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Superlattices of correlated oxides have been used to explore interface effects and to achieve additional control
over the physical properties of individual constituents. In this work, we present a first-principles perspective
of the strain and thickness effects in Lay;3Sr;,3MnO3;/YBa,Cu3O; (LSMO/YBCO) superlattices. Our findings
indicate that the presence of epitaxial strain and LSMO leads to a reduction of buckling parameters of the
interface CuO, planes, as well as the transfer of electrons from LSMO to YBCO. In addition, the change in
Cu 3d valence is slightly dependent on the LSMO layer thickness. More interestingly, the in-plane ferromagnetic
ground state within the CuO, planes near the interface is induced due to the local moments centered at the copper
atoms. These local moments are decoupled from the charge transfer and, according to our calculations, appear
mainly due to the Mn 3d—O 2p—Cu 3d hybridization being restricted to the interface region. The induced net
magnetic ordering in interface copper atoms may have implications in the control of the superconducting state

in the LSMO/YBCO superlattices.

DOLI: 10.1103/PhysRevB.109.045128

I. INTRODUCTION

Atomic precision growth methods and advanced charac-
terization techniques have paved the way for the study of
transition metal oxides (TMOs’) heterostructures and super-
lattices. In 2004, most of the scientific interest in TMOs’
heterostructures was triggered by the discovery of a two-
dimensional electron gas (2DEG) at the SrTiO3;/LaAlO;
interface [1]. Since then, numerous studies have been car-
ried out to elucidate the physical mechanisms underlying the
properties of the 2DEG, its superconducting phase [2], and in-
terface ferromagnetism [3]. Moreover, interface and proximity
effects have also been used to explore the emergent properties
of cuprate high-temperature superconductors, where a com-
plex interplay among competing orders takes place.

The intriguing balance between the competing orders in
the cuprates can be affected by the hole density, the number
of CuO, layers in the structure, epitaxial strain, interface
coupling, and proximity effects. According to the early work
of Chakhalian and co-workers [4], the interface coupling be-
tween Lay;3Ca;,3MnO3 (LCMO) and YBa,Cu3O; (YBCO)
gives rise to small uncompensated magnetic moments at Cu
atoms near the interface, mainly due to the interactions with
underneath Mn atoms. Later on, the same group also found
an orbital reconstruction in LCMO/YBCO heterostructures,
where the Cu 3d;.2_,» states near the interface become par-
tially occupied [5] due to the hybridization with Mn 3d;,2_,»
orbitals. The unusual magnetic profile of the LCMO/YBCO
interface was also addressed by neutron experiments [6] and
density functional theory (DFT) calculations [7,8], which
pointed out the formation of a magnetic “dead layer,” asso-
ciated with the antiferromagnetic coupling between MnO,
layers close to the interface. More recently, x-ray scattering
measurements indicated that the coupling between Cu and Mn
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atoms is sensitive to the interface terminations, where antifer-
romagnetic and ferromagnetic couplings can be realized [9].

To understand the complex physics that takes place at
interfaces between superconductors and ferromagnetic ox-
ides, it is also important to clarify how the charge transfer
evolves across the interface. Overall, previous theoretical
[10,11] and experimental [5] works have indicated that elec-
trons are transferred from the manganite to the cuprate in
LCMO/YBCO and La2/3Sr1/3MnO3 (LSMO)/YBCO inter-
faces, leading to a reduction of Mn e, occupancy. Further
experimental studies have indicated that, in LCMO/YBCO
heterostructures, the charge transfer occurs only within a
few atomic planes from the interface [12]. More interest-
ingly, x-ray absorption spectroscopy (XAS) experiments [13]
have shown that the superconducting and magnetic proper-
ties of LCMO/YBCO heterostructures are sensitive to the
manganite termination, which also affects the charge transfer
between the two oxides. This intriguing proximity effect and
charge transfer can also lead to superconductor to Mott in-
sulator transitions in LCMO/YBCO superlattices, where the
transition is controlled by the LCMO thickness [14]. More
recently, these heterostructures have been used to study the
interplay of charge-density wave (CDW) and superconductiv-
ity [15], to disclose a new type of CDW ordering associated
with Cu 3d;,2_,» orbitals [16], to induce spin-triplet supercon-
ductivity [17], and to investigate the Josephson coupling in
LSMO/YBCO/LSMO trilayer junctions [18].

Motivated by the experimental and theoretical find-
ings mentioned above, we have performed an extensive
theoretical investigation of LSMO/YBCO superlattices by
means of first-principles calculations. Since LSMO and
LCMO are ferromagnetic half-metallic manganese oxides
[19] and the studies report a similar qualitative behavior
for both LSMO/YBCO and LCMO/YBCO superlattices and
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(a) Superlattice

FIG. 1. (a) Structural model of a superlattice with plane-terminated interfaces. (b) The structure of the buckling distance b, the TM-O-TM
(TM = Cu, Mn) bond angle ¢, the TM-O (planar) distance A, and the TM-TM in-plane distance a. (c) The structure of the out-of-plane
TM-O-TM (TM = Cu, Mn) bond angle 6. The interfaces are indicated by the black dashed lines.

heterostructures, we expect that our results can be extended to
LCMO interfaces. We emphasize that the details of structural
distortions, charge transfer, interface magnetism, and confine-
ment presented in LSMO/YBCO superlattices remain unclear
and are of great importance for a better understanding of the
interface physics associated with strongly correlated oxides.
Our goal is to better understand how the change in these
parameters affects the cuprate and the manganite properties.
In addition, our work is complementary to previous first prin-
ciples studies of manganite/cuprate heterostructures, which
were able to reproduce some of the physical features observed
experimentally [7,10].

