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In oxide heterostructures, different materials are integrated into a single artificial crystal, resulting in a
breaking of inversion symmetry across the heterointerfaces. A notable example is the interface between
polar and nonpolar materials, where valence discontinuities lead to otherwise inaccessible charge and spin
states. This approach paved the way for the discovery of numerous unconventional properties absent in the
bulk constituents. However, control of the geometric structure of the electronic wave functions in correlated
oxides remains an open challenge. Here, we create heterostructures consisting of ultrathin SrRuO;, an
itinerant ferromagnet hosting momentum-space sources of Berry curvature, and LaAlOj3, a polar wide-
band-gap insulator. Transmission electron microscopy reveals an atomically sharp LaO/RuO,/SrO
interface configuration, leading to excess charge being pinned near the LaAlO;/SrRuOj; interface. We
demonstrate through magneto-optical characterization, theoretical calculations and transport measurements
that the real-space charge reconstruction drives a reorganization of the topological charges in the band
structure, thereby modifying the momentum-space Berry curvature in StfRuOj3. Our results illustrate how
the topological and magnetic features of oxides can be manipulated by engineering charge discontinuities

at oxide interfaces.

DOI: 10.1103/PhysRevLett.127.127202

Recently, an increasing amount of attention has been
focused on topological phases in condensed matter [1].
Symmetry is a decisive element, as it can either be essential
or detrimental for topological order [2,3]. An iconic
example is the quantum Hall effect, where the breaking
of time-reversal symmetry is associated with a nonzero
Chern number [4]. A second example is the Weyl semi-
metal, which breaks either time-reversal symmetry, inver-
sion symmetry, or both [5]. Transitions between different
topological phases may be achieved through, e.g., external
electric or magnetic fields [6—8], a change in chemical
composition [9—-12], or application of pressure [13-15].
While typically associated with an energy gap, such
transitions are not limited to insulators and semimetals.
They may also occur in strongly metallic systems [16],
which are usually characterized by a high density of
interacting electrons [17]. A candidate material is the
itinerant ferromagnet SrRuO; (SRO) [18], which over
the past years has been the subject of intense research
[19-28]. However, manipulating the properties of SRO-
based heterostructures remains an experimental open chal-
lenge. Unlike insulators and semimetals, the high carrier
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density renders electrostatic gating, although possible
[21,27,29,30], an inefficient method for manipulating the
position of the Fermi level with respect to the momentum-
space sources of Berry curvature. This calls for a different
approach where the focus lies not on tuning the position of
the Fermi level, but rather on changing the topological
charges within the Brillouin zone, i.e., inducing a topo-
logical transition. In this respect, oxide heterostructures
provide an ideal platform due to the strong breaking of
inversion symmetry across the interfaces, especially
between materials with different charge states [31-34].
In this Letter, we demonstrate control of the momentum-
space topological properties of ultrathin SRO, by creating a
charge-frustrated interface. We synthesize RuO,-termi-
nated SRO ultrathin films and interface them with the
polar wide-band-gap insulator LaAlO; (LAO). The charge
frustration leads to charge doping of SRO well beyond the
capabilities of a conventional electrostatic gate, therefore
forming a pronounced profile of excess charge along the
growth axis. We then demonstrate that in the ultrathin limit,
this charge reconstruction modifies the momentum-space
Berry curvature and leads to a full reversal of its sign for all

© 2021 American Physical Society
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Atomic characterization. High-angle annular dark-field images of (a) STO/SRO/STO and (b) STO/SRO/LAO hetero-

structures with the insets showing bright-field images of the interface regions. (c) Intensity profile along the growth axis for the atomic A
(gray) and B sites (blue) of (b). (d) [llustration of the charge frustration and the resulting profile of the chemical potential E- close to the
Fermi energy E at the LaO/RuQ, interface. (¢) ¢/a ratio along the growth axis for (a) and (b). (f) O—M—O bond angles for the A and B
sites of the STO/SRO/LAO heterostructure, defined with respect to the STO substrate.

temperatures below the magnetic transition, thereby con-
trolling a topological transition in momentum space. These
results underline the potential of engineering charge dis-
continuities at oxide interfaces for inducing topological
transitions in correlated matter.

