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The temperature dependence of the superfluid density ρsðTÞ has been measured for a series of ultrathin
MBE-grown DyBa2Cu3O7-δ superconducting (SC) films by submillimeter wave interferometry combined
with time-domain terahertz spectroscopy and IR ellipsometry. We find that all films 10 u.c. and thicker
show the same universal temperature dependence of ρsðTÞ, which follows the critical behavior
characteristic of single crystal YBa2Cu3O7-δ as T approaches Tc. In 7 u.c. thick films, ρsðTÞ declines
steeply upon approaching Tc, as expected for the Berezinskii-Kosterlitz-Thouless vortex unbinding
transition. Our analysis provides evidence for a sharply defined 4 u.c. non-SC interfacial layer, leaving a
quasi-2D SC layer on top. We propose that the SC state in this interfacial layer is suppressed by competing
(possibly charge) order.
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The commonality of the layered CuO2 plane structure to
all families of copper oxide high-Tc superconductors
(HTSCs) implies that understanding the effect of reduced
dimensionality on superconductivity in the cuprates is key
to elucidating the mechanism of HTSC. Even in the
presence of strong anisotropy, the CuO2-bilayer material
RBa2Cu3O7-δ (RBCO), where R is rare earth, displays
critical fluctuations belonging to the 3D-XY universality
class, where the fluctuation correlations extend over many
CuO2 planes along the c axis [1–3]. Close to optimal doping
the 2D-like properties of the superconducting (SC) con-
densate appear only within a very narrow temperature
range just below Tc [4], where uncorrelated fluctuations
in adjacent CuO2 layers are described by the Berezinskii-
Kosterlitz-Thouless (BKT) vortex unbinding transition [5,6].
One way to make the manifestation of 2D SC noticeable

is to reduce the coupling between the CuO2 planes by
doping. Indeed in the underdoped regime, where adjacent
CuO2 bilayers are weakly Josephson coupled, the SC
fluctuations persist over a wider temperature range both
above and below Tc [2,3,7]. Furthermore, intrabilayer
SC precursor fluctuations may survive up to temperatures
much higher than the maximum Tc due to coherent
tunneling of preformed Cooper pairs within the CuO2

bilayer units [8]. Despite this, no evidence has yet been
reported for the BKT transition in such extremely aniso-
tropic HTSC systems [9]. In this case the characteristic 2D

features are obscured by the complex relationship between
2D and 3D fluctuations caused by Josephson coupling
between the planes [10] and a variety of competing
orders [7,11].
Another route to approach the 3D to 2D crossover is to

reduce the sample thickness to less than the c-axis corre-
lation length. Early reports of the BKT transition based on
dc transport measurements in ultrathin YBCO layers
sandwiched between semiconducting (Pr,Y)BCO are con-
troversial [5,12,13].Vortex diffusion in such layers has been
studied by single-coil mutual inductance (MI) measure-
ments at microwave frequencies (megahertz to gigahertz)
and discussed in terms of the dynamical BKT theory,
although vortex-antivortex pairing is strongly obscured
by defect pinning [14]. More recently, the BKT-like down-
turn of superfluid density ρs with temperature has been
reported from low frequency (kilohertz) two-coil MI
measurements of 2 u.c. thick highly reduced Ca-doped
YBCO [15]. To date, however, similar behavior in optimally
doped RBCO films has not been reported.
In this Letter, we report the temperature and thickness

dependence of ρs in a series of near-optimally dopedDyBCO
ultrathin films grownbymolecular beam epitaxy (MBE). For
films thicker than 10 u.c. we observe a universal temperature
dependence ofρsðTÞ, while for thinner films signatures of the
BKT transition emerge and reveal 2DSC fluctuations over an
exceptionally broad temperature range of ∼13 K above Tc.
Our results also provide evidence for a ∼4 u.c. non-SC layer
at the substrate interface that shares a sharpboundarywith the
SC portion of the film, and we propose a picture wherein an
epitaxially stabilized competing order suppresses the SC in
the interfacial layer while leaving the CuO2 planes above
superconducting.
DyBCO films with thicknesses ranging from 7