Our findings indicate that epitaxial strain and the presence
of LSMO suppresses the buckling distances and angles of the
interface CuO, layers. These structural distortions are accom-
panied by a transfer of electrons from LSMO to YBCO, which
can be explained in terms of electronegativity difference. We
also find induced local moments centered at the interface Cu
atoms, which, in turn, are decoupled from the charge trans-
fer. These local moments lead to an in-plane ferromagnetic
ordering and appear mainly due to the Mn 3d-O 2p-Cu 3d
hybridization.

The paper is organized in four sections. In Sec. II, we
present our proposed structural models as well as the em-
ployed theoretical approximations. The relaxed structures and

structural parameters are discussed in Sec. IIT A, while the
calculated interface charge transfer and magnetism are dis-
cussed in Secs. III B and III C, respectively. The hybridization
between the interface Mn 3d—O 2p—Cu 3d states is discussed
in Sec. III D. Our conclusions are summarized in Sec. IV.

II. MODELS AND METHODS

To study the physical properties of (001)-oriented
LSMO/YBCO superlattices we constructed Las;3Sr;;3MnO3
(m u.c.)/'YBa;CuzO7 (n u.c.) structural models, with m = 3,
6 and n = 2, 4, using tetragonal supercells with MnO,-BaO
interface termination (plane terminated) [see Fig. 1(a)]. The
LSMO thicknesses were chosen to allow the use of more
homogeneous Sr doping. Regarding the YBCO, we model
the two YBCO layers with different numbers of unit cells to
understand the effects of changing the thickness. We also used
V2a x /2a in-plane rotated supercells to take into account
the MnQOg octahedra distortions, which are essential for de-
scribing the LSMO properties [19]. To reduce complexity, Sr
doping was considered by replacing La atoms with Sr atoms in
the inner layers (away from the interface) of LaMnO3; (LMO).

The structural parameters addressed in our work are illus-
trated in Figs. 1(b) and 1(c). The buckling distance b measures
how distant the oxygen atoms are from a perfectly flat TMO,
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FIG. 2. Relaxed structures, out-of-plane TM-O-TM bond angles 6 (in red), and in-plane buckling b (in blue) for (a) (LSMO)s/(YBCO),,
(b) (LSMO);3/(YBCO)s4, (c) (LSMO);/(YBCO),, and (d) (LMO);/(YBCO), superlattices. In Mn;, i indicates the z-axis position counting

from the interface, whose location is given by the black dashed lines.

plane (TM for transition metal), ¢ corresponds to the in-plane
TM-O-TM (TM = Cu, Mn) bond angle, and A represents
the TM-O (planar) distance. From now on, the LSMO/YBCO
superlattices will be labeled as (LSMO),,/(YBCO),, for sim-
plicity. We also constructed LaMnO3 (2 u.c.)/YBa,Cu;0O7
(2 u.c.) and LaMnO3 (3 u.c.)/YBa;Cu307 (2 u.c.) superlat-
tices, labeled as (LMO),/(YBCO), and (LMO);/(YBCO),,
respectively, to compare with (LSMO),,/(YBCO),, structures
and analyze the Sr-doping effects. To investigate the effects
of periodicity in the z-axis direction, we also built a LaMnOs3
(2 u.c.)/YBa;Cu30O7 (2 u.c.) heterostructure model (see Ap-
pendix A). In all the structures considered, there are two
types of Cu atoms: the ones belonging to the CuO; planes,
labeled as Cu(pi), and the ones belonging to the CuO chains,
labeled as Cu(cj). The i and j indexes mark the z-axis position
counting from the interface. For all the configurations, we
imposed an epitaxial strain induced by SrTiO3; (STO)(001),
a common substrate used when experimentally growing oxide
heterostructures, by fixing the in-plane lattice parameters to
asro = 3.905 A.

We performed spin-polarized DFT4-U [20] calculations
within the Perdew-Burke-Ernzerhof (PBE) generalized gradi-
ent approximation [21] as implemented in the Vienna ab initio
simulation package (VASP) [22-24]. We used projector aug-
mented waves (PAW) pseudopotentials [25] and a plane-wave
energy cutoff of 450 eV. PAW-PBE pseudopotentials in VASP
have great reliability for a significant group of materials and
were extensively tested [26]. Additional electronic interac-
tions, at the static mean-field level, were considered using

a local electronic interaction U = 5 eV and a Hund’s cou-
pling J =1 eV for the Mn 3d orbitals. We do not include
electronic interactions U and J for the Cu 3d states, since it
leads to a spurious insulating ground state for YBa,CusO;
within our DFT4U approximation. In particular, we observe
that this spurious insulating ground state is accompanied by
overestimated local moments. This limitation of the DFT4+U
approximation to YBa,;Cu3;0O; was also reported in Ref. [27],
where the authors pointed out the correct description only of
YBa,;Cu304 electronic structure within this approximation.
The atomic positions, as well as the superlattices’ sizes in the
z-axis direction, were relaxed using a 4 x 4 x 1 k-point mesh
until the forces on each atom were less than 0.01 eV/A. In all
structures, the density of states (DOS) was calculated using a
12 x 12 x 3 k-point mesh.

