Probing the interface and individual layers in cuprate/manganite
heterostructures by Raman Spectroscopy
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We report a comprehensive set of polarized Raman spectra on thin-film multilayers of the high-7, superconductor
YBa;Cu3 07 and electrically insulating manganites RMnO3 (R = rare-earth partially substituted with Group II elements)
hosting magnetic, charge and orbital order (COO). Such multilayers have been shown to exhibit a unique insulating-
to-superconducting transition that is induced by magnetic field, electric field or by tailoring the chemical composition
of the R-site of the manganite. The Raman spectra show significant Jahn-Teller distortions of the manganite structure,
which correlate with COO, approximately 90 K above the magnetic ordering temperature of 140 K. Based on the Ra-
man data and earlier electrical transport studies of single-layer manganite films, we argue that the manganite layers
in our heterostructures remain electrically insulating across the range of temperatures, dopings and magnetic fields
investigated. The Raman spectra show a pronounced red-shift and broadening of lattice vibrations around 200 cm™! in
the multilayers compared to those of manganite films may indicate hybridization with YBa;Cu3zO7; phonons. We also
observe additional excitations at 690 cm~! and 830 cm ™! that are absent in the single films or bulk responses, which we
discuss to originate from the cuprate/manganite interface. These observations demonstrate that the phonon spectrum is
significantly modified in our multilayer samples. This is expected to play an important role in the mechanism of the

insulating-to-superconducting transition found in these cuprate-manganite multilayers.
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I. INTRODUCTION

Thin-film multilayers comprising metal-oxides host a
wide range of emergent, tunable and potentially useful
characteristics'"?, which result from interactions across the in-
terface such as spin and orbital reconstruction, charge transfer
and phonon-coupling®"©1¥ a5 well as some as-yet unidentified
mechanisms 12 A showpiece are multilayers of the cuprate
high-temperature superconductors (high-7; SC) and rare-earth
manganites, exhibiting a range of emergent properties, such as
modified spin-states at the interface and long-range electron-
phonon coupling transfer®. These heterostructures are a pow-
erful platform to study the interplay between magnetic and
superconducting order’>* and the charge- and orbital order-
ing (COOY#. They allow for extended functionality such as
super-spin valves™, and could be incorporated in future elec-
tronic devices'®.

Furthermore, they provide a novel route to understanding

high-7,. SC in the cuprates by way of the response of the su-
perconducting condensate to the electronic and magnetic state
of the manganite.

Raman spectroscopy has been widely used to measure the
optical response of YBa,Cu3zO;_s (YBCO) and manganite
single crystals to study phonons (and phonon anomalies)
and their potential coupling to superconductivity and other
electronic states' 2%, charge ordering®’“%, electronic scatter-
ing associated with superconductivity'®=> as well as scatter-
ing related to magnetic excitations2®2” through to proximity-
induced superconductivity?®. The number, energy and line-
width of phonons in the Raman spectra indicate a particular
space-group symmetry and crystalline quality.

Measuring the Raman response of thin films, and espe-
cially multilayers and superlattices with a large number of
interfaces, is more complex. Using Macro-Raman Scatter-
ing is unsuitable to study these systems, because of a nor-
mally very strong and thus dominating response from the sub-
strate compared to the one of thin films with thicknesses in
the nanometer range. A solution to this issue is to use con-
focal Raman spectroscopy, where the film’s response can be
isolated. This approach revealed a transfer of the electron-
phonon coupling strength between superlattice layers®, spin
and charge ordering in nickelate superlattices*” and the COO



in some cuprate/manganite heterostructures'2-%, and ferroe-

lastic Jahn-Teller domains in LaMnO3 thin films>L. However,
the majority of previous studies focused on a limited range
of manganite compositions and periodicity configurations,
which limits the possibility to make comprehensive conclu-
sions on the role of the interface and of single layers.

Here, we detail the Raman response of high-quality thin-
film multilayers of manganites RMnO3 and the superconduc-
tor YBCO, which have been shown to host a highly unusual
superconducting ground state that is electrically insulating on
a macroscopic scalel. Our main interest in this study is
to investigate the emerging phenomena observed in the het-
erostructures that arise from the interface and which cannot
be attributed to the bulk response. R is chosen so as to al-
ter the electronic and magnetic properties of the manganite=?,
which in turn induces the putative granular-superconducting
state of the YBCO that leads to an insulating macroscopic
response. Our wider aim is to characterize the salient prop-
erties of the manganite which induce these unusual supercon-
duting states, including magnetic, charge, and orbital ordering
of the manganite. Whilst Raman spectroscopy is an indirect
probe of such states, it is instructive as it is complementary
to bulk probes. For example, the electrical transport proper-
ties of the manganite can be difficult to ascertain from direct
electrical transport measurements on multilayer films contain-
ing the highly conducting YBCO. By studying the effects of
magnetic field, temperature, scattering polarization and sam-
ple composition, and in comparison to literature pertaining to
bulk single crystals, we confirm the optimal doping of the
YBCO and insulating state of manganite in multilayer com-
positions that exhibit the insulator-to-superconducting transi-
tion. We further report on two novel Raman-active modes at
690cm~! (86 meV) and 830 cm ™! (103 meV), and show a po-
tential hybridization of cuprate and manganite phonon modes
in the multilayers.