to 60 u.c. (8–70 nm) were grown on (100)-oriented
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(LaAlO3Þ0.3ðSr2AlTaO6Þ0.7 (LSAT) substrates of dimen-
sions 10 × 10 mm2 by ozone-assisted atomic-layer-by-
layer oxide MBE, and the high crystal structure quality
of the films was confirmed by x-ray diffraction and trans-
mission electron microscopy measurements, as reported
elsewhere [16]. The results reported here are primarily
based on measurements of the complex transmission
obtained with a tabletop quasioptical submillimeter-wave
Mach-Zehnder interferometer. These measurements were
supplemented by broadband measurements of the complex
dielectric function via combined time-domain terahertz
spectroscopy and far-infrared-to-UV ellipsometry [17].
Figure 1(a) shows the real and Fig. 1(b) the imaginary

parts of the complex conductivity, σ̃ ¼ σ1 þ iσ2, extracted
from the measured transmission and phase shift of the film-
on-substrate systems at 280 GHz. The imaginary part of the
conductivity increases sharply below Tc due to the increase

in screening caused by the formation of the SC condensate.
The real part of the conductivity shows a maximum below
Tc which corresponds to the increase in the scattering time
τðTÞ of thermally excited quasiparticles. To determine the
doping level in the films, we performed spectroscopic
ellipsometry measurements in the visible range, shown in
Fig. 1(c). All samples with thicknesses equal to and greater
than 10 u.c. and Tc values ranging from 80 to 90 K are
nearly optimally doped, as indicated by the absence of a
sharp peak in the imaginary part of the dielectric function at
4 eV. Such a peak, which is specific to the 123 family of
HTSCs in contrast to other cuprates, is attributed to the
dumbbell Cu 3d3z2−1 to 4px transitions and allows us to
resolve the presence of intact CuO chains [21,22]. For
comparison, we also show the response of a 20 u.c. film
(UD20uc) annealed at lower ozone pressure with reduced
Tc ¼ 52 K, which clearly shows the presence of the 4 eV
peak. Interestingly, a 7 u.c. film (OP7uc), which has a
reduced Tc of 72 K compared to that of 85 K for a similar
10 u.c. film (OP10uc), reproducible even after annealing and
reoxidizing, displays very similar optical spectra toOP10 uc,
implying nearly the same doping in those samples.
Strain effects in the films were investigated by high-

resolution x-ray diffraction measurements of the HK plane
centered about the (4 0 10) reflection, depicted in Fig. 1(d)
as illustrations adapted from Ref. [16]. The results show
that for all near-optimally doped films the structure is
dominated by fourfold orthorhombic twin domains. The
60 u.c. films have a relaxed orthorhombic structure as
indicated by the four circular diffraction spots in the
upper reciprocal space map. The fourfold diffraction
pattern displays a thickness dependent elongation and shift
toward the center, tracking the evolution of the decreasing
strain relaxation with decreasing film thickness. In contrast
to the single circular diffraction spot for an underdoped
film, which suggests a tetragonal structure, the thinnest
samples display a propellerlike diffraction pattern, indicat-
ing that they adapt to the square structure of the underlying
substrate lattice while also retaining CuO chains.
From the measured complex conductivity the penetration

depth λ, which corresponds to the superfluid density ρs ¼
1=λ2, can be obtained as λ−2ðTÞ ¼ limω→0 μ0ωσ2ðTÞ. The
frequency used in Figs. 1(a) and 1(b) is within the London
limit, where σ2 ∝ ω−1, so the measured σ2 provides a
close estimate of λ. Detailed analysis requires the frequency
and temperature dependence of the complex conductivity
σ̃ðω; TÞ, which we measured over a broad range of fre-
quencies (0.1 meV < ℏω < 1 eV) and temperatures (5 <
T < 300K) [17]. The in-plane superfluid density ρsðTÞwas
accurately extracted by fitting the spectra with the
two-fluid model, σ̃ðω;TÞ¼ iρnðTÞ=ðωþ i=τÞþ iρsðTÞ=ω,
with ρn þ ρs remaining constant. Our analysis shows that
changes in σ2 are quantitatively consistent with the opening
of the SC gap in σ1 and its spectral weight transfer into the
delta function at ω ¼ 0. Kramers-Kronig consistency of the
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FIG. 1. (a),(b) The temperature dependence of the real and
imaginary parts of the optical conductivity, σ̃ ¼ σ1 þ iσ2, mea-
sured at 280 GHz for all samples studied in this work. The arrows
indicate the values of Tc. (c) Imaginary part of the dielectric
function for DyBCO films in the visible-near-UV spectral range,
as obtained by ellipsometry at T ¼ 293 K. (d) Illustrations of
high-resolution XRD reciprocal space maps for the HK plane
centered about the (4 0 10) reflection adapted from Ref. [16].
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measured σ1ðω; TÞ and σ2ðω; TÞ up to near-IR frequencies
imply that the Ferrell-Glover-Tinkham sum rule holds in
DyBCO towithin 2% error [17]. This analysis shows that the
two-fluid model is obeyed, implying in particular that the