III. RESULTS AND DISCUSSIONS

A. Structural distortions and buckling suppression

In Figs. 2(a) and 2(b), we display the relaxed structures of
(LSMO)6/(YBCO), and (LSMO);/(YBCO), superlattices,
respectively. In addition, we show the calculated out-of-plane
TM-O-TM (TM = Cu, Mn) bond angles (0) (in red) and
buckling distances () (in blue). We observe that atoms near
the interface present different distortion patterns compared to
our relaxed bulk (isolated) YBCO and LSMO. In particular,
we find that b is slightly reduced for the CuO, planes at
the interface for both superlattices. In (LSMO)q/(YBCO),,
we find a reduction of b of around 0.11 A, in comparison
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with bulk YBCO (byux = 0.35 A), for the interface CuO,
planes. The same feature is observed in (LSMO);/(YBCO),
[Fig. 2(b)], where b is reduced by 0.15 A at the interface. On
the LSMO side, one can notice a stronger suppression of the
Mn-O buckling distance for (LSMO)¢/(YBCO),, in compar-
ison with bulk LSMO, and an increase of the Mn2-O-Mnl
bond angle in both structures (in red).

We mention that, according to early studies of Kambe
and Ishii [28], the buckling distances are connected with the
superconducting critical temperature (7;): higher transition
temperatures were found for cuprates with smaller buckling
distances b. This can be understood within a magnetic mech-
anism for Cooper pairing where the superexchange coupling
J o cos’¢, where ¢ is the buckling angle [29] [see Fig. 1(b)].
According to our results, the reduction of b is accompanied by
an average reduction of ¢ of around 1.56° in the superlattices
with respect to bulk values. Therefore, according to our find-
ings, the epitaxial strain and interface structural distortions
would enhance the superconducting phase of CuO, planes
near the interface.

As pointed out in Ref. [19], the magnetic ordering in
LSMO is directly connected to the change in the Mn-O-Mn
bond angle 6 upon doping, going from an AFM out-of-plane
coupling (6 ~ 155° in LaMnOs3) to a FM coupling (6 ~ 160°
in Lay;3Sr;,3Mn0O3), followed by an AFM coupling (6 ~
170° in Laj;10Srg;1oMnO3). As can be seen in Fig. 2 (red
lines), near the interface 6 approaches values corresponding
to large doping, suggesting an AFM coupling of MnO, layers
(corresponding to a magnetic dead layer). On the YBCO
side, 6 is only affected at the interface, where the Mn-O-
Cu angle is 176.28° for (LSMO)s/(YBCO),, 177.03° for
(LSMO);3/(YBCO),, and 177.19° for (LSMO);3/(YBCO)s4,
as illustrated in Figs. 2(a), 2(b), and 2(c). These results indi-
cate that the m/n ratio is one of the control parameters on the
interface distortions, since & would increase when decreasing
the ratio, even with the increase not being uniform. It is
important to note that the angle & would be smaller in YBCO
ultrathin films on thicker LSMO substrates. We mention that
the Mn-O-Cu out-of-plane interface bond length remains al-
most the same in (LSMO)s/(YBCO),, (LSMO)3/(YBCO)4,
and (LSMO)3/(YBCO), (~4.20 A).

The results for the heterostructure (see Appendix A) sug-
gest that the buckling distance b is slightly reduced for the
CuO, planes at the interface, in comparison with the bulk
values, accompanied by an average reduction of the buckling
angle ¢ and that the behavior of 6 near the interface also
suggests the formation of a magnetic dead layer.

Finally, we investigate how the Sr doping affects the key
structural distortions by comparing the relaxed structures
of (LSMO)3/(YBCO), and (LMO);/(YBCO), [Figs. 2(c)
and 2(d)]. We observe that the YBCO structure is more af-
fected when using LMO instead of LSMO, which can be
connected to bulk LMO exhibiting larger Mn-O-Mn bond
angle distortions than LSMO. This results in 6 along the
whole structure becoming smaller in (LMO)3;/(YBCO), than
in (LSMO);/(YBCO),. We also find that the Cu-O bond
length of the chain is larger in (LMO);/(YBCO), (1.977 A)
than in (LSMO);/(YBCO), (1.953 10\), with the latter be-
ing the same as in bulk YBCO. Together with the increase
of these out-of-plane distortions, the bond length A also

increases in the CuO; planes when using LMO (not shown),
indicating a larger tilting on the CuO, tetrahedral than in
(LSMO)3/(YBCO),. However, the Mn-O-Cu out-of-plane in-
terface bond length for (LMO)3;/(YBCO), is ~2% larger than
for (LSMO)3/(YBCO),.

