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Site-specific spectroscopic measurement of
spin and charge in (LuFeO3),,/(LuFe,0,4)-
multiferroic superlattices
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Interface materials offer a means to achieve electrical control of ferrimagnetism at room
temperature as was recently demonstrated in (LuFeQO3),,/(LuFe,04), superlattices. A chal-
lenge to understanding the inner workings of these complex magnetoelectric multiferroics is
the multitude of distinct Fe centres and their associated environments. This is because
macroscopic techniques characterize average responses rather than the role of individual iron
centres. Here, we combine optical absorption, magnetic circular dichroism and first-principles
calculations to uncover the origin of high-temperature magnetism in these superlattices and
the charge-ordering pattern in the m = 3 member. In a significant conceptual advance,
interface spectra establish how Lu-layer distortion selectively enhances the Fe2t — Fe3+
charge-transfer contribution in the spin-up channel, strengthens the exchange interactions
and increases the Curie temperature. Comparison of predicted and measured spectra also
identifies a non-polar charge ordering arrangement in the LuFe,O, layer. This site-specific
spectroscopic approach opens the door to understanding engineered materials with multiple
metal centres and strong entanglement.
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he dream of a ferroelectric ferromagnet that is fully

coupled at room temperature is the grand challenge of

multiferroics and magnetoelectrics. Heteroepitaxy enlarges
the design space to achieve this difficult but important goal, and
examples abound of superlattices and interfaces at which exotic
properties emerge!~1%. Superlattices of the form (LuFeOs),,/
(LuFe,Qy),, that sport ferroelectric ferrimagnetism are prominent
examples?. The layer indices run from 0 to 9 and for simplicity
are denoted (m, n). One end member h-LuFeO; is a polar,
improper ferroelectric below 1020K, and it orders anti-
ferromagnetically at 147K in a pattern in which symmetry
allows a slight canting of the spins—giving rise to weak ferro-
magnetism?!-24, The other end member LuFe,O, is an anti-
ferroelectric with a complex phase diagram, exemplified by a
series of charge-ordering transitions above room temperature, a
240K ferrimagnetic ordering temperature, and a structural
transition near 170 K2°-30, The crystal structures of the end
members are shown in Supplementary Fig. 1. In certain members
of the (LuFeOs3),,/(LuFe,0,), series, ferroelectric ferrimagnetism
emerges with ordering temperatures up to 281K20. Such a
superlattice has a higher magnetic ordering temperature than
either of its end members due to interface effects2’. The micro-
scopic nature of these interface effects and their connection to the
more robust magnetism is highly under explored. At the same
time, the charge-ordering pattern in the LuFe,O, layer is com-
plex, with both polar and nonpolar Fe double layers predicted to
be essentially isoenergetic2%-2>26, The symmetric vs. asymmetric
displacement of the upper and lower Lu layers adjacent to
LuFe,0, is one characteristic that differentiates the polar vs.
nonpolar Fe double layer charge-ordering candidates. Resolving
these issues is crucial for determining the ground state. Here, we
use a spectroscopic approach that builds upon magnetic property,
polarization, and neutron scattering measurements?0-2123 to
reveal the site-specific electronic structure of these engineered
materials, unraveling both the microscopic origin of high-
temperature magnetism in the (LuFeOs3),,/(LuFe,O,), family of
materials and the charge-ordering pattern in the Fe bilayer of the
(3, 1) superlattice. In addition to introducing a remarkably
powerful and versatile technique for extracting spin and charge
character at the interface in a homologoes series of multiferroic
heterostructures, our work opens the door to similar approaches
in other engineered materials as well as opportunities for the
development of structure—property relationships and interface
descriptors, potentially advancing a number of allied fields
including spintronics and photonics.

Results and discussion

Uncovering the electronic excitations of different Fe centers in
the (3, 1) superlattice. We begin with the (3, 1) superlattice
because it is the most theoretically tractable. Figure 1a, b displays
the crystal structure highlighting the (LuFeO3);/(LuFe,0,), layer
pattern along with a scanning transmission electron microscope
(STEM) image of the film. Inversion symmetry in the LuFe,O,
layer is broken due to the rumpling imposed by the adjacent
LuFeOs; layers?0. This is because the pattern of Lu-layer distor-
tions around the Fe double layer is asymmetric with both down/
up/up and down/up/down displacements along c. Here, d
represents the size of the Lu-layer displacement. One way to
separate the role of the different metal sites—at least in principle
—is by projecting out the contribution of various layers and their
Fe centers. Figure 1c displays the spin-projected density of states
for the Fe double layer in LuFe,Oy, the adjacent monolayer and
the central monolayer in LuFeOs. The six types of excitations
(summarized in Table 1) provide for a site-specific analysis of
magnetism in (LuFeO;)s/(LuFe,0,);. This is an unusual amount

of complexity for dichroic analysis of an iron-containing mate-
rial. Fortunately, of these six excitations, only three are important
due to the relative size of the matrix elements. For instance, the
two charge-transfer excitations are quite strong in the linear
absorption and magnetic circular dichroism because they involve
Fe sites with different charges. The on-site Fe?Td-to-d excitation
is important in the dichroic response due to the large Fe?t
density of states in the spin-down channel (Fig. 1c). This feature
is also evident in the optical absorption of the LuFe,O, end
member?’. That these structures occur in different energy
regions allows us to separate closely related Fe-containing exci-
tations in both the optical absorption and magnetic circular
dichroism.

