the superconducting and nor- In interpreting the frequency and temperature dependence
mal statesc-axis oriented thin filmgthickness~ 1500 A) of T,, we considered possible contributions from the
were epitaxially grown on(100 LaAlO; substrategsub-  substrate ) in addition to the effect from the filmd).
strate temperature-800 °O in ~200 mtorr of N,O gas by ~LaAlO has an IR-active phonon at = 180 cm ! (Ref.

a pulsed laser ablation technique. X-ray diffraction and TEM13) near whichN is expected to be strongly frequency de-
studies have shown a high-quality morphology and micropendent. We have done a series of measurements on the sub-
structure in these film¥ Two samples were measured in our strates to characterizél (Ref. 14 and found that,for
transmission study and the results were reproducible. aan<<100 cmi?, (i) n>k, (i) n increases quadratically with
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FIG. 2. Magnetic-field dependence of the transmission ratio
Ts/T, whenT, =19 K. Magnetic field was applied normal to the
a-b plane and the sample temperature was fixed at 2 Ks taken
at 12 T whileTg are for 0, 0.75, 1.5, 2.5, 4, and 8 T from the top
curve (at w=40 cni b).

fluid screening below the pepknd eventually disappears at
T., while the peak position does not show any noticeable
shift. For the convenience of comparison with the field de-
1 pendence data to be presented below, we normaliagith
o (cm’) the normal statd@, at 24 K,[T,/T, (24 K)], as shown in the
main panel. Let us call iT4/T,,which means the supercon-
FIG. 1. Temperature dependence of FIR transmission oducting to normal-state transmission ratio. The bottom panel
Nd, gCep 16CUO,_, thin film with T, = 19 K. Upper panel: The shows the BCS prediction ofs/T, which we will discuss
inset showsT, (the relative transmissigrior 5 (thick line), 12, 15, later.
17, 19, 21, and 24 Kthick line) from the top curve(at w=40 We also have studied the magnetic-field dependence of
cm™1). The main panel shows,/T,,, whereT, = T, in the nor-  transmission at a fixed temperateK). The magnetic field
mal state(24 K) and T = T, from 5 to 21 K. Lower panel: BCS plays a similar role as temperature in that it breaks the su-
prediction for T¢/T,, calculated from the temperature-dependentperconducting condensates into the normal carriers above
Mattis-Bardeen equations for the conductiviily,(is for 24 K, T is H.,. The normal state driven by magnetic figid (=H_,)
for 5,12, 15, 17 K. will be nearly identical as the state f&eT, and one should
observe the energy gap in the field dependence of transmis-
w betweenn= 4.6+0.1 (w=20 cm %) andn= 5.0+0.1 sion as well as in the temperature dependéndée sample
(0=100 cm™ 1), (iii ) there is no measurable temperature de-was cooled in zero field and then the magnetic field was
pendence ofi andk between 5 and 24 K. Frof), N in Eq.  applied normal to thea-b plane of the film. Transmission
(1) can be approximated as Also our model calculations through the sample was taken by a rapid scan Fourier trans-
show that(ii) has very little effect on the frequency depen- form spectrometer with a 2-K bolometric detector. In Fig. 2
dence ofT, . In other words, for the frequency range of thesewe present the normalized transmissityiT,,, whereT,, is
measurements, the substrate behaves like a simple dielecttaken atH =12 T andT are for different magnetic fields at O
material. Therefore, the frequency and temperature deper= H=<12 T. The same gap-like feature as in Fig. 1 is ob-
dence ofT, results fromo. served. The peak, located at the same frequency as in Fig. 1,
In the inset of Fig. (upper panelwe showT, for differ-  rapidly decreases up to 2.5 T and then gradually flattens out.
ent sample temperatures. At 5 K, the transmission apThe field dependence terminates-at8 T, indicating the
proaches zero at zero frequency due to the superfluid screesystem is entering the normal state, consistent With = 7
ing. At high frequency, the transmission approaches the- 8 T at 4 K reported from dc transport measureméhts.
normal-state value. The peak of the transmission, which posFhe field dependence offers further evidence that the feature
sibly could be a manifestation of an energy gap as is the cage an intrinsic property of charge carriers in the supercon-
in BCS superconductofs is located at~-40 cm™ ! (5 meV  ducting state.
= 3.0kT.). As temperature is increased, the peak gradually We now describe the transmission on the same sample
decreases in heigliaccompanied by the decreasing super-after its T, has been reduced by oxygen annealing. Anneal-
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substantial weakening in the strength of the feature results
but there is no shift in the gap energy, which is the same as
H dependence our observation seen in Fig. 3. In contrast, for a BCS-type
superconductor, for example BKBO, infrared transmission
measurements have found that the peak gradually shifts to
lower frequency and reduces in height as the temperature is
increased. Also for samples with low&e, the gap feature
shifts proportionally to lower frequenéyTo compare our
data with the BCS theory, we show the BCS prediction for
T,/T, in the lower panel in Fig. 1. The curves were calcu-
lated from the temperature-dependent Mattis-Bardeen equa-
tions for the conductivity® The parameters such as film
thickness,T., and the optical indices of the substrate were
taken from our samples. The normal-state resistivity was as-
sumed to be 8Quf) cm which was measured on similar
0oL . , L NCCO films at 25 K. A value of 0.3 electrons per unit éell
o 50 100 for the electron density gives a scattering rate aof %/ 190
4 cm™ L. First of all, the peak height in the calculated curve is
W(cm ) significantly larger than that of the corresponding data for
each temperature. Also, contrary to the measurement, the cal-
culation predicts a clear shift of the peak of the curve as the