temperature dependence of τðTÞ is responsible for the peak in
σ1ðTÞ below Tc [23,24]. The different shape of the peaks in
Fig. 1(a) implies the presence of different interfacial scatter-
ing and impurity levels due to different growing conditions of
the films.
Figure 2(a) shows the normalized values ρsðTÞ=ρs0 for

the near-optimally doped films with thicknesses 10 to
60 u.c. Strikingly, the evolution of the superfluid density
with temperature is the same for all samples, implying the
universality of ρsðTÞ for the near-optimally doped DyBCO
films, in spite of their different impurity and strain
relaxation levels. We compare this temperature dependence
with that for ultraclean single crystal YBCO, shown by the
solid gray line in Fig. 2(a) [25], averaged over a and b
crystallographic directions of a detwinned crystal. Near Tc
our data are reasonably consistent with the single crystal
data and show the same critical behavior, which has been
taken as evidence for 3D-XY critical fluctuations over a
broad temperature range [1]. Below 0.8Tc our data deviate
from the single crystal data. Linear dependence of ρsðTÞ at
low temperatures has been a key piece of evidence for
nodes in the energy gap in cuprate HTSCs [26]. In contrast,
our data approach a T2 dependence, characteristic of nodal
pair breaking by disorder [27].
To draw a comparison to the effects of underdoping,

ρsðTÞ=ρs0 for a near-optimally doped 20 u.c. film (OP20uc)
is shown with that for annealed UD20uc in Fig. 2(b). In the
case of the underdoped sample ρs deviates from the
universal trend observed in Fig. 2(a) and instead becomes
more linear in temperature. To quantify this difference, we
use a phenomenological fit of the measured curves of the
form 1 − ðT=TcÞα. For the reduced UD20uc film, we find a
decrease in the scaling factor to α ¼ 1.75 from α ¼ 2.65 for
OP20uc. The observed trend is consistent with previous
observations for highly underdoped YBCO [9,28], where
deviations from the 3D-XY critical behavior were discussed
as resulting from fluctuations near a quantum critical point
approaching the ð3þ 1ÞD-XY universality class [9]. At the
same time, the temperature dependence ρsðTÞ=ρs0 exhibits
striking resemblance to calculations for a dirty d-wave
superconductor with a circular Fermi surface of tetragonal

FIG. 2. (a) The temperature dependence of the normalized
superfluid density for five near-optimally doped DyBCO films
with thicknesses 10–60 u.c. The solid gray line shows ρsðTÞ=ρs0
averaged over a and b crystallographic directions for pure
YBa2Cu3O6.99 single crystals [25]. The values of ρs0 for all
films are listed in Table I. (b) The normalized superfluid density
for an annealed underdoped 20 u.c. DyBCO film (red open
circles). ρsðTÞ=ρs0 for this underdoped film agrees well with
calculations for a dirty d-wave superconductor with a circular
Fermi surface [27] (black dotted line). (c) The superfluid density
for near-optimally doped 10 u.c. (black diamonds) and 7 u.c. (red
squares) DyBCO films, with ρsðTÞ for the 10 u.c. film scaled by
0.345. The linear dashed red, solid red, and solid black lines
correspond to the expected BKT superfluid density for a 3, 7, and
10 u.c. thick SC layer, respectively, as described in the text. The
black dotted curve in (c) represents the universal temperature
dependence observed in (a).

TABLE I. Nominal thicknesses L and values of Tc, zero-
frequency limit of the real part of the optical conductivity at Tc,
σdc ¼ σ1ðω → 0; TcÞ, and zero-temperature superfluid density
ρs0 obtained from the data in Fig. 1.