Figure 2a, b summarizes the spectroscopic response of
(LuFeO3);/(LuFe,0,);. The challenge that arises immediately —
even upon cursory inspection of the dichroic spectra—is how to
distinguish the different Fe contributions. One path forward is to
employ the linear absorption spectrum, a(E), along with assign-
ments from electronic structure calculations?0-2227:31,32 1
determine characteristic excitation energies of each type of iron
center. Figure 2a displays the optical absorption spectrum of the
(3, 1) superlattice. Based upon our spin-projected density of states
calculations (Fig. 1c and Table 1), the Fe-related excitations take
place over a broad energy range. We can address the various site-
specific Fe-related excitations by dividing the spectra into
different energy regions and performing subtractions where
necessary. As a reminder, the most important are (i) the Fe2+ —
Fe3t charge-transfer excitations in the spin-up and spin-down
channels of the LuFe,0, double layer and (ii) the Fe?td — d on-
site excitation in the spin-down channel of the LuFe,O, double
layer. These features are indicated in Fig. 2a.

Figure 2b displays the magnetic circular dichroism spectrum
of the (3, 1) superlattice at full field. Access to the 25 T split helix
magnet at the National High Magnetic Field Laboratory33 was
crucial to this work, providing both direct optical access and a
field high enough to saturate the magnetic state of interest.
Two zero-field spectra are also included. They are not the
same because the measurement pathway is hysteretic (25T — 0~
T — —25T—0"T—25T), and the ferrimagnetic film is not
fully demagnetized when the field is removed. At full field, the
dichroic spectra reveal a broad, asymmetric structure centered at
1.5eV and a smaller lobe near 2.2 eV. Based upon Fig. 2a, we
assign the 1.5eV feature to the Fe?T — Fe3T charge-transfer
excitation of the LuFe,Oy layer in the spin-down channel. The
small 2.2eV feature has a more complex origin because
excitations are heavily mixed in this energy range. Our analysis
shows that this structure emanates from a combination of charge-
transfer excitations in both the spin-down and spin-up channels.
The sign change at 2.1eV is a reminder of how the spin-up
channel density of states comes to dominate the response. There
is another inflection point near 2.4 eV, above which Aa changes
sign due to the way in which the spin-down channel Fe**d — d
excitation dominates the dichroic response. The on-site d-to-d
excitations of Fe>* have much lower intensity (Table 1).
Importantly, features in the dichroic spectra Aa(E)pycp are
directly proportional to net magnetization, and since we can
analyze this effect at different energies, the response can be
correlated with specific iron centers34-36,

Revealing the role of each individual Fe center. In order to
uncover the role of each type of Fe center, we take constant
energy cuts of the dichroic spectra based upon the excitation of
interest. For instance, constant energy cuts of the spectra at 1.33
eV reveal the behavior of the Fe?* — Fe3t charge-transfer exci-
tation in the spin-down channel. Remarkably, a plot of Aaycp at
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Fig. 1 Crystal structure, growth pattern, and spin-projected density of states. a Crystal structure of the (3, 1) film showing how a LuFe,O4 slab (which
has an iron oxide double layer with both Fe2* and Fe3* between two Lu layers) is sandwiched between three layers of LuFeO329. d represents the Lu-layer
displacement. b HAADF-STEM images of the m =3, 7, and 9 superlattices viewed along the [110] zone axis. Atomic number contrast shows the bright,
heavy lutetium atomic rows layered with the less bright iron atomic rows. The scale bar is the same for all images. Trends in the ferrimagnetic Tc and Lu-
layer distortion (which increases with the number of LuFeOs layers) are also shown. € Spin-projected density of states of the Fe double layer in LuFe,O4, an
adjacent monolayer of LuFeOs and the central LuFeO3; monolayer. These calculations were performed using the self-doped charge-ordering model as

discussed in the text (Fig. 4b). The Fe double layer is nonpolar, and the Lu-layer displacement is asymmetric with both down/up/up and down/up/down
distortion patterns around the Fe bilayer. The Fe3* and Fe2+ states are indicated with dark and light blue, respectively. The arrows denote different types of

excitations.

Table 1 Summary of different types of Fe excitations in the (3, 1) superlattice.