We emphasize that, when the CuO; plane is flat (small b),
T. is enhanced, since the large buckling values tend to localize
the conducting holes in underdoped cuprates, while decreas-
ing the superconducting strength [28]. By looking only at the
structural distortions, our findings suggest an enhancement of
T, in all structures, which is indeed in disagreement with the
experimental findings [14]. This shows that the structural dis-
tortions cannot explain the suppression of superconductivity
in the superlattices and heterostructures [30,31]. On the other
hand, previous works have reported a reduction in 7, for bulk
YBCO [32] induced by z-axis compressive strain effects. We
display the key structural parameters in Appendix B.

B. Charge transfer

Another important feature of oxide interfaces is the charge
transfer between the constituents, which can give rise to dif-
ferent d shell occupancies from those observed in the bulk
counterparts. The charge transfer driving mechanisms have
been addressed in several previous works [33-35], where the
band alignment of O 2p and TM 3d states between the oxides
forming the superlattice and the electronegativity difference
play a central role. According to Chen and Millis [33], the
energy separation between the TM 3d and O 2p states is larger
in bulk LSMO than in bulk YBCO. Therefore, the electroneg-
ativity difference of our system indicates that LSMO would
transfer electrons to YBCO. To investigate this hypothesis,
we study the charge transfer within our models and how the
3d occupancies change across the interfaces. In particular, we
evaluate integrals of the projected density of states up to the
Fermi energy for the distinct Cu and Mn atoms presented in
our structures and compare them with the occupation values
of bulk YBCO and LSMO.

In Fig. 3 we show the variation of 3d occupancies (in blue),
Ang = ng;, — npuk, for Mn and Cu atoms for the relaxed
superlattices (SLs) in comparison with the bulk YBCO oc-
cupation values. For (LSMO)q/(YBCO), [Fig. 3(a)], we find
an increase of Cu 3d occupancies for the CuO; planes and the
CuO chain, accompanied by a reduction of Mn 3d occupan-
cies. In particular, we find that Cu 3d occupancy of interface
CuO; planes increases by 0.072 electrons, in agreement with
previous experimental studies [12]. The 3d occupancy of
the inner CuO chain, in turn, increases by around 0.011
electrons. Similar charge transfer profiles are observed for
(LSMO)3;/(YBCO), [Fig. 3(b)], where the Cu 3d interface
occupancy increases by 0.055 electrons. This increase of
Cu 3d occupancies should drive the CuO, planes away from
the optimal regime towards the antiferromagnetic phase. For
the heterostructure (see Appendix A), the Cu 3d interface
occupancies also increase.

The effects of Sr doping on the charge transfer
can be analyzed by comparing (LSMO);/(YBCO), and
(LMO);3/(YBCO), average planar charge densities, as shown
in Fig. 4. In the inner MnO; layers of (LMO);/(YBCO),, the
charge average is smaller than in (LSMO);/(YBCO),, but,
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FIG. 3. 3d-orbital charge difference An, (blue) and absolute magnetic moments |ury| (red) for the TM along the structure for
(a) (LSMO)s/(YBCO);, and (b) (LSMO);/(YBCO), superlattices. The dashed black lines indicate the interfaces. For better visualization,
the Mn moments were reduced by a factor of 70 and the negative absolute values of the local magnetic moments —| iy, | are used. An, was
calculated using the difference between the superlattice and bulk occupations.
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superlattices. The surfaces in yellow represent Ap > 0 and the ones in blue represent Ap < 0. Dotted lines indicate the interface position.
In (d) we depicted the Cu(Mn) 3d occupancies and the hybridization responsible for the AFM coupling. Spin-up (spin-down) electrons are
indicated by yellow (red) arrows. Dashed arrows indicate fractional orbital occupations.

at the interface, the charge profiles are similar [purple lines
in Figs. 4(a) and 4(b)]. We find the highest peak intensity
for the LMO interface. In La;_,Sr,MnOs3, the Sr has a 2+
valence rather than a 3+ valence, which is associated with
La [19]. This reduces the Mn occupation, changing it from
3d* to 3d° in a proportion I%x, that is, the ratio between the
number of Sr and La atoms in La;_,Sr,MnOs. In addition,
one can see in Fig. 4 that the charge of the LaO and BaO
semiconducting layers is also affected by the interface, with
a reduction of the maximum charge for the ones close to
the interface; it can explain the electron doping in the first
MnO,; plane present in both figures. As a result, the charge
imbalance at the interface, caused by the MnO,-BaO-CuO,
termination, makes a “bridge” for the electrons in MnO, and
BaO to go to the CuO; layer. The Cu 3d3,2_,2 + O 2p, charge
difference regarding the interface charge transfer is illustrated
in Appendix C.