Il. MATERIALS AND METHODS

A. Materials
Epitaxial thin films of the cuprate superconductor
YBa;Cu3O07(YBCO) and perovskite-phase  manganite

RMnOj3, with R = PrgsLag,Cags (PLCMO), La;_,Ca,
(LCMO) or Nd;,(Caj_,Sry), (NCSMO), are grown on
Lag.3Srg7Alye5Tag 3503 (LSAT) substrates that are (001)-
oriented (from Crystec) by pulsed laser deposition (PLD)
using an excimer KrF laser (A = 248 nm) and following the
detailed growth and characterization process described in
Refs 1232 The films’ thicknesses range from 1 to 100 nm and
are capped by a 1-2nm thin layer of LaAlO3 to protect the
surface of the manganite or cuprate top film. In this manner,
the layer thicknesses show bulk-like responses. Ideally, one
would make a thickness-dependent study, however, thinner
layers would lead to proximity effects and larger total sample
thicknesses would decreas film quality. The superlattice sam-
ples here presented have a periodicity of 10 bilayers (Cu/Mn).
The samples have a small interface roughness (~ 0.5 nm)
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FIG. 1. Principle of polarized confocal Raman spectroscopy. (a)
Sketch of the incident (violet) and scattered (orange) light polariza-
tion on a RMnOj3 unit cell. As an example, an z(X'Y’)Z - configu-
ration after Porto’s notation, is shown. (b) The laser light is focused
onto the sample surface, so that scattered light contributions from
out-of-focus points (such as from the substrate) are suppressed by
the confocal pinhole3-.

and minimal chemical diffusion across the interface; this has
been determined by e.g. x-ray reflectivity experiments, with
representative quality characterization results found in the
supplementary materials of Refs. [11] and [12. Single layers
were synthesized for the purpose of being the reference
samples. The effect of the Cu/Mn interface was investigated
by obtaining the Raman response of trilayers with manganite-
cuprate-manganite configuration. This response we expected
to be enhanced in superlattice samples comprising multiple
repetitions of a manganite-cuprate bilayer block, with the first
and the last film layer (excluding the LaAlO3 capping film)
being the manganite.

B. Methods

The zero-field Raman spectroscopy experiments were car-
ried out using the 632.8 nm excitation line of a HeNe laser
and recorded on a commercial HORIBA LabRAM HRS800
spectrometer. The measurements reported in the manuscript
were performed in full back-scattering geometry expressed
in Porto’s notation. As sketched in Fig. [Th, z(X'Y’)zZ indi-
cates back-scattering with incident polarization 45° to the Mn-
O nearest-neighbour bond with the cross-polarized scattered
light measured. The spectral resolution of approximately
1cm™! is set by the 600 lines/mm grating, and the spatial res-
olution in the horizontal (vertical) direction of about 10 um (a
few micrometers) is defined by the optical components. The
laser was focused with a x 100 long-working distance objec-
tive lens with a short depth of focus, NA= 0.6, which was
positioned with an accuracy of 0.5 pm such that the focus is
centered on the film??#, In addition, a 50 um confocal hole
is placed along the scattered light path to minimize the Ra-
man responses from out-of-focus points, such as the substrate
contribution (see Fig.[Ip). Collection times for each spectrum



were typically 30 min. The residual substrate contribution was
subtracted from the spectra using reference measurements for
which the beam focus was moved into the substrate:

Iraw = (Iz:O *fsslss) / (1 - fss *fvac) (1)

Here, I, is the spectrum measured at the optimal focal height
for the film, f is a fitting parameter that represents the frac-
tion of the focal volume which still probes the substrate at
z =0 and I is the substrate spectrum obtained by moving the
focus 30 um below the film surface (z = 30 um). fy, is an ad-
ditional fitting parameter representing the fraction of the focal
volume above the surface of the film when z = 0, which does
not contribute to the Raman response. It adjusts the magni-
tude of I,y and may be used to normalize the spectra. Unless
explicitly mentioned otherwise, we set fy,c = 0 in this work.
Two volume Bragg-grating filters in combination with an
Ultra Low Frequency Filter allowed us to efficiently reject
Rayleigh-scattering, facilitating data collection down to
4.5cm™! on either side of the elastic scattering from the laser.

The sample temperature was controlled by means of a He
flow cryostat and laser heating effects were minimized by
keeping the laser power below 1 mW. All reported Raman
spectra in the manuscript are corrected for the Bose thermal
factors. For Stokes scattering

R(V) = Law [1 —exXp <kh]‘1/>:| 2
B

where T is the temperature and R(V) is the imaginary part of
the Raman susceptibility=>=.

Raman-active excitations observed in the spectra were fitted
using pseudo-Voigt line shapes

1(v) =SWnL(v,v,7)+(1=n)G(v,v,4)] ()

which convolute the instrumental resolution with the in-
trinsic line-width of the Raman mode. In this expression
L(v,v0,7) = 7V’m ' [+ (v—w)?]
shape, G(Vv,Vvy,A) = (\/ﬁAln2)7l exp [—In2.(v — vp)?A~?]
a Gaussian line shape and 1) a mixing parameter used to ap-
proximate the exact convolution function®”. SW is the area
under the curve, vy the peak-center and 7y the half-width at
half-maximum (HWHM) of the mode.

The magnetic-field-dependent Raman scattering experi-
ments were performed from zero to 13 Tesla. The data was
taken at T = 5 K after zero-field cooling and under excitation
of a 515.1 nm laser light beam in quasi-z(XX)Z scattering ge-
ometry. In this experiment, it was necessary to tilt the sample
30° away from true back-scattering geometry to suppress the
Rayleigh scattering. This also results in the applied magnetic
field direction being at a 30 degree offset from the film nor-
mal (30 degrees off the c-axis of the YBCO). The analysis
is in analogy to the zero-field spectra, which will be further
discussed in the respective Results section.

1. . .
is a Lorentzian line

20
(a) PLCMO/YBCO superlattice film AXX)z
— z(X'X')z
151 — XY
—_ 2(XY)z
2
& 10
~
5 4
W%
0 T T T T T T
(b) LSAT substrate
12.5 1
10.0
3
& 754
=
5.0 1
2.5
0.0 1z B
0 200 400 600 800 1000 1200
v(em™h)

FIG. 2. Polarization dependence and isolation of the pure thin film
response. The spectra demonstrate the four accessible polarisation
configurations for (a) a PLCMO(10nm)/YBCO(7 nm) superlattice
sample (after the substrate correction) with ten bilayer repetitions
and a total film thickness of 180 nm at 10K, and (b) an LSAT (001)
substrate. The black asterisks in (a) show artefacts which result from
a residual substrate contribution after correction.

