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Although cuprate superconductors have been intensively studied for the past decades, there is no consensus
regarding the microscopic origin of their superconductivity. In this paper, we measure the low-energy electro-
dynamic response of slightly underdoped and overdoped La,_,Ce,CuQ, thin films using time-domain terahertz
(THz) spectroscopy to determine the temperature and field dependence of the superfluid spectral weight. We
show that the temperature dependence obeys the relation n, o< 1 — (T /T.)?, typical for dirty limit BCS-like
d-wave superconductors. Furthermore, the magnetic field dependence was found to follow a sublinear /B form,
which supports predictions based on a d-wave symmetry for the superconducting gap. These observations imply

that the superconducting order in these electron-doped cuprates can be well described in terms of a disordered

BCS d-wave formalism.

DOI: 10.1103/PhysRevB.104.064501

I. INTRODUCTION

The origin of superconducting order in cuprates is still
debated. Recent optical and mutual inductance experiments
in the hole-doped cuprate La,_,Sr,CuO,4 have shown the
inconsistency of experimental results with aspects of the
standard Bardeen-Cooper-Schrieffer (BCS) description [1,2].
They were followed by a few theoretical works arguing
that the measurements can in fact be almost entirely under-
stood within dirty-limit BCS theory with certain assumptions
[3-5]. However, questions remain whether these assumptions
are reasonable for cuprates and require further investigation.
For electron-doped cuprates, although it has been demon-
strated that the temperature dependence of superfluid density
is quadratic and agrees with BCS dirty d-wave formalism
[6-9], measurements of the magnetic penetration depth A
in Pr,_,Ce,CuO4 (PCCO) and La,_,Ce,CuO4 (LCCO) have
provided evidence for a transition to a fully gapped supercon-
ducting state on the overdoped side by showing an exponential
temperature dependence of A(7") [10,11]. Another experimen-
tal study on PCCO has shown a weak temperature dependence
of A(T) at low temperatures and claimed that mixed gap sym-
metries might be a possible explanation [12]. It was followed
by a theoretical work arguing that weakly coupled two-band
d-wave model could actually account for such anomaly [13].
Finally, mutual inductance studies in overdoped LCCO have
reported a field dependence of the penetration depth, which
differ slightly from the d-wave picture [14].

To further investigate this cuprate puzzle, we use
time-domain terahertz spectroscopy (TDTS) to probe the
low-energy electrodynamics of electron-doped LCCO thin
films, both on the underdoped and overdoped sides.
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Conductivity data presented in this work was found to mani-
fest most of the key features predicted for disordered d-wave
BCS-superconductors, including a residual Drude peak in
the T — O limit and a characteristic upturn at high energies
[4,15,16]. We also report the magnetic field and temperature
dependencies of the superconducting spectral weight. Our
results imply that both overdoped and underdoped LCCO
samples studied in this work can be rigorously described
within a simple form of dirty limit d-wave BCS theory.

II. METHODS

TDTS allows one to simultaneously measure both the
magnitude and phase of a THz signal. By performing TDTS
measurements on both a thin film and on a reference substrate,
one can obtain the complex transmission 7' (w) intrinsic to the
sample. Optical conductivity can then be calculated using the
thin film approximation

n+1 [exp[i§AL(n -l 1}
dZ, T(w) ’

where n is the refractive index of the bare substrate, Z; is the
impedance of free space, d the thin film thickness, and AL the
thickness difference between sample and bare substrate. AL is
determined in two ways that gave measures within a micron
of each other. According to the Drude model, for a metal
at frequencies well below the normal state scattering rate of
electrons, the real part of conductivity oj(w) is expected to
be almost frequency independent, whereas the imaginary part
o03(w) should have very small positive value [0, (w) — 0 as
1/t — oo]. As the scattering rate is large at high temper-
ature, we set AL by the assumption that these conditions

o(w) =

ey
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FIG. 1. (a)Real and (b) imaginary parts of optical conductivity for overdoped LCCO (x = 0.13) as a function of frequency and temperature.
(¢) wo, derived from o, (w) data. Dashed lines indicate quadratic extrapolation to w = 0.

were fulfilled at room temperature. This AL agreed with the
value extracted by direct measure with a digital micrometer to
within 1 um. This is sufficient for phase-sensitive measure-
ments in THz range and none of our conclusions depended
on this residual uncertainty. It is also important to note that in
order to get purely ab-plane conductivity response from this
particular sample, the polarization of the incident THz signal
must be properly tuned. Specific details will be addressed
in Sec. IV.