C. Magnetism

Having established the structural distortions and charge
transfer between YBCO and LSMO, we now explore the
obtained DFT+U magnetic ground states for each superlat-
tice. In Fig. 5 we display the spin density Ap = p; — py
for (a) (LSMO)s/(YBCO),, (b) (LSMO);/(YBCO),, and
(c) (LSMO)3/(YBCO)4 superlattices, respectively. First, one
can notice that the magnetization profile of LSMO in all
these structures corresponds to in-plane FM coupled Mn lo-
cal moments with AFM ordering between planes, giving rise
to the so-called magnetic dead layer. More importantly, we
observe the formation of tiny Cu-centered local magnetic mo-
ments up to the second CuO; plane for (LSMO)s/(YBCO),,

whereas for (LSMO);/(YBCO), and (LSMO);/(YBCO)4
the induced local moments only appear in the interface
CuO, plane. For the interface Cu atoms, we find tiny lo-
cal moments of 0.04up/Cu for (LSMO)s/(YBCO), and
0.03up/Cu for (LSMO)3;/(YBCO)y, as indicated in Fig. 3.
For the (LSMO)3/(YBCO), superlattice the calculated local
moments are the same as in (LSMO)g/(YBCO), (not shown).
This is in reasonable agreement with the local moments
reported experimentally [4], where a value of 0.06.5/Cu
was found. The AFM coupling between Cu and Mn atoms
that we observe at the interfaces can be explained using the
Goodenough-Kanamori-Anderson (GKA) rules for the su-
perexchange interaction [36,37]. As schematically depicted
in Fig. 5(d), our calculations indicate that there is a net an-
tiferromagnetic coupling due to the Cu?*(3d°)-Mn**(34%)
hybridization and a sizable orbital polarization concerning the
3d,>_, orbital.

For the undoped (LMO),/(YBCO), superlattice (Fig. 6),
the induced magnetic moments appear in the Cu-chain atoms
near the interface, with values of 0.04up/Cu. We see the
formation of local magnetic moments up to the second Cu
plane, indicating that, without Sr doping, the interface mag-
netic effect is stronger for smaller manganite thickness (not
shown). In the case of the heterostructure (see Appendix A)
the local moments are induced only in the first layer of Cu
atoms and we find tiny local moments of 0.04.5/Cu.

We also analyzed interfaces forced to be fully ferromag-
netic, i.e., without the presence of the dead layer. These results
are presented in Appendix D. We see that the charge transfer
decreases, while the magnetic moments induced in the inter-
face CuO; layers have a small increase of 0.02up/Cu when
LSMO is completely ferromagnetic.
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FIG. 6. Spin densities Ap = p; — p, isosurfaces for the
(LMO),/(YBCO), superlattice. The surfaces in yellow represent
Ap > 0 and the ones in blue represent Ap < 0. Dotted lines indicate
the interface position.

On the right axes of Fig. 3 one can see the abso-
lute magnetization profile for the (LSMO)s/(YBCO), and
(LSMO);/(YBCO), superlattices. Due to the charge trans-
fer, the Mn atoms close to the interface exhibit smaller
@ values than most internal ones, reaching 3.30up in
(LSMO);/(YBCO);, (not shown). By increasing the YBCO
layer thickness, we observe a reduction of 0.11upg in the
magnitude of the first Mn local moment and of 0.04xp in
the second Mn atom for the (LSMO);/(YBCO), superlattice.
On the other hand, the increase in the number of LSMO
unit cells leads to the opposite effect, where we find an in-
crease of 0.04up in the first Mn magnetic moment and of
0.05up in the second Mn atom for the (LSMO)¢s/(YBCO),
superlattice. The inner LSMO layers have a bulklike mag-
netism. It is noteworthy to emphasize that our calculations
indicate a decoupling between the induced charge transfer
and the local moments in the cuprate, as we explain in the
following. For instance, one can notice that, in the case of
(LSMO)3/(YBCO)y4, the induced local moments appear only
in the interface CuO, planes, whereas in (LSMO)s/(YBCO),
they extend to the second CuO, layer. For the former, the
charge transfer occurs up to the Cu(p4) plane near the bulklike
Cu-chain layer. This short-range magnetic effect, which is
decoupled from the charge transfer, indicates that the for-
mation of local magnetic moments in Cu(pl) happens due
to the interface Mn 3d—O 2p—Cu 3d hybridization, also re-
sponsible for the AFM coupling between these Mn and Cu
atoms. Another interesting fact is that the interface MnO,
plane, even with a larger occupation than in bulk, has a
smaller magnetic moment, which can indicate a change in
the in-plane magnetic coupling that leads the system closer
to an AFM configuration, reducing the strength of the Hund’s
coupling.

To summarize, our results indicate that the penetration
depth of interface local moments is controlled by the mangan-
ite thickness and Sr concentration. More importantly, these
local moments give rise to an in-plane ferromagnetic ordering
within the interface CuO, planes, which competes against the
formation of singlet Cooper pairs and may explain the attenua-
tion of 7, in heterostructures of manganites/cuprates. It is also
important to mention that strain-induced deoxygenation plays
an important role in the suppression of the superconducting
phase of YBCO in other heterostructures [38].