I1l. RESULTS
A. Exemplar: PrysLag,Cap3Mn0O3 / YBa,CuzO; multilayers

We start by presenting Raman scattering spectra demon-
strating the overall spectral features resolved from our thin-
film multilayers. Figure[2(a) shows the spectra taken at 10K
for a PLCMO(10 nm)/YBCO(7 nm) superlattice with ten bi-
layer repetitions and a total film thickness of 180 nm (see Ma-
terials section for details) for all four unique and accessible
polarization configurations for our experimental set up.

The spectra of an LSAT single crystal, which served as a
substrate for the thin films studied in this work, are taken at a
temperature of 10 K and are shown in Figure 2[b). From 10 to
300K the spectra of LSAT do not change significantly, which
is expected since there is not any known structural or elec-
tronic phase transitions in this temperature range in this mate-
rial, with the symmetry being conserved. Previously reported
spectra taken at room temperature are in good agreement>5-2,
In most cases, the substrate contribution to the raw spectra
can be unambiguously and effectively subtracted by the pro-



cedure described in the Methods section. There are however a
few spectral regions where, for some polarization configura-
tions, the substrate subtraction procedure leads to artefacts in
the spectra (marked by black asterisks in Figure 2{a)).

The spectra of a cuprate-manganite multilayer thin film
in Figure 2Ja) reveal multiple and overlapping peaks and a
non-zero ‘background’ intensity. Except for additional back-
folded c-axis phonon modes* at around v ~10cm™!, the
presented spectral range shows all the features that we ob-
served. That is, we do not see additional spectral features out
to 4000 cm~! such as might be expected for two-magnon scat-
tering from the YBCO*L, or spurious fluorescence or spectral
features associated with adsorbed ice*2.

When comparing the response under the various polariza-
tion configurations, it is clear that spectral features in the
z(XY)z configuration are weak. This polarization configura-
tion also exhibits a relatively weak Raman response in single
crystals of YBa,Cu3O7* and comparable manganites* from
which we infer that our multilayer films maintain throughout a
good alignment of the in-plane crystallographic axes. We note
that those in-plane crystallographic axes are finely twinned in
our films, so that any orthorhombic distortion of the crystal
structure in our films does not lead to a measurable difference
under 90 degrees in-plane rotation of the sample. The most
intense Raman response is observed for the z(XX)zZ config-
uration, which again compares well with expectations from
previous measurements on single crystals'Z2343 This con-
figuration however shows a convolution of spectral features
that can be observed in the z(X'X’)7 and z(X'Y’)Z configura-
tions, as expected from symmetry arguments applied to the
single crystals*?. As such, our measurements have focused on
these latter two polarization configurations. For YBa;Cu3Og,
having a tetragonal crystal structure with point-group Dy,
z(X'X")z selects modes of A1, + By, symmetry and z(X'Y’)z
selects for Byg.

To better understand the origin of the various features in
the Raman spectra of our films, we show in FigureE](a,b)
the spectra taken at 10K from (i) a 100nm film of the
bare manganite PLCMO, (ii) a cuprate/manganite trilayer,
PLCMO(20 nm)/YBCO(7 nm)/PLCMO(20 nm) and (iii) the
PLCMO(10 nm)/YBCO(7 nm) superlattice from Figure [2[a).
The figure further contains literature data from single crystals
of YBCO!®2Y and a manganite with a somewhat similar elec-
tronic and magnetic ground state, Lag sCag sMnO3%**. Panel
(a) of the Figure shows z(X'X’)Z and panel (b) shows z(X'Y’)Z
scattering.

Based on these comparative observations we can assign
contributions to the spectra as deriving from either the man-
ganite, YBCO, or as unique to the multilayer films. The spec-
tra were fitted using a number of pseudo-Voigt lines and a
quadratic-background, as described in the Methods. An ex-
ample of the fitting using the trilayer data from Figure 3| is
shown in Figure 4] This spectral decomposition, and corre-
sponding summary of peak energies in Table[I, highlights how
the majority of the components are already present in the bare
manganite (green peaks), with only a few features from the
YBa;Cu3z07 (purple peaks) visible. Some components have
been labeled as ‘multilayer’ (orange peaks) since they only

appear in our multilayer film spectra. A pronounced increase
in the response at low-wavenumber was determined to be a
background, and was fitted with a quadratic function (grey
line).

We now examine in more detail the relation of
these various spectral components with the structural
and electronic properties of the films.

B. Response from the YBa,Cu3;05

The cuprate superconductor YBCO has five main Raman
active phonon modes for our off-resonant laser energy of
1.96eV>. These are observed at approximately 120, 150,
340, 430 and 500cm~!. The latter two modes involve pre-
dominantly oxygen vibrations and are masked by the much
stronger manganite modes. The 120 cm ™' mode involves pre-
dominantly the c-axis motion of the Ba ions. Its intensity is
enhanced by the onset of superconducting correlations*
and its frequency softens by several wavenumbers'”. We can
observe this mode in our data as a weak spectral feature, but
only for the superlattice samples. Motion of the Cu ions along
the c-axis leads to the 150 cm~! mode, which however over-
laps with a manganite mode at the same frequency. It may be
possible to enhance the response of this mode using a laser
light wavelength greater than the 632.8nm used here®®, al-
though it was not investigated in this work.