Type of Excitation Layer in the Energy range Intensity
excitation channel superlattice (eV) (Aa(E), a(E))
Fe2+ — Fe3* charge transfer Spin-down LuFe,0, 1-2.4 strong, strong
Fe2+ — Fe3* charge transfer Spin-up LuFe,04 2-2.8 strong, strong
Fe2td — d on-site Spin-down LuFe,04 2.5-2.8 medium, medium
Fe3*d — d on-site Spin-up LuFe,04 2-2.8 weak, weak
Fe3+d — d on-site Spin-down LuFe,0,4 2-2.8 weak, weak
Fe3+d — d on-site Spin-down LuFeOs3 1-2.8 weak, weak

The first three rows indicate the most important excitations as discussed in Supplementary Information. The energy range for our measurements is from 0.8 - 2.8 eV.
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Fig. 2 Linear absorption spectrum, magnetic circular dichroism, and the magnetic behavior of different Fe centers in (LuFeO3)s/(LuFe;04),. a Linear
absorption spectrum of the (3, 1) superlattice. The three most important Fe-related excitations are indicated. b Magnetic circular dichroism spectra of the
(3, 1) superlattice at +25 and *0 T after substrate correction. ¢ Fixed energy cut of the magnetic circular dichroism spectrum at 1.33 eV as a function of
magnetic field at various temperatures. d Optical hysteresis loop obtained from the analysis of the Fe2+ — Fe3+ charge-transfer excitation in the spin-up
channel compared to that in the spin-down channel. e Hysteretic behavior of the Fe2+ on-site d-to-d excitation in the spin-down channel. f Coercive fields
extracted from the optical hysteresis loops for each type of excitation as a function of temperature. The model fit is described in the text. Bulk

magnetization is included for comparison?'.

1.33eV vs. magnetic field unveils an optical hysteresis loop
(Fig. 2¢). Because the charge-transfer excitation is located in the
LuFe,0, layer, we can explicitly connect the behavior of the Fe
bilayer to the magnetic response. We also measure the dichroic
spectra of the (3, 1) superlattice at different temperatures. Ana-
lysis again reveals optical hysteresis loops that close with
increasing temperature (Fig. 2c).

We also consider how other Fe centers support high-
temperature magnetism in the (3, 1) superlattice by taking cuts
of Aaycp at several different energies (Fig. 2d, e). While the
optical hysteresis loop at 1.33 eV has a traditional shape, the loop
becomes irregular at higher energies due to mixing (Supplemen-
tary Fig. 4b, ). The challenge is to extract the response of each
individual Fe center from the mixed state. We perform constant
energy cuts at 1.8, 2.2, and 2.6 eV to address this issue. Details are
discussed in the Supplementary Information (Supplementary
Fig. 4). By subtracting the dichroic response at 1.8 eV from that at
2.2eV, we can obtain the pure signal of the charge-transfer
excitation in the spin-up channel (Fig. 2d). The direction of the
hysteresis loop thus obtained is reversed because the spin-state
changes from down to up. A similar analysis is applied to the 2.6
eV energy cut of the spectral data. Here, spin-up charge transfer is
strongly mixed with spin-down Fe?td-to-d on-site excitations.
Subtraction yields the signature of the Fe?t site (Fig. 2e). Note
that the shape of the hysteresis loop returns to “normal” because
the spin state flips again.

In order to link the microscopic response of the spin in the Fe
double layer with the bulk magnetic properties?%21, we extract the
coercive fields from the optical hysteresis loops (Fig. 2c-e) and
plot these spectroscopically determined coercive fields (H,) with
those obtained from bulk magnetization, as a function of
temperature (Fig. 2f). The trend in H, is similar for all Fe
centers, and the extracted coercive fields are in excellent
agreement with bulk magnetization?®2!. This demonstrates that
a significant portion of the magnetism in the (3, 1) superlattice
originates from the LuFe,O, layer. In other words, the global
coercive field is approximately equal to the local coercive field in
the LuFe,O, layer. We fit the temperature dependence of the
coercive field in the (3, 1) superlattice with the Néel relaxation
and Bean-Livingston models®”38, which relate H, to the single-
ion anisotropy (K), ferrimagnetic Tc, and the power index n
(Fig. 2f). Overall, this model is in reasonable agreement with our
data, although n=2.6 may indicate a slightly nonclassical
response.

Structure-property relations in the (LuFeO;),,/(LuFe,0,),
superlattices. In order to unravel the mechanism of high-
temperature magnetism and the consequences of Lu-layer dis-
tortion on the electronic structure of the interface, we measured
the dichroic response of the (7, 1) and (9, 1) superlattices and
compared the results to those of the (3, 1) material. As a
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Fig. 3 Magnetic circular dichroism of the interfaces, coercive fields, and remnant magnetization. a Magnetic circular dichroism spectra of the interfaces
on a “per repeat unit” basis. b Coercive fields obtained from analysis of the spin-up channel Fe2+ — Fe3+ charge-transfer excitation in the (3, 1), (7, 1), and
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associated text for exact energies.

reminder, higher-order superlattices contain more LuFeOj; layers,
which increases the amplitude of the asymmetric Lu-layer dis-
tortion and raises the Curie temperature T (Fig. 1). In order to
make the most effective comparison, we need to isolate the
spectroscopic response of the interface. We begin by normalizing
the magnetic circular dichroism spectra on a “per repeat unit”
basis by taking the raw dichroic signal and dividing by the
number of repeat layers (Eq. (3)). Next, we use the normalized
spectra of two end members to construct a “composite spectrum”
for each superlattice. The composite response is simply the
dichroic signal generated from combining the per repeat unit end
member spectra based upon the composition, as given by m and n
(Eq. (4)). We extract the interface spectrum of each film by
subtracting the composite response from the measured spectrum
on a “per repeat unit” basis. A detailed discussion of this proce-
dure is available in the “Methods” section and Supplementary
Information. We immediately see that the interface spectra,
Aopcp, 1t 1 significant—at least at certain energies. This indi-
cates that additional magnetism arises from the LuFe,O,4-LuFeO;
layer interaction.