(LSMO),/(YBCO),

Cu(pl —— 4.32 A (bulk-doped)

O'SM d3z(zt)’2) = S el

0.05~~ . —
-0.5

- 1 2 3

&
N

—— 4.324 (bulk-doped)
—— 4.15 A (unstrained)
- 3.89 A (strained)

0.1

PDOS (states/eV)

0.50
0.25

0.00===
-0.25

—— 3.88 4 (bulk-doped)
—— 4.15 A (unstrained)
—0.50F -~ 3.89 4 (strained)

-3 -2 -1 0
E-Ef (eV)

FIG. 7. PDOS in the orbitals associated to the Mn-O-Cu bond for
the (LSMO);/(YBCO), superlattice with (dashed lines) and without
(continuous lines) z-axis strain, compared to the respective bulk-
doped values (in black). Positive (negative) values signify spin-up
(spin-down) contributions. The orbitals chosen were 3d;>_,> for Cu
(in blue) and Mn (in purple) and 2p, for O (in red). The values
in A in the legends indicate the Mn-O-Cu distances for the two
superstructures considered by us, as well as the bulk-doped YBCO
(LSMO) Cu-Cu (Mn-Mn) distance in z-axis direction. The inset in
the first panel is a zoom in the —0.5 eV to 0.5 eV energy window.

D. Mn-O-Cu hybridization

To study the hybridization between the interface Mn-O-Cu
states, we calculated the projected density of states (PDOS)
for the (LSMO);/(YBCO), superlattice. In particular, we
focused on the Cu 3d3,2_,2, Mn 3d;,2_,2, and O 2p, contribu-
tions for the electronic states around the Fermi energy. Due to
the charge transfer, we observe that the Cu 3d;2_,» states in
the (LSMO)3/(YBCO), superlattice downshift (not shown)
by around 0.5 eV in comparison to the same states in the
isolated bulk YBCO.

To disentangle the effects of the hybridization from the
induced bandshift due to charge transfer, we show in Fig. 7
the calculated PDOS for the (LSMO);/(YBCO), superlattice
and the ones calculated for electron-doped (hole-doped) bulk
YBCO (LSMO). The doping values were chosen in order
to simulate the same amount of charge transfer observed in
the (LSMO)3/(YBCO), superlattice. In addition, we calcu-
late the electronic structure of (LSMO);/(YBCO), under a
compressive strain of 5% in the z-axis parameter to reduce the
distance between the interface Mn-Cu atoms. In this case, our
unstrained structure indicates a distance of 4.15 A between
the interface Mn and Cu atoms, while the strained structure
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Heterostructure

vacuum

vacuum

FIG. 8. Structural model of the LaMnO; (2 u.c.)/YBa,Cu;0,
(2 u.c.) heterostructure. The dashed lines indicate the interface
position.

indicates a distance of 3.89 A. For comparison, in the doped
structures of bulk YBCO (LSMO), the Cu-Cu (Mn-Mn) dis-
tance in the z-axis direction is 4.32 A (3.88 A). The most
internal planes Cu(pi) with i > 2 have a bulklike Cu 3d;3,2_,2
PDOS and are analyzed in Appendix E.

As can be noticed in Fig. 7, the electronic states of
interface atoms in the unstrained (LSMO);/(YBCO), su-
perlattice (Mn-O-Cu distance of 4.15 A) exhibit an energy
alignment around —1 eV, indicating an out-of-plane orbital
hybridization. The same feature is observed between 1 and

Mn2

Mnl
Cu(pl)
Cu(p2)
Cu(cl) «
Cu(p3)
Cu(p4)

FIG. 9. Out-of-plane transition metal-oxygen—transition metal
bond angles 6 and in-plane buckling b for the heterostructure. The
dashed lines indicate the interface’s location.

0.06
0.04F 'Y 5
N Q0.04 3
0.02F 3
—_ N e — J0.02 =
! s/ 8 R Iy S ° s
o A/ .- 3
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: '/ 0.02
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—4-0.0473
~0.04-° 2
A = = 1 006

c L o - ) <
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FIG. 10. 3d-orbital charge difference An, (blue) and absolute
magnetic moments |7y, | (red) for the TM along the heterostructure.
The dashed black line indicates the interfaces. For better visualiza-
tion, the Mn moments were reduced by a factor of 70 and the negative
absolute values of the local magnetic moments —|uy, | are used. Any
was calculated using the difference between the heterostructure and
bulk TM occupations.

2 eV due to the hybridization of Mn 3d3,_,» and O 2p,.
These orbital hybridizations indicate the formation of a Mn
3d;,2_,2—0 2p,—Cu 3d;,_,2 interface bond, responsible for
the unusual magnetic profile at the interface. Despite this
sizable hybridization, we do not observe a substantial orbital
reconstruction concerning the interface Cu 3d3,._,» states in
this case. On the other hand, under compressive strain in
the z direction, we induce an increase of the Mn-O-Cu hy-
bridization and an upshift of the Cu 3d;,._,2 states towards
the Fermi energy. As a result, the number of holes in the
Cu 3d states would be redistributed between the Cu 3d,._,»
and Cu 3d;,._,> orbitals, leading to a sizable orbital recon-
struction.

It is important to note that, even if the Fermi level is
shifted to the bulk doped values, the small moments survive,
with 0.025up for Cu(pl) and 3.25up for Mnl, which are
smaller than the ones obtained when integrating up to the
interface Fermi energy, but still finite and in the same order of
magnitude.