FIG. 3. Magnetic-field dependence of the transmission ratio -
T.IT, after theT, has been reduced to 12 K, is taken at 12 T. temperature is increased due to the decrease of the energy

, gap.
Tssarefor0,05,0.75, 1.5, 2.5, and 3.5 T from the top curve. One could question whether the lack of temperature de-
ing the sample in @ gas (400 tory at 500 °C for 20 min  pendence of the gap energy is intrinsic, since the samples in
resulted in a reduction of; to 12 K with a broadening of our study are relatively thin and inhomogeneities such as
transition width(3 K). Details of theT, dependence on the defects or impurity phases, if present, could affect the optical
annealing process are found in Ref. 3. In Fig. 3, we show th&esponse. Although extensive characterizations have con-
magnetic-field dependence of the transmission under thérmed that these films are highly homogenebuse tried to
same conditions as before the annealing. The height of theee if it is a possibile scenario th@) the superconducting
peak is reduced by abogtn T¢/T,, while the peak position state is BCS-like(ii) the absence of a shift of the gap energy
remains the same as for tig=19 K case. The peak position is caused by the hypothetical inhomogeneities in the film. As
in this case corresponds to kB, instead of 3.8T,. The @ simple way to model the imperfections, we assume some
peak is quenched &t~3.5 T, compared with 8 T before the @amount of Drude-type normal charge carriers in the sample
annealing, indicating a reduction bf,, as well. that could be caused when the superconducting order param-

The overall observations of both temperature anceter is locally suppressed around the inhomogeneous regions.
magnetic-field dependence of transmission consistently sugthen the superconducting carriers are assumed to follow the
gest that the peak at40 cm™! is a manifestation of the Mattis-Bardeen prediction and the total conductivity of the
electronic property of the superconducting phase of NCCdilm [=o(w)] is written as a sum of the two components,
which we are naturally led to associate with an energy gap.
Though we do not attempt to extract out the exact value of
the gap, it is clearly smaller and more BCS-like compared
with, for example, YBCO. This aspect is comparable with
the results of microwave surface impedance and tunnelingrshere f is the fraction of the superconducting carrier,
measurements, reporting evidence of an energy gap ats(w) andop(w) are the conductivity functions for the su-
2A~3.%KT, and 4.k T, respectively.® On the other hand, perconducting and the normal carriers respectively. The
the temperature and field dependences, together with the obimulated result shows that the shift in the temperature de-
servation at reduced, film, are highly non-BCS-like. This pendence off /T, becomes smaller and the peak height is
aspect, in contrast to the former, has a strong qualitativeeduced due to the normal carriers. However, in order to
similarity with an observation on YBCO: Though there aremake the calculated curve look rather similar to the data in
still a lot of controversies on the experimental data and eveirig. 1, an unreasonably large amount of normal carriers
more on their interpretations about the optical studies regardnust be assumed~( 75% of total charge carrieraind even
ing the energy gap in YBC®, it is interesting to compare then the shape of the simulated curve shows qualitative dis-
our NCCO data with the pura-b plane conductivity of agreements with the data. The disagreement becomes even
YBCO single crystals obtained by the polarized infrared re-more pronounced when a Lorentz-oscillator-type conductiv-
flectivity measurements in Ref. 11. There it is shown that &ty is assumed for the inhomogeneity-induced normal carri-
development of a gap feature takes plackat-8kT. and it  ers. Thus the simulations allow us to reject inhomogeneities
remains essentially at the same frequency at all temperatures the cause of the observed behavior of the peak.
below T.. (Little temperature dependence of the gap has To summarize, we have performed temperature and
also been reported in B&r,CaCu,Og single crystals’) In magnetic-field dependent FIR transmission measurements of
addition, for the underdoped samples with reduded a  NCCO thin films. In both measurements, a peak is observed
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in T¢/T, at ~40 cm~* (5 meV) which could be associated superconducting NCCO is very subtle and can not be simply
with a BCS-type energy gap. On the other hand, its deperclassified as a conventional BCS-type.

dences on temperature amd are similar to YBCO which is

hlghly non-BCS-like. This means that the ground state of We thank W. Jiang for Signiﬁcant discussions.
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