Figure 3a summarizes the interface response of our set of
superlattices. Remarkably, the interface spectra are nearly
identical below 2 eV, demonstrating that magnetism emanating
from the Fe’t — Fe3T charge-transfer excitation in the spin-
down channel is only minimally dependent upon the size of
the Lu-layer distortion (or the number of LuFeO; layers in the
superlattice). The situation is different above 2 eV where, despite
mixing with the spin-down channel transitions, the charge-
transfer excitation in the spin-up channel dominates the dichroic
response (Fig. 1c). This reveals that increased Lu-layer distortion
selectively enhances the magnetic moment emanating from the
spin-up channel Fe2+ — Fe3T charge-transfer excitation, which
amplifies the LuFe,O, layer magnetization, and therefore the
dichroic signal. This analysis naturally raises the question of
exactly how Lu-layer distortion impacts individual Fe sites in the
LuFe,O, bilayer. We unveil the interface behavior of each Fe
center by taking constant energy cuts of Aayicp, 1nr. and plotting
these values as a function of magnetic field. In addition to
coercivity and related trends in the single-ion anisotropy (Fig. 3b),
the optical hysteresis loops that we extract from the magnetic
circular dichroism spectra of the interface yield a remnant value
of the dichroism (Aaycp, rem.) that is proportional to remnant
magnetization (Supplementary Fig. 4d-f). We can therefore
reveal how superlattice periodicity affects local Fe site magnetiza-
tion. Figure 3c displays Aapcp, rem, for the different Fe-related

excitations as a function of the number of LuFeOj layers. Because
superlattice periodicity and the Lu-layer distortion are correlated,
there is a relationship between Aaycp, rem. and the Lu-layer
distortion as well. Above m =3, the remnant signal from the
charge-transfer excitation in the spin-up channel increases
sharply—consistent with the theoretically predicted saturation
moment in the LuFe,O, layer?0. By contrast, spin-down charge
transfer and the Fe2*d — d excitation are relatively insensitive to
the number of LuFeO; layers (and the Lu-layer distortion). This
behavior demonstrates that increasing magnetic moment in the
LuFe,0, layer emanates from rising Fe2™ and Fe3* density of
states in the spin-up channel of the higher-order superlattices.
This conclusion arises from the corresponding changes in the
dichroic spectra. At the same time, the trend provides a
microscopic explanation for how high-temperature magnetism
in these superlattices derives from Lu-layer distortion, as well as
the more growth-oriented parameter of superlattice periodicity.
We can understand in part why the enhanced magnetic moment
emanates from the spin-up channel excitations by considering the
charge-ordered state in greater detail.

Determining the charge-ordering pattern in (LuFeOj;)s/
(LuFe,0y4),. Because charge ordering is one of the highest energy
scales in the system2%25-27, magnetism in the (LuFeOs),,/
(LuFe,0,); superlattices depends intimately upon the charge-
ordering pattern in the Fe double layer. In order to reveal the
relative importance of these states and distinguish between them,
we calculated magnetic circular dichroism of several different
candidate charge-ordering patterns, using first-principles meth-
ods and compared the results to the experimental dichroic
spectra. The (3, 1) material has a large supercell containing 132
atoms, so we began by testing our predictions against the end
members. Importantly, we tested two different states for the
LuFe,O,4 parent compound: CO-I and CO-II. Here, CO-I is an
antiferroelectric state in which Lu trimer distortion is forbidden
by symmetry (Supplementary Fig. 6a)2>39, CO-II, on the other-
hand, allows Lu trimer distortion and has alternate Fe?*- and
Fe3*-rich layers, the stacking of which breaks inversion and
introduces ferroelectricity (Supplementary Fig. 6b)40. As dis-
cussed in the Supplementary Information, the computed spectra
of both LuFe,0, and LuFeO; are in good agreement with our
measurements (Supplementary Fig. 7a, b), and a CO-I pattern is
identified in the LuFe,O4 end member?>3°, We therefore exten-
ded this approach to the (3, 1) superlattice.
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Fig. 4 Candidate charge-ordering patterns for (LuFeO3)3/(LuFe,04); and comparison of calculated vs. measured dichroic spectra. a Ferroelectric

single-domain type (CO-FE) charge-ordered state with a polar Fe bilayer. The Lu-layer displacement is symmetric, and red arrows indicate the polarization
direction. b Self-doped-type (CO-DOPED) multi-domain charge-ordered state with a nonpolar Fe bilayer, unveiling spontaneous electron transfer from the
Fe bilayers to the LuFeOs layers. The polarization changes direction across the domain boundaries (dashed lines) as shown by the red and blue net dipole
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¢ Experimental dichroic spectra Aa(E)ucp along with calculated Aa(E)pmcp of the CO-FE (polar Fe bilayer) and CO-DOPED (nonpolar Fe bilayer) charge-

ordering states in the (3, 1) superlattice.