The most prominent feature from the YBCO in our thin-
film spectra is the peak at 340 cm~! seen in the z(X'Y’)Z po-
larization channel. This phonon mode arises from an anti-
phase c-axis motion of the CuO, layer oxygens and is well
known to be strongly renormalized across the superconduct-
ing transition for optimally and over doped YBCO!Z. Here,
the mode is observed as a weak peak in the trilayer sam-
ples with a half-width at half-maximum of 10cm™!, con-
sistent with that obtained for single crystals of YBCO!/20,
The phonon is however much clearer in the superlattice sam-
ples, since there is approximately ten times the volume of
YBCO probed by the laser. With the better signal-to-noise
for this mode in the superlattice samples, we reliably detect
a broadening of the phonon mode of about 2cm™! (15%) at
temperatures below 7; ~ 70 K. The broadening is a result of
electron-phonon coupling between this phonon mode and itin-
erant quasi-particles>. The amount of broadening we observe
below T¢ is consistent with that expected for optimally doped
and overdoped (i.e. with hole doping levels higher than p ~
0.14) rather than underdoped YBCOL, In addition, it is ob-
served in single-crystals that this mode exhibits a clear asym-
metry due to the electron-phonon interaction®, with its line
shape well-described by a Fano resonance. The superlattice
spectra are consistent with the development of such an asym-
metrical line shape below T¢..

From these observations we conclude that the YBCO in
these multilayer films is near optimally doped and with crys-
talline quality comparable to single crystals. The quasi-
particle states of the YBCO near the Fermi energy are renor-
malized below T.
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FIG. 3. Raman spectra taken at 10 K for a 100 nm single layer PLCMO manganite film, a PLCMO(20 nm) / YBCO(7 nm) / PLCMO(20 nm)
(PYP) trilayer and PLCMO(10 nm) / YBCO(7 nm) (PY) superlattice with z(X’X’)z in panel (a) and z(X'Y’)Z in panel (b). By way of compari-

son, the sub-panels show the data taken on single crystals of Lag sCag sMnO323 and YBayCu3Og 952244

the peaks being unique to the multilayer samples.

. The orange-colored arrows indicate

Polarizer configuration | Symmetry

Manganite [cm™ 0

YBa,CuzO7 [cm™ 0 Multilayer [cm™ 0

zX'YNz=2(Y'X")z By
(X'X)z=2(Y'Y')z

84,192, 226, 280, 480, 532, 613, 1000 340
A1g + Bog |84, 153, 221, 260, 280, 292, 335, 470, 518, 601, 1000 120

190, 830
192, 690, 830

TABLE 1. Peak positions as observed for the two polarizer configurations z(X’X’)z and z(X'Y’)z, with the column labelled ‘Symmetry’
indicating the corresponding excitation symmetry for the YBa,CuzOg point group case, Dy4;,. The peaks are grouped according to whether
they are observed in the spectra of the single-layer manganite films or only in the YBCO-manganite multilayer films, or ascribed to the bulk
YBa;Cu3 07 response. Italicized modes in the manganite column indicate particularly broad spectral features. Note that not all modes of the
manganite and YBa;Cu3O7 are listed here, only those that are needed to fit our data.

C. Response from the manganite

The majority of peaks in the multilayer spectra derive from
the manganite layer, as can readily be seen from Figures [3]
and[] The manganites studied here adopt a perovskite crystal
structure. An ideal cubic perovskite structure has no Raman-
active phonon modes, which shows that the symmetry of our
manganite has been lowered due to a combination of distor-
tion of the oxygen octahedra (e.g. a Jahn-Teller distortion),
A-site ions off-centered and/or octahedral tilting**>Y, Man-
ganites exhibiting magnetic, charge and orbital ordering (as
we argue to be the case in our samples) adopt a particularly
low symmetry where the monoclinic crystallographic space
group P21 /m is used to describe diffraction patterns from sim-
ilar, bulk manganites. Group-theory analysis shows 54 al-
lowed first-order Raman-active phonon modes for this space
group. Abrashev e al?? were however able to analyze their
data from a charge-ordered manganite in terms of the sim-
plified orthorhombic space group, Pmma, which does not in-
clude MnOg octahedral tilts. In this case the number of al-

lowed Raman-active modes is reduced to 21 in total, and for
the z(X'X’)Z and z(X'Y’)Z sample scattering configurations
that we focus on there are 7 Ay and 7 By, modes expected,
respectively.>!

Figures 2] and 3] show however that are at least 9 first-order
peaks in z(X'X")Z and 6 in z(X'Y’)z, with additional weaker
or overlapped peaks possible. This simple counting exercise
implies that quasi-static tilting of the MnOg octahedra in our
films is significant enough to lead to at least two additional
(A,) Raman modes observed in the z(X'X")Z configuration.

In this work, our primary interest in the observed spectral
features are the implications regarding the structural and elec-
tronic properties of the films. Although it is not straightfor-
ward to unambiguously assign all the observed spectral fea-
tures to specific modes/excitations/2%, insight relating the
Raman response to magnetic, structural and electronic proper-
ties of bulk manganites has been accumulated in the literature
through studies that vary composition, polarization configu-
ration, temperature and magnetic field in combination with
theoretical analysis. Here, we draw on these results and this
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FIG. 4. Spectral decomposition of the Raman response for a
PLCMO(20nm) / YBCO(7 nm) / PLCMO(20 nm) (PYP) trilayer at
10K, in (a) z(X'X")z and (b) z(X'Y")Z scattering geometry.

approach to investigate the properties of the manganite as thin
films and in multilayer thin films.

In Figure[5] we present data that highlight the manganite re-
sponse at 10 K for a range of thin-film compositions, RMnOs;

= ProsLag,Cap3 (PLCMO 100nm), Nd;_,(Ca;_,Sry),
(NCSMO) with x = 0.35 and y = 0.3 and a trilayer of NC-
SMO with x = 0.5, y = 0.5 and YBCO. Above 800cm™!
the spectra lie on top of each other, but in Figure [3] they are
offset as indicated by the zero-intensity lines at the left hand
side in the panels. The various R (i.e. rare-earths and alkali
earth metal compositions) were chosen to tune the amplitude
of COO and its coherence2®32. This is illustrated in Fig. lc)
where we sketch a phase-diagram for the manganite electronic
and magnetic ground state and an indicative placement of our
thin-film samples in this phase space (noting that the phase di-
agram was derived from measurements on bulk samples and
may not accurately represent the ground state of our thin-film
samples). Several phonon modes are related to the magnetic,
metallic and/or charge-and-orbital order and are of particular
focus here.
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FIG. 5. Variation of R-site atom. The spectra were taken at 10K

and compare the response between a PLCMO and NCSMO thin film
at x = 0.3 doping and a NYN multilayer at x = 0.5 doping of the
NCSMO. Panel (a) shows z(X'X’)z scattering geometry and panel
() z2(X'Y")z. (c) ﬁround-state phase diagram for bulk manganites
adapted from Ref*< with approximate location of our samples indi-
cated.