Here we present conductivity down to 1.6 K and in an
applied field up to 3 T (the magnetic field being applied along
the ¢ axis). Measurements were performed on LCCO films
with x = 0.13 (overdoped, 7. = 21 K) and x = 0.10 (slightly
underdoped, 7. = 19 K) compositions. Both films had thick-
nesses of about 75 nm and were grown using pulsed laser
deposition (PLD) technique on LSAT substrates (5 x 5 mm?)
at T = 750°C utilizing KrF excimer laser. The films were
then post annealed at 600°C in an oxygen at pressure of
1 x 107> Torr for 30 minutes to induce superconductivity.
Details of the films’ properties as a function of temperature
and magnetic field can be found in previous works [17-19].

III. EXPERIMENTAL RESULTS

To analyze the experimental data, we consider a two-fluid
model of conductivity [20], in which only some fraction of
electrons are condensed into a superfluid and the rest remain
normal. The complex conductivity then has the form o (w) =
Spt/(1 —iwt) + w8;.8(w = 0)/2 + iSs./w, where S, and
1/t are normal state spectral weight and scattering rate
and Sy, is the superconducting spectral weight. Figures 1(a)
and 1(b) show the temperature dependence of the conductivity
in the overdoped LCCO sample (x = 0.13) with T, = 20 K at
zero magnetic field. In the superconducting state (7T < T), in
addition to §(w = 0) term, the low-frequency behavior of the
real part o) (w) is dictated by impurity scattering in the form
of a narrow Drude-like peak that persists down to the lowest
temperature (7' = 1.6 K). At higher frequency, o;(w) is grad-
ually increasing. o, (w) is fairly simple in the superconducting
state at the lowest temperature and exhibits the expected 1/w
dependence. In the normal state (T > T.), S,. vanishes and all
features of o (w) get smeared into a single broad Drude-like
peak, whereas o,(w) significantly drops in magnitude, but
gradually increases with w. To show that Drude model works
well for describing the low-energy electrodynamics of LCCO
samples, we perform simultaneous Drude fits to both o} (w)
and oy(w) near T, in Figs. 2(a) and 2(b). As one can see,

there is a good agreement between experimental data and
theoretical fits.

Several scenarios could explain the high-frequency upturn
of o1(w) in the superconducting state. In weak-coupling d-
wave theory, such a high-frequency upturn may be due to
the presence of inelastic scatterers (e.g., spin fluctuations
[4,16]), or from the breaking of Cooper pairs in a d-wave
superconductor [15]. In either case, conductivity in the super-
conducting state is expected to reach the normal state value
near frequencies of 4A and 8 A, respectively (A being the su-
perconducting gap). Penetration depth experiment on LCCO
with similar dopings (x = 0.135, T, = 21.7 K) have reported
A to be 1.25kgT, [21]. Using this approximate value, A for
x = 0.13 sample was found to be 0.52 THz. We extrapolated
o1 (w) to determine the frequency that the conductivity returns
to the normal value. One one can see in Fig. 3(b) that such
convergence happens around 2.5 THz, or 4.8 A. Although this
result does not exactly match either of the earlier predictions
precisely, our extrapolation is only a rough measure of the pre-
cise functional form. However, since the extrapolated result is
closer to 4A than 8A, we infer that the inelastic scattering
scenario is at least not ruled out as the origin of the high
frequency upturn in o (w).

We use o7(w) to calculate S;., which is proportional to
the superfluid density. Although each electronic channel con-
tributes to the conductivity in a different functional form, the
superfluid component, iS;./w, is the only term that exhibits
a 1/w dependence as w — 0. This enables us to extract the
spectral weight S;. by extrapolating wo,(w) with a quadratic
curve down to w = 0. [o2(w) ~ S,T%w + S, /w at low fre-
quencies when ot << 1.] We start with plotting wo,(w) as
a function of frequency for different temperatures as shown in
Fig. 1(c). The data at T = 1.6 K is flat, indicating that at low
temperatures o, (w) is almost fully composed of the superfluid
component. As we go to higher temperatures, the slope be-
comes steeper, implying the reduction of S;.. The temperature
dependence of the extracted superfluid spectral weight is de-
picted in Fig. 3(a). The data can be fitted with a good precision
to a quadratic form, characteristic of dirty-limit d-wave su-
perconductors with primarily unitary scattering [22]. In fact,
similar results were observed in penetration depth measure-
ments on PCCO [7,8], but data showed a Tz—dependence only
for T < 0.3 T.. Such a behavior was predicted for d-wave
superconductors with strong scattering (unitarity limit) where
the penetration depth would cross over from quadratic to
linear temperature dependence at 7* >~ 6 In2 y /7, y being the
width of the residual Drude peak in o (w) in the T — 0 limit
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FIG. 2. Drude fits to o (w) near T, (a) x = 0.13, 7. = 21 Kand (b) x = 0.1, T, = 19 K.