In Figs. 1(a)-1(c), we present scanning transmission
electron microscopy data of a nonpolar SrTiO;/SRO/
StTiO3; (STO—SRO—STO) and polar STO—SRO—LAO
heterostructure, respectively. Because both STO and SRO
have the same Sr A-site cation, the interface between these
two ABOj; perovskites consists of BO, layers (B = Ti, Ru)
separated by a shared SrO plane. Consequently, both STO
and SRO preserve the B4+ valence state, and the planar
charges are zero on both sides of the interface. In contrast,
we find that SRO and LAO are not separated by SrO, but by
a shared LaO plane, indicating that the SRO film is RuO,
terminated. This is a surprising observation since, due to
the highly volatile nature of the Ru,O, species, the SrO
termination has been argued to be more stable in oxidizing
conditions [35,36]. The in situ stabilization demonstrated
here poses a substantial advantage over ex situ approaches
and is a promising mechanism that invites further explora-
tion [37,38]. Irrespective of its origin, the observed
LaO/Ru0,/SrO interface has important consequences for
the Ru charge state, with on the SRO side Sr’>* requiring
Ru** and on the LAO side La** requiring Ru** for charge
neutrality. The interface is effectively equivalent to the hybrid

compound Sty 5Lay sRuO;5. In a fully ionic picture, charge
neutrality is then accomplished by a Ru*3* charge state, i.e.,
a0 = —0.5¢e excess charge at the interfacial layer [Fig. 1(d)].
Aside from the charge doping, the polarity in the LAO layers
creates an attractive electric potential drawing charges
toward the interface. Because of the abundance of free
carriers in SRO (n, ~ 10?> cm™3), the corresponding electric
field is screened over a length r, given approximately by the
average distance between free carriers [39]. For our films,
this yields r~ (n,)"(/3) =5 A or 1-2 crystal unit cells.
Figure 1(e) shows the out-of-plane unit cell deformation
along the growth axis. We find that for both heterostructures,
the SRO film, as well as the STO and LAO overlayers, are
coherently matched to the in-plane unit cell parameter of the
substrate. The mismatch between the unit cell sizes is
accommodated through a c-axis elongation in SRO and
contraction in LAO [Fig. 1(e)], indicating that the lattice
structure is governed by the substrate and not by the capping
layer [40]. The absence of antiferrodistortive tilts indicates
that the polar field in LAO must be compensated in another
manner. In the well-known LAO/STO system, this is
accomplished by a polar mode in the LAO layer, where
the O—AIl—O bonds buckle in response to the internal electric
field [41,42], a distortion which propagates into the top few
unit cells of the STO substrate. Here, we observe a similar
phenomenology, i.e., a polar mode in the LAO layer that
propagates into the top unit cell of the SRO layer [Fig. 1(f)].
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FIG. 2. Magneto-optical Faraday effect. (a) Illustration of the
experimental geometry for probing the Faraday rotation. (b) Fara-
day rotation as a function of applied magnetic field for an
SRO(5)/LAO(10) heterostructure for various temperatures.
(c) The amplitude of the hysteresis loop 6, as a function of
applied field for SRO(5)/STO(10) (gray), SRO(5)/
STO(2)/LAO(8) (orange), and SRO(5)/LAO(10) (blue) heter-
ostructures. The solid lines represent Landau fits.

We next investigate a second consequence anticipated
for the excess charge accumulation, i.e., a change in the
spin state of the Ru ions. In contrast to some of its magnetic
3d counterparts, the crystal-field splitting in SRO (~3 eV)
is larger than both the Hund’s interaction (~0.3 eV) and the
Coulomb repulsion (~2 eV), owing to the spatially larger
4d orbitals [43—45]. As a result, the four d electrons in SRO
reside in the 7, orbitals, producing a (4d*) S = 1 spin state.
The additional charge transferred from the LAO layer also
occupies the t,, manifold, reducing the average spin state to
3/4 < S,y < 1 due to the spin flip. Such a reduction of the
spin moment directly manifests in the value of the satu-
ration magnetization M, and the Curie temperature 7',
which both scale with S(S + 1). In magnetic systems, both
Tc and M, can thus serve as indicators of a charge
reconstruction and are expected to be lowered when
electronic charge is transferred to SRO. We therefore
proceed to investigate the spontaneous magnetization as
a function of temperature, by means of the magneto-optical
Faraday effect [Figs. 2(a) and 2(b)]. The polarization rotation
0r due to the Faraday effectis linearly proportional to the out-
of-plane component of the magnetization M . In Fig. 2(c), we
show the Faraday rotation as a function of temperature for
SRO films with various capping layers. To compare the
different M and T, we fit the datato @ = 6;_o|T — T¢|"/?
(Landau fit), treating € as the magnetization M. According
to expectation, we find a clear suppression of both 7' and 6
for the SRO(5)/LAO(10) sample, as compared with
SRO(5)/STO(10). To verify that this is an interface-driven
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FIG. 3. Excess charge profile and topological reconstruction.