We start with the NCSMO x = 0.35, y = 0.3 and PLCMO
spectra, where YBCO-manganite multilayers with these man-
ganite compositions have exhibited a magnetic-field and
electric-field induced coherence of the superconducting state.
In most aspects, the Raman spectra of such films are identical.
This is not surprising, as x and y for the NCSMO film were
chosen to give similar lattice parameters and bond-angles



(as characterized by the tolerance factor) to the PLCMO
film. There are some minor differences with regard to the
peak positions and widths, discussed below, however the sim-
ilarity of the Raman spectra demonstrates that this strategy
was successful. The two manganite materials have similar
structural properties when grown as films, and given the cou-
pling between lattice charge and magnetic degrees of freedom
in the manganites suggests similar electronic and magnetic
properties are shared between the manganite compositions in
~ 100 nm films. We now discuss this last point in more detail.
The vibrational mode seen at approximately 230cm™! in
z(X'Y")Z involves a rotation of the MnOg octahedra>®. The in-
tensity of the mode in Raman spectra was observed to increase
markedly below the ferromagnetic magnetic phase transition
in Lag7Cag3MnOs3, in addition to a marked hardening®>%,
However, in our earlier Raman studies of YBCO-NCSMO
thin film multilayers, this mode was detected at tempera-
tures above the magnetic ordering temperature as observed
by magnetization measurements, but in line with the onset
of COO23Y For our PLCMO films the mode is centered at
225cm™!, and its HWHM at 10K is about 20 cm™!.

The phonon mode seen at approximately 470cm~! in
z(X'Y")z is allowed in the presence of a (static or dynamic)
Jahn-Teller distortion and involves bending the O of the MnOg
octahedra. The strength of these modes, presented by the peak
area SW, is related to the degree of Jahn-Teller distortion.

The vibration lifetime, T = 1/y, which in our case is
~ 10714, has been related to the time between two con-
secutive hops of any doped charge-carrier on the Mn (e.g.
the mean lifetime of a Mn3" before a hole hops onto that
site to convert into a Mn*TY2422, This is in turn related to
the metallicity of the manganite, with the hole-hopping rate
becoming faster than the Jahn-Teller mode vibration in the
metallic state leading to a low intensity for this mode and the
610cm~! mode®*. The reverse situation sees a static Jahn-
Teller distortion of the Mn3* MnOQOg octahedra, which can or-
der with the Mn** octahedra to form the COO insulating state.
Magnetic-field and compositional studies by Tomioka et al*!
confirmed that the 470 cm™! mode and the 610cm™" mode
(which is a breathing type mode involving the O of the MnOg
octahedra®?2% and the central Mn) are signatures of COO.

We find that the SW of the 470 cm™! mode is about eight
times that of the 230 cm~! one, which is similar to that found
in the literature for single crystal samples of comparable
composition®*=>, The HWHM width of the modes are about
50cm~!, compared with about 25cm™! for the 230 cm™!
mode.

This indicates that the x = 0.3 and 0.35 manganite films pre-
sented in Figure |5|host COO which is static or dynamic2!22,
and that the manganite remains insulating at temperatures
around 10 K. Minor spatial regions of phase-separated, con-
ducting material cannot be ruled out from Raman measure-
ments, however electrical transport measurements on these
single-layer films confirm that they are insulating. Note, that
electrical transport measurements cannot distinguish the elec-
trical response of the manganite from the YBa,Cu3 07, and in-
stead a spectroscopic probe can provide crucial information.
Even though, it is possible to measure the resistivity of in-

dividual layers and make an estimate of the current distribu-
tion, there can be also interactions between the layers that can
modify the electrical response. This specifically relates to the
explanation of the electrically conducting-to-insulating transi-
tion observed in our manganite-YBCO multilayers upon cool-
ing below 80 K1, One would normally expect the resistance
to fall to (near) zero at this temperature, as the YBCO transi-
tions to a superconducting state (see e.g. Ref. [1)). So, where is
the current flowing in the multilayer during this measurement
(when it is conducting), and in what way is the electronic state
of the manganite or YBCO modified? These questions have
been discussed in early publications H121450 and our current
spectroscopic study contributes further to that understanding,
e.g. by giving evidence for a near-optimally doped YBCO
layer and insulating manganite layer.

As the primary COO in the manganites doubles the unit
cell, it is most coherent around x = 0.5 as there is an equal
number of nominally Mn3* and Mn** ions to form the COO
state*l. As such, we can expect the sharpest COO-derived
peaks for samples with x = 0.5. Several peaks in the NC-
SMO x = 0.5 spectra are indeed somewhat sharper and more
pronounced, such as the peaks in the z(X'X’)Z configuration
at 340cm~!, 520cm~! and 590cm~!. More subtle, but no-
table, is the weaker ‘background’ intensity around 300cm™".
When comparing peak positions of the x = 0.5 samples with
the x = 0.3 and 0.35 samples, in z(X'Y’)Z there is an increased
splitting of the two main peaks at approximately 490 cm™!,
which softens 10cm~! compared with the x = 0.3 and 0.35
samples, and the 620 cm~ !, which hardens 15 cm™!. There is
also a 10cm™! softening of the 230 and 155 cm™! peaks with
respect to the x = 0.3 and 0.35 samples.