[23]. Based on our experimental data, T* for this overdoped
film is found to be greater than 7., which may explain the
absence of crossover in Fig. 3(a).

Another way to extract the superfluid density is by exploit-
ing sum rules. In the context of the Ferrel-Glover-Tinkham
rule [24,25], the sum of the spectral weights for different
states (normal and superconducting) has to be conserved.
This implies that the reduction of Sy, with temperature seen
earlier should be accompanied by an enhancement in the
normal state spectral weight S,,. Given that S, = fooo o1(w)dw,
the areal difference between the real conductivities at differ-
ent temperatures is expected to be equal to the associated
loss in S;.. To get a rough estimate of this, we extrapolate
o1(w) below and above our frequency range in Fig. 3(b).
As discussed earlier, the low frequency part can be fitted to
a Drude form S,7/(1 + w?t?), with T the relaxation time.
Regarding the high frequency part, the exact functional form
of an upturn in o(w) is sophisticated, but since all o;(w)
lines seem to converge fast, a linear fit was found to be
a good estimate. In Fig. 3(c) we compare the values for
superconducting spectral weight obtained this way with the
ones extracted from wo,(w). One can see that S, derived via
two different methods fall within the uncertainty range up to
~13 K, followed by a deviation at higher temperatures. How-
ever, two independent methods result in a similar quadratic
temperature dependence, which is a good indication that the
analysis we perform to extract S is valid. Here we want to
point out that the sum rule approach is only approximate due
to the limited frequency range (0.4-1.6 THz) of measured
data and complicated form of oj(w) at higher frequencies,

and was only used to validate more precise wo, extrapolation
method.

We then measured the dependence of the conductivity in
the same overdoped sample as a function of c-axis magnetic
field. Complex conductivity at 7 = 5 K for fields up to 3 T are
presented in Figs. 4(a) and 4(b). We use the same procedure as
mentioned above to extract the superfluid spectral weight from
wo,(w) and then plot it as a function of applied magnetic field
in Fig. 4(c). From this plot, one can see that the superfluid
spectral weight reduces linearly with +/B. This behavior, dif-
ferent from that of conventional s-wave superconductors, was
first predicted by Volovik [26] for clean-limit d-wave systems.
His argument was based on nonlinear London electrodynam-
ics for gap functions with d-wave symmetry developed by Yip
and Sauls [27]. A recent theoretical investigation has shown
that a sublinear relation may apply to disordered materials
as well [5]. The Volovik effect was previously observed in
optical measurements of hole-doped cuprates [28], but criti-
cal fields for these compounds are usually much higher and
cannot always be reached in static magnets. Data presented
in Fig. 4(c) comprises a field range large enough to fully
suppress superconductivity in this system and tends to exhibit
/B behavior throughout the entire superconducting phase.

Several experimental studies in electron-doped cuprates,
including optical [11] and mutual inductance [10] mea-
surements, have shown that the temperature dependence of
1/M(T)? can significantly differ for underdoped and over-
doped samples. It has been stated that the superfluid response
changes from d-wave to s-wave behavior at optimal doping.
The most straightforward way to investigate this is by looking
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FIG. 3. (a) Temperature dependence of the superfluid spectral weight S, for the x = 0.13 sample. Red dashed line denotes quadratic fit.
(b) Fitting oy (w) to Drude (low frequency) and linear forms (high frequency). Grey dashed lines are extrapolations as described in the text.

(c) Comparison of S;. obtained using 2 different methods.
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FIG. 4. (a) Real and (b) imaginary parts of optical conductivity for overdoped LCCO (x = 0.13) at different magnetic fields. (c) Superfluid
spectral weight S, at different temperatures as a function of applied magnetic field. Dashed lines indicate linear fit.

at o7 in superconducting state. For s-wave pairing symmetry
the conductivity is expected to vanish below 2A. As one can
see in Fig. 1(a) and Fig. 5(a), this does not occur in the optical
response at either doping level (2A = 1.04 THz for x = 0.13
and ~2.28 THz for x = 0.1). This rules out the possibility
of pairing symmetry transition to s wave. To perform more
detailed comparison of superfluid response of LCCO above
and below optimal doping, the same measurements of the con-
ductivity in temperature and magnetic field were performed
on a slightly underdoped (x = 0.1) sample. For this particular
film, we observe the T, to be ~19 K, which is somewhat below
reported values for this doping level [29]. We attribute this
behavior to a change in oxygen content within the sample that
can happen over a long period of time. In fact, it was shown
for holed-doped cuprates that the charge carrier density can be
affected by the formation of oxygen vacancies [30]. Although
T, reduction would decrease the magnitude of superfluid den-
sity, the analysis in this paper is purely based on how S;,. varies
with respect to certain parameters and, thus, remains valid.
Optical conductivity for the underdoped x = 0.1 sample at
different temperatures and fields is illustrated in Fig. 5. One
can see that the low-temperature electromagnetic response is
qualitatively similar to that of the overdoped sample: o} (®)
exhibits a Drude-like peak at low frequencies, which is then

followed by a gradual increase at higher energies. We use the
same method (wo,, w — 0) to extract the superfluid spectral
weight. Temperature and magnetic field dependencies of the
superconducting spectral weight Sy, are presented in Figs. 5(c)
and 5(f), respectively. For both dependencies, one can observe
a clear match with d-wave functional forms mentioned above.
Thereby, our experimental observations do not indicate any
qualitative changes in the superconducting response crossing
optimal doping.