(a) Layer-resolved charge and magnetization profile for
STO/SRO(4)/STO (gray) and STO/SRO/LAO (blue) calcu-
lated using density-functional theory (DFT). (b) Effective tight-
binding model of two coupled SRO monolayers, with excess
charge ¢ = —0.5¢ in the top layer, as well as an on site electrostatic
potential V and interlayer coupling y1. (c),(d) The 12 Ru 7,, bands
for the effective model with (c) representing a weak pinning
(y = 1) and (d) a strong pinning (y = 0.5) scenario, including an
orbital Rashba correction 4z = 0.04¢ and an on site potential V =
—0.2¢ in the top layer. (e) The calculated anomalous Hall
conductivity a,‘?ﬁ, in which the gray dashed line represents the
reference case with two Ru** layers (¢ = 0) and the colored solid
lines represent the scenarios with excess charge ¢ = —0.5¢ with
either weak (green) or strong pinning (blue).

effect, we also investigated SRO(5)/STO(2)/LAO(8),
which is structurally similar to SRO(5)/LAO(10), but has
two layers of STO that shield SRO from the valence
discontinuity. As expected, both M and T - are significantly
larger compared with the LAO-capped sample and nearly
identical to the STO-capped sample, further supporting that
the charge and magnetic reconstruction are driven by the
charge frustration at the LaO/RuO, interface.

Having established an interface-driven charge and spin
reconstruction, we turn to the question of how this affects
the momentum-space Berry curvature and the anomalous
Hall effect (AHE). Aside from the altered magnetization,
the charge frustration introduces two elements; (i) a shift in
the chemical potential due to charge doping and (ii) break-
ing of inversion symmetry due to the electric field along the
growth axis. To determine their impact, we first address the
question of how far the field penetrates into the SRO film.
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The top panel in Fig. 3(a) shows the DFT-calculated charge
profile across the heterostructure, using the STO substrate
as a baseline value. As expected, charge doping is absent for
the STO-capped heterostructure, yielding a symmetric
charge profile. For the LAO-capped sample however, we
find, in accordance with the previous estimate for the
screening length r, a doping of ~ — 0.1 and ~ — 0.04¢ for
the two unit cells closest to the SRO/LAO interface
(~10?! cm™3), leading to a strongly asymmetric charge
profile [46]. The impact on the magnetization is immediately
clear from the bottom panel of Fig. 3(a), which, in agreement
with the magneto-optical characterization, shows that the two
charge-reconstructed unit cells have a lower magnetization
compared with the STO/SRO/STO reference case. These
results provide a clear picture; the SRO film experiences an
electronic and magnetic reconstruction that persists 2 unit
cells from the interface and causes a strong inversion-
symmetry breaking.

To determine the effect of the reconstruction on the
momentum-space Berry curvature, we introduce an effec-
tive tight-binding model of an SRO bilayer with interlayer
coupling yt, where ¢ is the nearest-neighbour hopping
energy [Fig. 3(b)]. The charge frustration and symmetry
breaking are simulated by including an additional charge
—0.5¢ in the top layer, an attractive electrostatic potential
V =-0.2¢t, and a small orbital Rashba correction
Ag = 0.04¢. The parameter y represents the tendency of
the excess charge being pinned to the top layer, i.e., the
screening length r defined in Fig. 1(d). From a band
structure perspective, this translates to a steeper bending of
the chemical potential E- near the interface. We consider
two scenarios: weak and strong charge pinning, or high and
low vy, respectively. Figures 3(c) and 3(d) show the
dispersion relations of the twelve Ru #,, bands for the
two scenarios, at a representative value of the magnetiza-
tion. The kinks that can be observed at the band anticross-
ings represent momentum-space (anti-)vortices of the Berry
connection, acting as either positive or negative charges of
Berry curvature. We highlight one band as an example,
whose Chern number transitions from C = —1 to C = +3
between the weak and strong pinning scenarios. In the
dispersion, this manifests as a change in the position and
character of the band anticrossings. Overall, we find a
substantial evolution of the topological charges between the
two scenarios. One can approximate the total Berry
curvature by the averaged Chern number (C), which is
calculated by summing the Chern numbers of the individ-
ual bands, weighted by their occupation. We find a
transition of (C) = —1.3 to (C) = 40.5, between the weak
and strong pinning scenarios, respectively. Concurrently,
the filling factors between the two scenarios remain
virtually unchanged. In fact, it can be shown that for
any linearly decreasing profile of the filling factors with
energy, the sign of the total Berry curvature is purely
determined by the sum of the Chern numbers associated
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FIG. 4. Anomalous Hall effect. (a) Illustration representing the
evolution of the momentum-space topological charges. Upon
increasing the charge pinning, the system moves through a Weyl
point in the synthetic space spanned by k,, k, and the charge
pinning parameter y. (b) The measured anomalous Hall resistivity
va for SRO films of varying thickness capped by both STO and
LAO as a function of temperature. The inset in (b) shows an
example of the magnetic-field dependence of the AHE, from
which the amplitude pp!! is extracted.