These observations are all consistent with an interpretation
that the COO in the NCSMO x = 0.3 and PLCMO films is less
well developed/ordered than for the NCSMO x = 0.5 films,
or when compared with LagsCagsMnO3; or YMnO3 single
crystalg235323,

We note that in all films studied, both the multilayers and
single manganite layer films, significant additional Raman
scattering is observed around 300cm™'. This scattering is
most pronounced in samples with the manganite doped at
x = 0.3 or 0.35, and between the temperatures 100 and 200 K
in the z(X'Y’)Z channel. Decomposition of the spectra, such
as that shown in Figure [] requires a peak in location that is
similar in intensity, if not somewhat broader, than the phonon
mode at 470cm™! in order to fit the data. Previously, Ishii
et al'*” have identified magnon scattering at these energies in
perovskite phase manganites.

Finally, we discuss the broad peak that is observed centered
around 1000cm™!, which splits into two distinct peaks for
the x = 0.5 doped manganite multilayer. A similar feature
has been observed before and was attributed to multi-phonon
scattering®>*, We cannot exclude this interpretation, but note
that its spectral weight does not resemble the 2v-DOS spec-
trum. Considering the total phonon DOS measured by neu-
tron scattering from Wdowik ez al. for the manganites°® and
from Pintschovius et al. for YBCO>Z, we find that the 2v-
DOS may add the spectral weight under 300 cm™!, but cannot
explain the peak around 1000cm~!. Even though authors in
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Temperature dependence of the Raman response for a 20nm thick PLCMO film and a PLCMO(20nm) / YBCO (7nm) /

PLCMO(20 nm) multilayer (PYP). Panels (a) and (b) show the z(X'X’)Z scattering for PLCMO and the multilayer respectively at select
temperatures. Panels (c) and (d) show the z(X'Y’)Z scattering. For clarity, the spectra have been vertically offset as indicated by the colour-
matched zero-lines. Fitting results for (e) center frequency, (f) area and (g) half width at half maximum (HWHM) for the peak(s) around
610cm™~! with z(X'Y’)Z scattering. For the single layer PLCMO there is a resolved splitting of the mode below 90K and a possible reduction

in intensity with respect to the same mode in the multilayer sample.

Refs 58 ascribed a similar spectral feature to two-magnon scat-
tering in the hexagonal crystal phase manganite YMnOs3, we
observe the 1000 cm™! mode well above the where a net mag-
netic moment can be measured in these films (at least 60 K
higher . We therefore exclude that magnetic origin is
a likely explanation. The development of the peak at 200K
does however suggest that it is related to the COO. This leads
us to speculate that the 1000 cm™! arises from the photoion-
ization of small polarons as described by Yoon et al**. Here,
a transition from a band of localized small polaron states in
the paramagnetic phase into the conduction band is responsi-
ble for a broad Raman-active excitation in this energy range
(120meV). In this scenario, the polaron is localized in the
COO state and suppressed by a transition from the insulat-
ing to metallic electronic transport, and the concomitant fer-
romagnetic transition in CMR manganites.

D. Temperature dependence

So far we have discussed the structural and electronic
characteristics of our NCSMO and PLCMO films at 10K.
In the following, we turn to the temperature dependence of

PLCMO single layer films and YBCO-PLCMO multilayers.

In Figure [6] we show representative spectra from a
single-layer PLCMO (20nm) film and PLCMO(20nm) /
YBCO (7nm) / PLCMO(20nm) trilayer film for a range of
temperatures. In these spectra, fy,c was adjusted so that the
spectra have equal intensities around 1250 cm™~'. This adjust-
ment was made to compensate changes in the focus position
as the temperature was varied. For clarity, the spectra have
also been vertically offset as indicated by the colour-matched
zero-intensity lines. Figure[7]shows the same data but zoomed
on the region around the 230 and 340 cm~! modes.

Here, several additional peaks are resolved below about
200K, including the broad peak around 1000 cm~'. Coincid-
ing with the measurable appearance of these peaks, such as the
230 cm~! mode, there is also a marked increase in the area of
the peaks around 470 and 610 cm™!. This can be seen for ex-
ample in the peak-fitting results shown in Figure[6](e-g) which
displays the center vy, area SW and HWHM 7 for the peak(s)
around 610cm~! in panels (a), (b) and (c) respectively. 200 K
is significantly higher than the onset of a macroscopic mag-
netic moment in these films that is instead observed from be-
low 140 K. However it does coincide with the onset of anoma-
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FIG. 7. Magnified view of the region around the 230 and 340 cm ™!

lous transport properties, such as spontaneous voltages and a
marked non-ohmic response!*. This implies a reduction of
local symmetry and internal electric fields, which is probably
due to COO, and is consistent with the appearance of addi-
tional and sharper peaks in the Raman scattering spectra. For
various NCSMO manganite compositions, the temperature at
which the 230 cm™! is resolved was seen to coincide with the
development of COO as measured by Cu-L3 resonant inelas-
tic x-ray scattering (RIXS)'2,

As the temperature is lowered further from 200 K, for most
peaks there is a gradual increase in SW. The effect is too large
to be attributable to a laser-heating effect, and as such suggests
an ongoing lattice distortion further from the ideal cubic unit
cell.

For the 20 nm single layer PLCMO, around 90K there is a
resolved splitting of the 610 cm™! mode in z(X'Y’)Z as seen in
the top panel of Fig.[6e). This mode is assigned as a breath-
ing type mode involving the O of the MnOg octahedra®23.,
The splitting is not observed for the multilayer samples or the
in the 10K data from the 100 nm thick PLCMO films. The
splitting of the 610 cm~! mode below 90 K indicates a further
reduction in symmetry of the crystal lattice that is suppressed
in thicker films or by the presence of the YBCO layer.