Film ID L (u:c:=nm) Tc (K) σdc (mΩ−1 cm−1) ρs0 (μm−2)

OP60ucA 60=69.6 90 9.7 19.1
OP60ucB 60=69.6 84 10.7 15.6
OP40uc 40=46.4 90 10.0 16.0
OP20uc 20=23.3 82 16.4 19.9
OP10uc 10=11.7 85 5.1 7.67
OP7uc 7=8.3 72 3.6 2.65
UD20uc 20=23.6 52 1.7 1.33
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symmetry [27]. This agreement is illustrated by the
comparison of the data to the black solid and dashed lines
in Fig. 2(b), which represent calculations in the clean and
dirty limit, respectively, with the unitarity-limit scattering
ΓN ¼ 0.1Tc0. The disorder causes a crossover from
T-linear to T2 behavior of ρsðTÞ in the low temperature
limit, whereas the particular choice of the Fermi surface
determines the critical behavior as T approaches Tc. The
agreement between our data and the calculations is also
consistent with a change of the Fermi surface topology
from orthorhombic to tetragonal symmetry upon crossing
over from near optimal doping to underdoped. Comparison
of calculations to the entire temperature dependence of
ρsðTÞ=ρs0 for the near-optimally doped films remains
difficult, however, due to the incorporation of rectangular
distortions of the Fermi surface. Further calculations based
on the realistic Fermi surface of DyBCO are required to
explain the temperature dependence of our universal
behavior in Fig. 2(a).
We now turn to the central issue, the evolution of the

superfluid density ρsðTÞ when the film thickness is further
reduced below 10 u.c. For the near-optimally doped OP7uc
shown by the red squares in Fig. 2(c), the steepness of
ρsðTÞ increases compared to the universal dependence,
depicted by the black dotted line. Remarkably, when ρsðTÞ
for OP7uc is compared with the normalized superfluid
density of OP10uc, it becomes evident that the two follow
the same temperature dependence below 50 K. Above
50 K, however, ρsðTÞ of OP7uc falls rapidly to zero,
suppressing Tc by ≈13 K with only minor broadening of
the SC transition ΔTc from 1.4 K in OP10uc to 2 K in
OP7uc, as defined by the FWHM of the peak in ImMIðTÞ
[17]. Such a reduction of Tc is generally expected as a
consequence of enhanced thermal fluctuations in two
dimensions. In 2D superconductors, one expects a BKT
transition with an abrupt (universal) jump in ρsðTÞ at
the temperature where this quantity intersects the line
ρsðTBKTÞ ¼ 8πμ0kBT=LΦ2

0, where L is the film thickness
and Φ0 ¼ h=2e is the flux quantum [5,6]. This line is
shown in Fig. 2(c) for L ¼ 10 u:c: (black solid line) and
L ¼ 7 u:c: (red solid line). Whereas TBKT is expected very
close to the measured Tc for L ¼ 10 u:c:, the BKT
transition for L ¼ 7 u:c: is predicted at a significantly
lower temperature that is consistent with the temperature
range in which ρsðTÞ exhibits a steeper drop. However,
instead of a genuine jump ρsðT → TcÞ is rounded, implying
the existence of Tc inhomogeneity in the film. Our analysis
of the charge carrier scattering shows that even our thinnest
films remain in the moderate disorder regime, where the
mean free path significantly exceeds the in-plane SC
coherence length, l=ξab > 1 [17]. According to recent
theoretical calculations [29,30] the BKT jump is smeared
by Tc inhomogeneity around the average TBKT, in very
good agreement with our observations (cf. Fig. 4 in
Ref. [30]).