The charge-ordered state in (LuFeO;);/(LuFe,Oy4); is more
complicated than that in the LuFe,0, end member due to Lu-
layer distortion at the interface, which is induced by the LuFeO,
layer. As a result, the CO-II-type state is more stable than CO-I
for m =3 superlattices. Based on a CO-II arrangement in the
LuFe,0, bilayer, theory predicts two possible charge-ordering
patterns for the (3, 1) superlattice?. These candidates, termed
CO-FE and CO-DOPED for reasons that will become clear below,
are slight variations (subsets) of the aforementioned CO-II
pattern. What differentiates these candidates is (i) polar vs.
nonpolar character of the Fe double layer and (ii) symmetric vs.
asymmetric Lu-layer displacement. The latter is closely associated
with the phase shift across the ferroelectric domain wall in the
superlattices*!. We find that the single-domain type charge-
ordering state (CO-FE) is ferroelectric (Fig. 4a). This is because
the Lu-layer distorts in the same direction along ¢ and with the
same down/up/up pattern throughout the material. On the other
hand, the Lu-layer displacement is asymmetric in the doped-type
state (CO-DOPED). Here, our calculations predict a spontaneous
electron transfer from Fe?™ sites in the bilayer to Fe3* sites in the
LuFeO; layer (Fig. 4b). This leads to an Fe>*-rich bilayer, which
increases magnetization in the LuFe,O, slab—consistent with a
larger coercive field and higher moment. It is the electron transfer
that periodically reverses the Lu-layer distortion to create the
asymmetric down/up/up and down/up/down pattern across the
Fe bilayer. This changes the direction of electric polarization
across each domain wall which acts to create a nonpolar Fe
double layer and overall antiferroelectric state. As we shall see
below, this is the state that corresponds most closely with
experiment.

Figure 4c compares the dichroic spectra for the (3, 1)
superlattice with our calculations. As discussed above, two
different CO-II-type charge-ordering patterns were imposed in
the simulations, with the goal of distinguishing between them.
These include CO-FE and CO-DOPED (Fig. 4a, b). Overall, the
experimental spectrum is in agreement with the CO-DOPED
model. This means that the Fe double layer is nonpolar, and the
Lu-layer displacement is asymmetric. Comparison reveals very
similar results below =1.5eV for both states. The model
predictions separate above this energy—similar to what we find
for the case of bulk LuFe,O, (Supplementary Fig. 7b). Spectral
signatures that distinguish the CO-DOPED model include the
minimum near 1.5eV and sign change near 2eV. The overall
agreement becomes less quantitative at higher energies—possibly
due to additional complexity in the charge-ordering pattern due
to charged ferroelectric domain walls or reduced measurement
sensitivity as the absorption coefficient rises (Fig. 2a). In any case,
all of our calculations in Figs. 1c and 4c implement this particular
charge-ordering pattern and are internally consistent. The CO-
DOPED model is likely to apply to the higher-order superlattices
(m =7 and 9) due to the stronger Lu-layer distortion, although
calculations cannot be performed at this time due to the
extraordinary size of the unit cells. Our finding for the nonpolar
CO-DOPED model is consistent with real space HAADF-STEM
images as well (Fig. 1b)20,

Summary and outlook. By combining optical absorption spec-
troscopy, high-field magnetic circular dichroism, and first-
principles calculations, we unravel the microscopic origin of
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high-temperature magnetism in the (LuFeO3;),,/(LuFe;,Oy);
superlattices (m = 3, 7, and 9) and, at the same time, reveal the
charge-ordering pattern in the m =3 member of this family of
multiferroic materials. Analysis of the site-specific coercivity vs.
temperature curves, obtained from constant energy cuts of the
dichroic spectra, demonstrates that bulk magnetism derives
principally from the LuFe,O, layers. Magnetism emanating from
the LuFe,O, layer becomes more robust as the (3, 1) — (7, 1) —
(9, 1) series progresses—a trend that correlates with increasing
Lu-layer distortion. To understand this relationship more deeply,
we extract the spectral signature of the interface for the
(LuFeOs3),,/(LuFe,Q,), series (m =3, 7, and 9). While the overall
contribution of spin-down channel excitations is persistent over
the sequence, enhanced Lu-layer distortion at the interface
increases the contribution of the Fe?t — Fe3t charge-transfer
excitation in the spin-up channel. This amplifies LuFe,O, layer
magnetization and pinpoints the role of Fe?*. Key to this dis-
covery is the ability of magneto-optical spectroscopy to provide
direct, microscopic, site-specific information about interface
magnetism in a two-dimensional material with multiple magnetic
centers. Comparison of the theoretically predicted magnetic cir-
cular dichroism with the experimental spectrum also establishes
the nonpolar self-doped structure as the precise charge-ordering
arrangement within the LuFe,O, layer of the (3, 1) film, thus
resolving controversy regarding the many different isoenergetic
charge states. In addition to introducing a remarkably powerful
and versatile spectroscopic decomposition technique for revealing
microscopic spin and charge character at the interface of a
multiferroic superlattice with many different iron centers in a
site-selective manner, this work provides a pathway to link bulk
and interface properties in other engineered materials.