IV. CONCLUSIONS

In summary, we performed DFT+U calculations to inves-
tigate the interface effects in LSMO/YBCO superlattices. We
find that the presence of epitaxial strain and the interface leads

Heterostructure

b4
D —

FIG. 11. Spin densities Ap = p; — p, isosurfaces for the het-
erostructure. Dotted lines indicate the interface position, the surfaces
in yellow represent Ap > 0, and the ones in blue represent Ap < 0.
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o 0.024r \»\, _1'5'%1
50.016— t 1;
< 0.008f ° \ 1072
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(LMO),/(YBCO)

(LMO);/(YBCO)
(LSMO)s/(YBCO)
(LSMO)¢/(YBCO)
(LSMO);/(YBCO),
Heterostructure

FIG. 12. Cu 3d;._,» + O 2p, charge difference An,,, (in blue)
and No. Mn/No. Cu(p) ratio (in red) for the interfaces. An,,,; was
calculated using the difference between the superstructure and bulk
occupation values.

to the reduction of buckling parameters (b and ¢) in the YBCO
layer, compared with bulk values, which is beneficial to sta-
bilizing the superconducting phase. We also observe that the
interface MnO, layers in LSMO transfer electrons to the first
CuO; planes in YBCO, which increases the Cu 3d occupancy.
However, the change in the Cu 3d valence only slightly de-
pends on the LSMO thickness. Additionally, we find induced
local moments in the interface CuO, planes, which order in an
in-plane ferromagnetic state that competes against supercon-
ductivity. These local moments are decoupled from the charge
transfer and, according to our calculations, appear mainly due
to the Mn 3d-O 2p—Cu 3d hybridization, which can give
rise to an orbital reconstruction for the interface Cu 3d states
and is responsible for the formation of the local magnetic
moments at the interface, as well as the interface Mn-Cu AFM
coupling. From the manganite side, we observe a reduction in
the magnetic moment of the interface Mn atoms, which can be
connected to a decrease in the FM coupling strength caused by
the Mn electron doping, driving the system in the direction of
an AFM phase. The formation of a magnetic dead layer can
be seen as an AFM out-of-plane coupling in the first LSMO
layers caused by the structural distortions near the interface,
which gives rise to a vanishing magnetization around 3 A from
the interface. Our findings provide the essential ingredients to
understand complex phenomena, including suppression of the
superconductivity, in YBCO/LSMO superlattices.
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APPENDIX A: LMO/YBCO HETEROSTRUCTURE

For the LaMnO3 (2 u.c.)/YBa;Cu307 (2 u.c.) heterostruc-
ture, we considered realistic thin-film geometries using
similar supercells with MnO,-BaO termination and vacuum
separation of 20 A (see Fig. 8). In this case, we only used

TABLE 1. z-axis strain €, = —es; (first column), interlayer Cu-
Cu spacing (second column), copper to apical oxygen (AO) distance
(third column), and vertical component of Ba to AO distance (fourth
column) for the interfaces. We also report distances for the pristine
material (first row) confined in the STO parameters.

Structure €. (%) Cu'-Cu® (A) Cu-AO (A) Ba-AO (A)
YBCO +0.0 4.14 2.25 0.24
(LMO),/(YBCO), +1.9 3.31 225 0.22
(LSMO);/(YBCO), +0.9 3.30 2.30 0.23
Heterostructure +0.7 3.34 2.35 0.33
(LSMO)s/(YBCO), —0.2 3.34 2.36 0.26
(LSMO);/(YBCO); —0.6 3.34 2.38 0.27
(LMO);/(YBCO), —0.8 3.34 2.45 0.38

LMO. The relaxed heterostructure is shown in Fig. 9. We find
that the buckling distance b is slightly reduced for the CuO,
planes at the interface (0.061 A). According to our results,
the reduction of b is accompanied by an average reduction of
the buckling angle ¢ of around 2.88° in the heterostructure.
As can be seen in Fig. 9 (red lines), 6 near the interface
approaches values corresponding to large doping, suggesting
an AFM coupling of MnO; layers (magnetic dead layer) close
to the interface.

In Fig. 10 we show the variation of 3d occupancies (in
blue), Any = Nneterostructure — Mbulk, T0r Mn and Cu atoms for
the heterostructure. In this structure, the Cu 3d interface oc-
cupancies increase by 0.014, which should drive the CuO,
planes away from the optimal regime (towards the antiferro-
magnetic phase). On the right axis of Fig. 10 one can see the
magnetization profile for the heterostructure, with a decay of
the magnetic moment of the Mn atoms close to the interface
and a small magnetic moment induced in the first layer Cu
atoms, with the same order as reported in XAS experiments.

In Fig. 11 we display the spin density Ap = py — p, for
the heterostructure, which exhibits local moments only in the
interface CuO; plane. For the interface Cu atoms, we find tiny
local moments of 0.04u5/Cu, in reasonable agreement with
the local moments reported experimentally.