modes of the temperature-dependent spectra shown in Figure @

E. Magnetic field dependence

Figure [§(a) shows spectra for a PLCMO(10nm) /
YBCO(10 nm) superlattice in magnetic fields from 0 to 13 T.
There is a non-trivial background signal due to the 30° sam-
ple tilt, which limits our ability to make a robust background
subtraction to small spectral ranges and isolated peaks. Sev-
eral spectral features arise from the LSAT substrate: The main
substrate mode centered at 880cm~! is marked with an as-
terisk, and the two other spectral regions in the vicinity of
470cm~! and 600cm~! have been masked due to a likely
residual substrate contribution. In order to correct for mi-
nor drift in alignment during the measurements, we normal-
ized the spectra so that the intensity of the 880 cm™! substrate
peak is kept constant. We can make two main observations
from the field-dependent spectral response of the multilayer.
Firstly, the amplitude of the 230 cm™"! peak is suppressed in
magnetic field. This is shown in Fig. [§[(b) in which a linear
background has been subtracted in the narrow spectral region
around the peak, and the data smoothed by adjacent averaging
for visual clarity. In previous studies, we have used the area
of this peak as a proxy for the charge-order parameter in the
manganite!?3Y, The results of peak-fitting this region of the
magnetic-field data are shown in panel (c), we have fixed the
width of the 230cm™! peak to be 6.5cm™! and the width of
the 255 cm ™! mode to be 15¢cm™!, in order to reduce corre-
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lations in the fits due to the peak overlapping. As the field is
increased to 3 T, we observe a reduction of the 230 cm ™! peak
area by ca. 25% (blue colored fit points), which does not fur-
ther change significantly with higher fields. Meanwhile, the
peak area of the adjacent and less clearly defined 255 cm™!
(grey colored fit points) peak shows no systematic variation
with field. Note that even thought the error bar for the latter
fit is rather big, there might be an increase of the peak area for
B>10T.

Secondly, apart from the 230 cm~! mode discussed above,
there is no clear field-dependence in the spectra. For example
the 340 cm~! mode (deriving from the YBCO layers and cou-
pled to their low-energy electronic states) and the 830 cm™!
mode (seen only in multilayer films) show no systematic field-
dependence of width or asymmetry.

The field dependent data are thus consistent with an insulat-
ing manganite layer at all fields and an incomplete suppression
of charge-ordering with fields of 3 T. While this does not rule
out filamentary conducting paths in the manganite, the mini-
mal changes in the Raman spectra with field suggests that any
such conducting fractions would constitute a small part of the
total volume of the manganite.

F. Interactions at Cuprate/Manganite Interface

In this section we discuss the spectral features unique to the
multilayers we have studied. Fig. [0]displays the structural unit
of an manganite/cuprate interface. By itself, the presence of
the interface breaks the inversion symmetry presented in the
site symmetry of ions in both neighboring planes as well in
the unit cells adjacent to the interface. Note that in the bulk
state the space groups of optimally doped YBCO — Pmmmni®”
and e.g. LCMO - Pnma®! both possess inversion symmetry.
The minimal model to account for the loss of inversion at both
the MnO and BaO interface planes can be presented as a tran-
sition from D5, to Cy, rotation symmetry with the C, axis per-
pendicular to the interface at each side. Further details can be
found in the Supplementary Materials. The local symmetry
breaking induces additional lines in the Raman (and Infrared)
spectra that arise from the phonon excitations of ions disposed
at the interface.

The mutual orientation of the YBCO and manganite inter-
facial layers shown in Fig. [0 allows us to partly differentiate
its contributions. In particular we obtain:

2(XX)Z =2[Ag + B1u(2)lysco+

“4)
[SAg + 6By, (y) + 3B2g + 6Au]RMn03

Z2(X'X")z =2[Ag + B1u(2)lysco + [3BAg + 6B2u(y) | rMno;  (5)

2(X'Y")z=2[340cm ™ 'ygco + 3B + 6AulrMno;  (6)



YBCO - side

Manganite - side

FIG. 9. The interface structural unit. The oxygen O(IV) (in YBCO
notation) is a common ion connecting CuOs pyramids and MnOg
octahedra.

In z(XX)Z diagonal polarization, there are eight additional
polar phonon modes with polarization perpendicular to the in-
terface which are induced by the interface (denoted with a
u). Two of them come from the YBCO side and six of them
come from the manganite side. The spectra in z(X'X")Z ge-
ometry contain contributions solely from the interface polar
modes; these contributions are absent in the z(X'Y’)Z spectra
and only the manganite interface modes are present. However,
the line 340 cm~! in the z(X'Y’)Z geometry coming from the
YBCO side (having B, symmetry in the tetragonal Dy, set-
ting) presents oscillations of the oxygen ions from the Cu(2)O
planes. Therefore the change of its properties (namely the
width) compared to the bulk also indicates an involvement of
the Cu(2)O plane into charge transfer mechanism although it
is a secondary plane at the interface after the BaO(IV) one. In
particular, this SL geometry leads to a change in the oxygen
doping level of the YBCO layers at the interface by charge
transfer (instead of chemical substitution), which results in a
reduction of the mobile charge carrier concentration near the
interface®©2,

One of these additional Raman-active peaks is observed at
690 cm™~!, appearing in the trilayer samples as a weak shoul-
der to the 610 cm™! manganite mode, and in the superlattice
samples as a pronounced peak (see Fig. [3| (a)). It is of a
low symmetry appearing in all scattering channels that we
measured, see Fig. [2(a), but most prominent in the parallel
polarizations z(XX)z and z(X'X’)zZ. In this regard, we note
that some of us have previously reported highly non-ohmic
IV characteristics in these multilayers that are reminiscent
of a ferroelectric momentH, but also in single-layer films
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of the PLCMO manganite which do not exhibit a peak at
690cm™~! in their Raman spectra. There are also reported
spectra showing a 690cm~' mode in the response from
polished single crystals of the perovskite-phase manganite
Lag.64Pbg 36Mn03>?, although its origin was not discussed.
These observations suggest the scenario of asymmetrically
strained/distorted MnOg octahedra near the interface giving
rise to a Raman-active mode at 690 cm ™.