with the indirect gaps of the twelve #,, bands [47]. This
demonstrates that the sign change is driven by a topological
transition in momentum-space and is not due to a change in
band occupation. To further demonstrate the robustness of
this result, we directly calculate the anomalous Hall
conductivity for a wide range of values for the magneti-
zation [Fig. 3(e)]. In agreement with the topological charge
reconstruction, we find a transition from a fully negative to
a fully positive AHE for nearly all magnetization values.
These results unambiguously identify the charge pinning,
and the resulting inversion-symmetry breaking, as the
dominant effect in reconstructing the momentum-space
topological charges and Berry curvature.

To illustrate the topological reconstruction, we consider
a three-dimensional parameter space, spanned by the Bloch
momentum coordinates k, and k, and the charge pinning
parameter y as the third dimension. The reconstruction can
then be understood as the system moving through a Weyl
point, where the bands experience a closing and reopening
of an energy gap upon increasing the charge pinning
parameter y. The evolution changes both the number and
sign of the topological charges in the two-dimensional
Brillouin zone. We have visualized this concept in Fig. 4(a),
where the sources of Berry curvature are represented by
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chiral vortexlike objects of the Berry connection, which
change both in winding direction and in number across the
transition. In a transport experiment, this translates to an
inversion of the sign of the emergent field and consequently
the AHE. Figure 4(b) shows the AHE amplitude, as a
function of temperature for films of various thicknesses m
capped by STO and LAO. For the thinnest films (m = 4),
we find a positive AHE for the LAO-capped sample for all
temperatures below the T'c. In contrast, it is negative for the
4 u.c. STO-capped sample. These two heterostructures
represent the left and right scenarios in Fig. 4(a), and the
sign inversion of the AHE can be understood as the system
experiencing a topological reconstruction, driven by the
onset of charge pinning at the polar interface. As m is
increased for the LAO-capped samples, we find a transition
to a more negative behavior of the AHE in temperature,
which can be understood as the contribution of the charge-
reconstructed layers becoming increasingly diluted as the
total film thickness increases, effectively diminishing the
impact of the interface inversion-symmetry breaking on
the anomalous Hall response. Accordingly, one expects
both heterostructures to converge to the same state as the
number of layers is increased. Indeed, for increasing layer
thickness, both heterostructures tend toward the same
behavior of the AHE, i.e., a negative at all temperatures.

While electric field penetration in bulk metals can be
safely ignored, its importance in the ultrathin limit cannot
be neglected. The key element is the extremely short
penetration depth of the electrostatic potential in metals,
which can cause a strong inversion-symmetry breaking in
the near-interface region. The resulting electronic and
magnetic reconstructions can have a decisive effect on
the momentum-space topological properties of correlated
systems, including, but not limited to SrRuOj;. The charge
frustration arising from the interface with LaAlO; provides
a unique opportunity for studying the effect of symmetry
breaking on its momentum-space topology. Because of the
insulating nature of LaAlO;, there is neither mixing of
states at the Fermi energy nor interface-driven spin canting,
as has been reported in, e.g., the SrRuO;/SrlrO; interface,
which has been the topic of multiple studies in recent years
[19,21,26,81,82]. In this sense, the system considered here
offers a pleasing simplicity and a more direct approach
toward controlling the topology in ultrathin SrRuO; and
potentially other correlated metals. Our results are also of
relevance to the scenario of uncapped SrRuOj; films [83],
where dangling bonds at the surface can manifest as a
charged electrostatic boundary condition [38], albeit com-
plicated by the unavoidable interaction with adsorbed
ambient chemical species.

In conclusion, we have demonstrated how a valence
charge discontinuity induces both a magnetic and topo-
logical reconstruction in ultrathin films of the itinerant
ferromagnet SrRuO5. We identify the pinning of the excess
charge donated by the polar LaAlO; overlayer and the

resulting inversion-symmetry breaking to be the dominant
effect in altering the band topology and momentum-space
Berry curvature, leading to a full inversion of the sign of the
emergent magnetic field. These results demonstrate how
engineering charge discontinuities can be utilized to control
the topological properties in oxide heterostructures and
establish the potential of interface design toward the
manipulation of the geometric structure of wave functions
in correlated matter.

The supporting data presented in this Letter are openly
available from [84].
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