IV. PREVENTING THE CONTRIBUTION
OF C-AXIS CONDUCTIVITY

Even small misalignment of the thin film’s ¢ axis can have
substantial effect on the measured optical conductivity. In
Figs. 6(a) and 6(b) we plot the real and imaginary parts of the
conductivity for LCCO x = 0.13 (on a different sample) at T’
=5 K (T < T,) for various linear polarizations of the incident
beam. An intense peak in o at finite frequency appears that
becomes negligible for ® = —45°. This feature, only present
in the superconducting state, was observed in several samples
and dopings. A similar feature has been already studied in
LCCO [31] and NCCO films [32]. This peak has been at-
tributed to a c-axis leakage in the conductivity. Indeed it was
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FIG. 5. Complex conductivity of x = 0.1 underdoped sample at: [(a),(b)] different temperatures (B = 0 T); [(d),(e)] different magnetic fields
(T = 4.8 K). (c) Temperature and (f) field dependence of extracted superconducting spectral weight S,.. Red dashed line denotes quadratic fit

to data. Black dashed line indicates linear fit.
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FIG. 6. [(a),(b)] Real and imaginary part, respectively, of the measured in-plane conductivity of LCCO x = (.13 as a function of frequency,
at T =5 K, for various polarizations of the incident THz beam (changing the angle ® of the linear polarization). [(c),(d)] Real and imaginary
part, respectively, of the calculated in-plane o.s as a function of frequency, in the case of a contribution of the c-axis conductivity via a tilt angle
«. The conductivity is calculated for different angles «, using for o,;, the actual data from (a) and (b) at ® = —45°, and for o, the extracted

data at x = 0.081 and T'= 2.5 K of reference Pimenov et al. [31].

demonstrated that a small tilt (as small as 1°) of the ¢ axis with
respect to the sample surface’s perpendicular could induce a
strong contribution of the c-axis conductivity in the measured
effective in-plane conductivity o.s. This could happen if the
substrate was cut close to the (001) direction but with a misfit
angle . Therefore, a strong anisotropy could lead to a peak in
oetf, that was shown to be associated with a c-axis Josephson
plasma resonance in these electron-doped cuprates.

The model for expressing the effective in-plane conductiv-
ity of a sample with a small tilt « of the ¢ axis gives

—iegw(o, cos? () + o, sin®(a)) + 0,0,

@

Oeff = X .
¢ —ieow + o, sin®(a) + o, cos2(a)

with o, and o, the complex in-plane and out-of-plane con-
ductivities, respectively. To give a qualitative insight into the
effect of a c-axis leakage, we represent in Figs. 6(c) and 6(d)
the real and imaginary parts respectively of a calculated o
for several angles «, using for o, the data of 6(a) and 6(b) at
® = —45° (when the contribution of the peak is negligible)
and for o, the extracted data of Pimenov et al. for LCCO x =
0.081 at T = 2.5 K [31] [we obtain o, from €. via the relation
o = iegw(€x-€), With €5, = 1]. An intense peak indeed arises
in o7 at finite frequency, even for small tilt angles, reminiscent
of the experimental observations. These calculations and the
disappearance of this intense peak in the data with a change in
the linear polarization of the incoming beam seem to indicate

that the feature is extrinsic and due to a mixing of ¢ axis and
ab-plane conductivities. In this work, we chose to use an angle
that fully suppresses this c-axis contribution using a specific
polarization to remove these additional effects and study the
pure in-plane response.

V. CONCLUSION

In summary, we measured the complex optical conductiv-
ity of overdoped and slightly underdoped LCCO thin films
in the THz range. Low-temperature behavior in both cases
was found to match theoretical predictions for d-wave BCS
superconductors in the presence of impurities. Moreover,
temperature and magnetic field dependencies of extracted
superconducting spectral weights were shown to agree with
extant theories. Overall, the analysis in this paper strongly
indicates that the low-energy electromagnetic response of this
electron-doped cuprate in the vicinity of optimal doping can
be well understood within dirty-limit BCS d-wave formalism.
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