The superlattice samples also host an additional weak peak
at 830cm™! (see Fig. [2fa) and [3) that is similarly observed
in all scattering channels. It has been previously seen in
the Raman spectra of pure LnMnO3%¥ (with nominal Mn3*
valence) and CaMnO3®* (with nominal Mn*t valence) and
disappears under doping, which indicates that this mode is
independent on the ratio of the Mn3* /Mn** valence state.
This behaviour might be attributed to multi-phonon scatter-
ing, however, we consider this interpretation unlikely for sev-
eral reasons: Firstly, the line-width is comparable to that of
the single-phonon modes. Secondly, according to Ref>® there
is not enough phonon density available at 415cm™! to cre-
ate a Raman peak at ca. 830cm~!. Note that those spectra
were taken at 625 K, and with decreasing temperature the gen-
eral phonon density of states will even shift to lower energy®>.
Thirdly, we observe this mode on the background of the fully
suppressed 1000 cm ™! mode; if the 830 cm™! mode was also
originating from two-phonon scattering, it should be likewise
suppressed.

We also exclude the possibility of a magnetic origin, as
there appears to be no effect on this mode in a magnetic field
up to 13 Tesla. To the best of our knowledge, an excitation
at this energy has not been seen and associated with oxygen
vacancies, neither in YBCO%” nor manganite®°® samples.
We also consider it unlikely to be a backfolded phonon mode,
since its energy is higher than any phonon within the Brillouin
Zone as shown by inelastic neutron scattering measurements
of the total phonon DOS in manganites®, and cuprates> /70,
Instead, we assign the 830 cm~! mode as the interface-
induced LO polar phonon with vibrations of the interface
MnOg octahedra with the apical oxygen being O(IV) from
the YBCO-BaO plane. In this scenario, the phonon is a
hybridization of the above-mentioned TO polar phonons of
YBCO and manganite at around 550cm~! with a dynami-
cal polar moment perpendicular to the interface. Its oscil-
lator strength is highly enhanced by an interfacial electric
dipole moment. This phonon can be seen in the case of an
insulating state in the manganite layers and a granular super-
conductive state in the YBCO layers with presence of non-
superconductive regions. Otherwise, in the case of purely
conductive YBCO layers its polar oscillation will be screened
by the free charge carriers. Thus, the appearance of this
phonon in our Raman spectra supports the scenario of the ex-
istence of non-conductive regions in the SL simultaneously in
both YBCO and manganite layers. Such conductive regions
being incorporated in the non-conductive (or less conductive)
ones can enhance the intensity of this phonon mode, similar to
what was seen in recently reported surface-enhanced Raman
experiments’L.



Turning now to the lower-frequency modes highlighted in
Fig.[7} which primarily originate from the manganite and are
significantly modified in the multilayer samples. The modes
are in general broader for the multilayers than the single lay-
ers, with a possible satellite peak next to the 230 cm™~! mode
in z(X'Y’)Z configuration at 195 cm™~!. These effects can also
be clearly seen in the comparative spectra in Figure [3] The
broadening of peaks in the multilayers appears to be temper-
ature independent. It is unlikely to result from a decrease in
crystal quality since the other phonon modes, such as those
below 175 cm™!, do not show as large an increase in width be-
tween the single-layer and SL. Although the broadening may
be due to the manganite layers having dissimilar properties,
we believe it is implausible in the case of the 230 cm ™! mode
in the z(XY)Z channel that there is a 30cm ™! softening be-
tween the top and bottom PLCMO layer in the trilayer mate-
rial. Hybridization with YBCO phonons, which was discussed
by Driza et al %, may offer an explanation of these effect. De-
tailed lattice vibrational calculations are required to confirm
this hypothesis.

Note, that yet another reason for the appearance of forbid-
den polar phonon modes in the Raman spectra may be due
to the sample surface itself that locally breaks the inversion
symmetry (see e.g. Ref”?). This mechanism can explain the
observation of phonon modes around 740 and 830 cm™! in
the insulating systems LaMnO3%¥ and CaMnO3%* that were
un-assigned for a long time. Interestingly, in the Raman ex-
periments on powder CaMnO3°* with backscattering geom-
etry, a strong mode at 740 cm~! was observed, which well
fits the LO polar phonon energy that has be estimated from
its far-infrared data. In La;_,Sr,MnOs;, these Raman peaks
disappear with increasing doping, since the polar phonons are

screened by free charge carriers®”.

IV. CONCLUSIONS

We report Raman spectra from thin-film multilayers of opti-
mally doped YBCO and insulating manganites hosting COO.
Our study demonstrates the suitability of using confocal Ra-
man spectroscopy for studying such metal-oxide thin film
samples down to approximately 10 nm thickness. We find
that the structural quality of such films, as revealed by their
phonon spectra, is comparable to that of single crystals.

All spectra exhibit significant Jahn-Teller distortions of the
manganite layers that are enhanced by the degree of COO
since they increase in magnitude from temperatures that are
well above where a macroscopic magnetic moment is ob-
served. These distortions indicate that those layers remain in
an electrically insulating state at all temperatures below 300 K
and in magnetic fields up to 13 T. The data shows that this
conclusion holds in the case of cuprate-manganite multilay-
ers, which is noteworthy because the multilayers host an un-
usual insulating superconducting ground state that transitions
to a conducting one in a magnetic field. Electrical transport
measurements of such multilayers, on the other hand, cannot
distinguish the contribution of the electrical response from the
individual layers.
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We observe new peaks that arise at 830cm™' (103 meV)
and 690 cm~! (85.5 meV), and discuss their origin to be from
the cuprate-manganite interface. In addition, there may be
hybridization of some of the YBCO and manganite phonon
modes, particularly around 200cm~! (25 meV). This modi-
fied phonon behaviour may in turn contribute to the remark-
able electronic properties of these multilayer materials.
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The following abbreviations are used in this manuscript:

YBCO YBaQCU3O7,5
high-7, SC high-temperature superconductor

PLCMO Pro,sLa()_zca().gMnO3

NCSMO  Nd;_x(Caj_ySry),MnO3

LCMO La;_,Ca,MnO3

COO charge- and orbital-order

SwW peak area underneath the Raman spectrum
TO transverse optical mode

LO longitudinal optical mode
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