It remains plausible that our films are not uniformly
superconducting throughout their entire thickness. To
address this issue, in Fig. 3(a) we compare the critical
temperature measured by MI with the film thickness and
find that Tc drops rapidly to zero near 4 u.c. [16]. Because
of the large variation in interfacial and impurity scattering
exhibited by the various films, we cannot directly draw a
comparison between ρs0 and thickness L. Rather, we
normalize ρs0 by the normal state conductivity σdcðTcÞ
and Tc [31]. Curiously, the quantity ρs0L=σdcTc, propor-
tional to the effective thickness of the SC layer, trends
linearly to zero also at 4 u.c., suggesting that at this
thickness the fraction of SC material in the film drops to
zero. This implies that a non-SC interfacial layer of
thickness ∼4 u:c: persists in all DyBCO films. At a
thickness of 7 u.c. only a thin 3 u.c. SC layer remains
which approaches the threshold for 2D SC fluctuations to
emerge, as schematically presented in Fig. 3(b). The red
dashed line in Fig. 2(c) represents the BKT line with the
effective SC layer thickness reduced to 3 u.c. Assuming that
the superfluid density should also be normalized by the
effective thickness of the SC layer, this dashed line serves as a
lower bound for the BKT transition temperature in OP7uc.
The non-SC 4 u.c. interfacial layer plays the role of the

semiconducting (Pr,Y)BCO buffer layer used in previous
studies of ultrathin SC YBCO films [12–15,32,33] to adapt
the orthorhombic structure of the DyBCO film to the square
lattice of the underlying substrate. Indeed, TcðL − 4 u:c:Þ
in our films reproduces quite well TcðLÞ observed in
YBCO=ðPr;YÞBCO multilayers [32,33]. The relatively
homogeneous and large Tc even in films as thin as
7 u.c. imply that the interfacial layer is sharp and well
defined. The absence of 4 eV peak in Fig. 1(c) in all our

(a) (b)

10 20 30

0

40 50 60

20

40

60

80

0

T
c

)
K (  

Thickness, L  (unit cells)

0

1

2

3

FIG. 3. (a) The thickness dependence of Tc of the DyBCO
films (solid circles, left axis) as determined by MI measurements
[16]. Samples thinner than 5 u.c. were unstable and displayed a
broad ImMIðTÞ peak close to T ¼ 0. Also plotted as a function of
thickness is the quantity ρs0L=σdcTc, which represents a measure
of the effective SC layer thickness (blue squares, right axis).
(b) Schematic representation of the DyBCO films wherein a 4 u.c.
non-SC layer sits at the substrate-film interface to adapt the
orthorhombic structure of the DyBCO film (bf > af) to the
square lattice of the underlying LSAT substrate (as ¼ bs).

PHYSICAL REVIEW LETTERS 125, 237001 (2020)

237001-4



samples independent of thickness suggests that the films
are uniformly oxygenated and an epitaxially induced
oxygen vacancy distribution is not primarily responsible
for the origin of the non-SC layer. Epitaxially stabilized
competing order, such as charge density wave correlations,
which universally exist in cuprate HTSCs [11], may instead
be present and suppress SC. Recent resonant x-ray scatter-
ing measurements on underdoped YBCO films grown
epitaxially on SrTiO3 indicate that epitaxial strain can
stabilize 3D charge order (CO), with the Cu sites in the
CuO chain layers participating in the CO state [34]. There,
the apparent lack of competition between 3D CO and
superconductivity was interpreted as possible evidence of
mesoscopic phase separation between regions hosting the
CO and SC states. It is therefore possible that the 4 u.c.
interfacial layer represents an intrinsic CO but non-SC
region, which may remain metallic and provides an avenue
to understanding recent reports of an anomalous bosonic
metallic state in 10 u.c. SC YBCO films [35].
In summary, we have carefully examined the temperature

dependence of the superfluid density for a series of ultra-
thin DyBCO films. We find that films 10 u.c. and thicker
near optimal doping display a universal temperature
dependence of ρsðTÞ=ρs0. This universality allows us to
draw a clear distinction with the behavior of ρsðTÞ in a
thinner 7 u.c. sample, where the steepness of ρsðTÞ as T
approaches Tc markedly increases. We assign the suppres-
sion of Tc in this film to the emergence of 2D SC
fluctuations. Further studies of the magnetic field depend-
ence of ρsðTÞ are important to elucidate this scenario. Our
analysis suggests that a sharply defined 4 u.c. thick
interfacial layer remains non-SC, leaving a quasi-2D SC
layer on top. We propose that this interfacial layer hosts an
epitaxially stabilized non-SC CO state. Our results provide
a promising platform to study 2D SC and its interplay with
CO in cuprate HTSCs.
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