APPENDIX B: STRAIN EFFECTS IN T,

In Table I we show the z-axis strain €, values and some
interatomic distances across the interfaces. A recent theoret-
ical study [32] reported a connection between €, and these
distances with the superconducting critical temperature 7
for bulk YBCO. The authors find a reduction of 7. up to
50% when strain goes from 0.0% to 4.0%, with a reduc-
tion in Cu(pl)-Cu(p2), Cu-apical oxygen (AO), and Ba-AO
distances. Our results for positive strain (compressive) agree
qualitatively with the tendencies for bulk YBCO, with the
(LSMO);3/(YBCO), superstructure having distance values
close to the 4.0% strained YBCO, indicating a possible reduc-
tion in 7. It is worth mentioning this is the same m/n ratio in
which the superconducting-to-insulator transition occurs for
LCMO/YBCO interfaces. The heterostructure distances are
somewhere between 0.0% and 4.0% YBCO bulk values, indi-
cating a possible reduction in 7. The interfaces with negative
strain cannot be compared because of a lack of comparative
data.
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FIG. 13. Spin densities Ap = py — p, isosurfaces for (LSMO)3;/(YBCO), (a) with “dead layer” and (b) with LSMO full FM. Panels
(c) and (d) are the respective charge difference An, (in blue) and absolute magnetic moments |7y | (in red) for the TM along the structure.
Dotted lines indicate the interface position, the surfaces in yellow represent Ap > 0, and the ones in blue represent Ap < 0. For better
visualization, the Mn moments were reduced by a factor of 70 and the negative absolute values of the local magnetic moments —| iy, | are
used. The small moments appearing deep inside the structure in (b) (yellow colored orbitals near the right edge of the figure) are associated to

oxygen atoms at the CuO chain.

APPENDIX C: INTERFACE CHARGE TRANSFER

Figure 12 indicates the Cu 3d;,._,» + O 2p, charge differ-
ence An,.q (in blue), together with the ratio between the
number of MnO, planes and the number of CuO; planes [No.
Mn/No. Cu(p)] (in red), for all the superstructures. We ob-
serve that (LSMO)e/(YBCO), and (LMO)3/(YBCO), have
the largest occupation values and that increasing the YBCO
thickness [(LSMO);/(YBCO), — (LSMO)3;/(YBCO),] de-
creases the total charge transferred. Increasing the LSMO
thickness [(LSMO);/(YBCO), — (LSMO)/(YBCO);] has
the opposite effect, increasing the charge in Cu 3d5,_,» and
O 2p, orbitals. This behavior is the same for the No. Mn/No.

(@) (LSMO),/(YBCO),

—— bulk-doped
—— Cu(pl)
— Cu(p2)

0.57

0.0

PDOS (states/eV)

-2

E-Ef(eV)

-1 0 1

Cu(p) ratio, except for (LMO),/(YBCO),, indicating that
the proportion between Mn and Cu(pi) atoms can be used
to control the doping level of the CuO, planes close to the
interface and affect their electronic structure.

APPENDIX D: MAGNETIC DEAD LAYER VERSUS
FERROMAGNETISM

In Fig. 13 we show a comparison between the charge and
magnetic profiles of (LSMO);/(YBCO), with dead layer and
with full ferromagnetic (FM) LSMO. We observe that the
charge transfer across the interface is reduced when LSMO

(b)

(LSMO),/(YBCO),
—_— :bulk—doped
—— Cu(pl)
S 0.5} —— Cu(p2)
O Cu(p3)
~
& Cu(p4)
2 :
+ 0.0 S
- ‘
9 N
o
_05 —O.OSJQ’«1
-0.5 0.0 0.5
-3 -2 -1 0 1

FIG. 14. PDOS in the Cu 3d;__,> orbital associated to Cu planes in YBCO for (a) (LSMO)3/(YBCO), and (b) (LSMO)3/(YBCO), su-
perlattices, compared to the respective bulk-doped values (in gray). Positive (negative) values correspond to spin-up (spin-down) contributions.
Since the internal planes have bulklike behavior, to compare them with the doped copper plane Cu(pl) we shifted the energy centers of the
Cu(p2), Cu(p3), and Cu(p4) bands to the bulk-doped band center value. The insets indicate a zoom close to the energy level for both structures.
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is FM and the local magnetic moment is finite only for the
first plane, but with a larger value compared to the dead layer.

APPENDIX E: Cu 3d;.:_.. PDOS ACROSS THE STRUCTURE

In Figs. 14(a) and 14(b) we display the Cu(pl)
3d;,2_,2 PDOS (blue curve) in both (LSMO);/(YBCO), and
(LSMO);/(YBCO)4 superlattices, respectively. In order to
isolate the doping effect (charge transfer) from the hybridiza-
tion, we shifted the band energy (center of gravity of band)
of bulklike internal planes to the bulk-doped values. This

allows us to compare the electronic states of Cu(pi) atoms
with the same amount of additional charge. Overall, one can
notice that the interface Cu(pl) 3d3,2_,> states are upshifted
in comparison to the bulk (gray curve), and in comparison to
the Cu(p2) (green curve), Cu(p3) (yellow curve), and Cu(p4)
(red curve) states. We also observe that the electronic states
of planes away from the interface (2—4) are reminiscent of the
bulk-doped YBCO (in gray). This indicates that the electronic
reconstruction occurs due to interface effects (hybridization)
and happens only for the interface Cu atom. This also supports
that the charge transfer mechanism itself cannot be responsi-
ble for the interface physics observed.
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