In our view, superlattice multiferroics remain a huge untapped
frontier that is very likely to yield high-performance room
temperature fully coupled multiferroics. (LuFeQOs3),,/(LuFe,O,),
superlattices are just the tip of the iceberg. Synthesizing these
interface multiferroics is challenging. But understanding the inner
workings of these interface materials is in its infancy and the
spectroscopic decomposition method that we report is a powerful
means to learn about how they tick with site-specific under-
standing directly at the interface. Analogous opportunities exist to
exploit interface materials to enhance spintronics and photonics.
As a result, there is broad utility in revealing interface dynamics
well beyond the multiferroics community.

Methods

Film growth and structural characterization. (LuFeQ3),,/(LuFe,O4), (m=3, 7,
and 9) thin films were grown using reactive-oxide molecular-beam epitaxy on (111)
(Zr03)0.905(Y203)0.005 substrates. Lutetium and iron were evaporated from ele-
mental sources and oxidized by a mixture of ~2% O; and O,. The oxygen partial
pressure was varied during the deposition to access the different iron valence states
in LuFe,0, (Fe>5*) and LuFeO; (Fe3*). The (LuFeO3),,/(LuFe,Oy), (m = 3, 7, and
9) superlattices were grown as part of a full series of (LuFeO3),,/(LuFe,0,),, thin
films to demonstrate consistent and reproducible trends in the ferroelectric and
magnetic properties; characterization of the identical (LuFeO3)s/(LuFe,0,); film
presented here by x-ray diffraction and bulk SQUID magnetometry is presented in
ref. 20, The (3, 1), (7, 1), and (9, 1) superlattices, as well as the two end member
films of LuFeO; and LuFe,0, were grown to a consistent number of iron layers to
optimize the optical density and sensitivity for the transmission mode magnetic
circular dichroism measurements. Cross-sectional TEM specimens were prepared
using an FEI Strata 400 Focused Ion Beam with a final milling step of 2 keV to
reduce surface damage. High-resolution HAADF-STEM images were acquired on
an aberration-corrected 300 keV FEI Titan Themis with a probe convergence semi-
angle of 30 mrad. Information on the Fe valence and oxygen stoichiometry of these
films is available in Supplementary Information.

Optical spectroscopy. We measured the ab-plane transmittance of the (3, 1), (7,
1), and (9, 1) superlattices, the LuFeO; and LuFe,O, end members, as well as the
blank substrate using a A-900 grating spectrometer covering the energy range from
1 to 6 eV. The linear absorption spectrum is calculated from measured transmit-
tance as a(E) = —4In (T(E)), where T(E) is the measured transmittance as a

function of energy E and d is the sample thickness. The absolute absorption of
(3, 1), (7, 1), and (9, 1) superlattices, as well as the end members were determined
by subtracting the response of the substrate. Because the optical density of the films
was optimized for magnetic circular dichroism spectroscopy rather than linear
absorption, the excitations are not as pronounced as in prior work?7-32, An open-
flow cryostat provided temperature control (4.2-300 K).

Magnetic circular dichroism spectroscopy. We measured the dichroic response
of the superlattices (m = 3, 7, and 9), the LuFeO; and LuFe,O, end members and
the (ZrO;)0.905(Y203)0.005 substrate between 0.8 and 2.8 eV. This is the energy
window where our films transmit light. It is also the energy window where the most
important excitations occur?”-32, These experiments were performed at the
National High Magnetic Field Laboratory using the 25 T split helix magnet®? in
Faraday geometry along with a 240 W Xe lamp and a 0.25 m monochromator. We
measured the difference in transmittance between left- and right-circularly polar-
ized (LCP and RCP) light at various magnetic fields, and converted the result to
absorbance difference, as discussed in detail below. Thus, the dichroic spectrum is
the difference in absorption between LCP and RCP. A chopper was employed to
increase the signal to noise ratio at a constant frequency, followed by a linear
polarizer that was set to 45°. A photoelastic modulator was placed after the linear
polarizer to convert the linearly polarized light into left or right circular polarized
light periodically at a constant time interval §(¢) = A/4 sin(wt). We did not need to
keep the phase information, so an optical fiber was used to collect the light and
route it to the detector. All signals were separated by lock-in amplifiers. The field
sequence was chosen based upon the needed resolution, always within the +25
T—0"T— —25T— 0" T — +25T run pattern. The positive or negative sign of
the magnetic field corresponds to the magnetic field direction and is parallel or
antiparallel to the light propagation direction, respectively. The 0~ and 0% are both
zero-field data; the sign denotes the sweep direction. Moreover, a training loop with
this pattern was performed before each data collection run. The phase of the lock-
in was set at full field. Magnetic circular dichroism spectra were taken at several
different temperatures—from ~18 to 157 K for the (3, 1) and (7, 1) superlattices.
For the (9, 1) superlattice, the temperature range was successfully increased to
218 K by adding an extra heater in the probe. Even so, we could not heat above this
temperature.

MCD data treatment. In this work, we report the magnetic circular dichroism
spectra in two different ways: as an absolute Aaycp for each superlattice or one
that is normalized by the number of repeat units (which is just Aaycp/N). Here,
N is the number of repeat units for the superlattices or end members. The latter
rendering allows comparison of interface effects. Substrate correction to the
magnetic circular dichroism spectrum is also important. As shown in Supple-
mentary Fig. 2a, the MCD spectrum of the (ZrO;)o.905(Y203)0.005 Substrate is not
zero because of the weak ferromagnetism induced from the defects*2. We therefore
subtracted it from the dichroic response of the superlattices to obtain the true
Aayep (or Aayicp per repeat unit). Details are available in Supplementary
Information.

The magnetic circular dichroism spectra are obtained using the signal from the
lock-in referenced to the photoelastic modulator divided by the signal from the
lock-in referenced to the chopper. The chopper frequency is set to 217 Hz to
improve the signal to noise ratio. There is, however, still some magnetic field-
dependent background signal in the raw data (including the natural circular
dichroism and the signal due to the drift of the probe), which dramatically affects
the data quality when the dichroic signal from the sample is low—for instance in a
nonmagnetic or antiferromagnetic material. To reveal the pure magnetic circular
dichroism spectrum (Aayicp), the field-induced background signal (Atackground)
was subtracted from the total spectrum (Adtotal) as: Adncp = Adroral — AGpackground-
At a given field H, we isolate Adtpackground by averaging the positive and negative
signals of the same field magnitude. This is because the Adpacigrouna for both the
positive and negative fields is only dependent on the intensity (and not the sign). In
contrast, Aaycp depends on both the sign and the intensity of the magnetic field—
making it an odd function. As a result, at the field of interest, the following
relations should apply:

1
Aayiep = 3 x (Ao, — Aa_y) (1)

1
A“backgwund = E X (Aa+H + A“—H)~, (2>

where Aaf is the raw MCD signal from the measurement at a positive or negative
magnetic field H, respectively. These equations indicate the pure MCD signal from
the sample should be the average of the difference between the positive and
negative fields. This method of analysis was applied to the (3, 1), (7, 1), and (9, 1)
superlattices, as well as to the spectra of the two end members.

Extracting the coercive field and interface response from the dichroic spectra.
There are two aspects of the data treatment that deserve special mention. The first
is the constant energy cuts of the MCD data. The second is the manner in which
we extract the interface spectra. Constant energy cuts of Aayicp were used to reveal
the behavior of specific Fe centers, and how the excitations of these centers
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contribute to the overall magnetic response. By taking fixed energy cuts of the
dichroic spectra over the full +25T — 0~ T — —25T — 07 T — +25 T data set,
we can generate optical hysteresis loops corresponding to the excitation of interest.
For instance, cuts at 1.33 eV probe the Fe?T — Fe3* charge-transfer excitation in
the spin-down channel, and the hysteresis loop generated by these iron centers. We
can extract a site-specific value of the coercive field from this type of optical
hysteresis loop.

We also sought to isolate the interface response for each of the (LuFeOs3),,/
(LuFe,04); superlattices (m = 3, 7, and 9). This is important because high-
temperature magnetism emanates from strain and rumpling at the interface. We
could not, however, compare the measured MCD spectra directly because, even
though each of the films were specifically designed to have a consistent number of
Fe layers. This is because they have a different number of interfaces. To obviate this
problem, we normalized the spectra by the number of repeat units. The MCD
spectra per repeat unit is given by:

Aa(E)
Aa(E)per—repeal = TMCD! (3)

where N is the number of repeat units. This quantity contains the information
about the interface that we seek, but the response of the LuFeO; and LuFe,0,4
layers has to be eliminated, in order to uncover it. To estimate the effect of the
different LuFeO; and LuFe,O, layers in the absence of the interfaces, we created a
composite spectrum and subtracted this quantity from the measured MCD
spectrum per repeat unit. We construct the composite spectrum of a hypothetical
superlattice as:
Aa, Aa,
Aacomposite = mx % %’ (4)

where m =3, 7, and 9. As mentioned above, Atinierface = AQneasured — A&Composite
on a “per repeat unit” basis. This process is discussed in detail in Supplementary
Information and illustrated in Supplementary Fig. 3.

First-principles electronic structure theory. Density functional theory + U
(DFT + U) calculations were performed using the plane augmented wave
method, as implemented in the Vienna Ab Initio Package (VASP), and selecting
the Perdew-Burke-Ernzerhof form of exchange correlation functional. Lu 4f
states were considered in the core and we set U=4.5¢eV and J;=0.95¢eV for
the Fe 3d states. DOS calculations were performed on the relaxed (LuFeO3);/
(LuFe,0,), superlattice exhibiting a 2:1 ratio between Fe3* and Fe?* charges in
each monolayer of the LuFe,O, block. Specifically, in the Fe3*-Fe3*-Fe2* layer
of the LuFe,0, block, the Fe3* centers are antiparallel to each other; one of the
Fe3t spins is up, and the other is down. The Fe?*’s are in different layers and
align ferromagnetically. The details of this structure which was found to be the
lowest energy configuration among different charge orders were previously
described in ref. 20. The DOS were calculated with a 4 x 4 x 2 k-point mesh and a
kinetic energy cutoff of 500 eV. In order to probe the robustness of our
results with respect to U, we also performed our calculations for a larger value,
e.g., U=5.5eV. This introduces a global shift in the states above and below the
Fermi level, but leaves the main features of the DOS unaltered. We also con-
firmed that this type of change in the value of U does not impact our transition
assignments.

Absorption and magnetic circular dichroism spectra calculation based on
different charge-ordering patterns. The dichroic response can be modeled using

the calculated matrix elements of the optical conductivity tensor as>6:43:
dw 2nd Oy
Aayiep ~ Z—CS(M —n )R —S— 7] (5)

¢ (1414,

Here, n, = (€, + exy)l/ ? is the refractive index of RCP or LCP light arising from
the dielectric function e, d is the film thickness, and c is the speed of light. The
theoretical predictions for both the parent compounds and the (3, 1) superlattice
were made based on this equation. The dielectric functions were calculated using
exact diagonalization as implemented in VASP. The theoretically predicted mag-
netic circular dichroism spectra were calculated based on the predicted DOS of
different charge-ordering patterns in LuFe,O, layers. The spin configuration
considered in each case corresponds to the ferrimagnetic collinear arrangement of
spins obtained from direct calculation of the magnetic ground state. They are
mostly characterized by a ferromagnetic alignment of the Fe2* spins and an
antiferromagnetic alignment of the Fe>* ones. The magnetic dichroism spectrum
of the LuFeO; was computed considering the noncollinear A2 magnetic phase,
which has been determined to be the magnetic ground state for this system and
corresponds to a 120° angle in-plane (with a small tilt in the z-direction)
arrangement of the spins within the Fe-monolayers in LuFeO322. Because LuFeOs
(where the spins form a 120° noncollinear structure) is expected to provide a
smaller contribution to Aa(E) than the LuFe,O, layer (Supplementary Fig. 7a, b),
we computed Aa(E)pcp of the two candidate charge-ordering models considering
collinear spin structures in the LuFeO; layer.

Data availability

Relevant data are available upon request from the corresponding author, J.L.M.
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Crystal structures of the LuFeO; and LuFe; O, end members

Supplementary Figure la displays the crystal structure of h-LuFeO3 viewed along the [100]
direction. Fe is in a trigonal bipyramidal environment surrounded by five oxygen atoms,
forming Fe3* polyhedra that are corner shared by the oxygen atoms in the ab-plane. The
space group is P63cm, which is polar. This space group results from distortion of the non-
polar P63/mmc space group with the rotations of the FeOs polyhedra and Lu displacement

S1

along the c-direction®'. This breaks inversion symmetry and allows for polarization to de-

velop along the c-axis. LuFeOjs is thus an improper ferroelectric352.

The other end member is LuFe;O4. The system contains Fe bilayers with both Fe?* and
Fe3t sites. The Fe atoms are in trigonal bipyramidal environments. Prior studies reveal an

9384 due to charge-ordering in the Fe bilayer. Supplementary

antiferroelectric ground state
Figure 1b displays the structure of the antiferroelectric state viewed along the [120] direction.
Charge-ordering in the A and B bilayers are mirror images, which induces opposite electric
polarizations along the c-axis. This leads to a centrosymmetric C2/m space group with no

net electric polarization. Lu-layer distortion is forbidden in this state.

h-LuFeO3 I:uF.ezO \

e beé ° 66

¢ Lu
.Fe: ° e o b |
' QLLELee OO Eee

Ferroelectric Anti-ferroelectric

Supplementary Figure 1. Crystal structures of the end members. a Crystal structure of
h-LuFeO3 with the P6scm space group. b Crystal structure of LuFeoOy4. The light and dark blue

polyhedra represent the Fe?T and Fe3™ site, respectively.
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The Fe valence in the (LuFeO3);/(LuFe;0,); superlattices

In prior work, we studied the Fe valence in the LuFeO3 and LuFe,O4 parent compounds.
We grew single phase LuFeOj films by molecular-beam epitaxy and investigated the effect of
stoichiometry on the magnetic properties®. Using our phase-pure samples, we demonstrated
Fe3* in LuFeO3 samples by EELS. Annealing the samples in ozone post-synthesis did not
change the observed valence or other properties, further suggesting that our synthesized
samples were fully oxidized. We also note that excess Fe in these films tends to accumulate
as Fe3Oy precipitates (Fe?7*) which are readily observed by magnetometry, AFM, and TEM
imaging. The superlattice films used for magnetic circular dichroism spectroscopy, presented

in the current manuscript, are free of these FesO,4 inclusions as well.

We also explored the Fe valence in the LuFe,O4 end member by EELSS. While we ob-

+25 valence, we were unable to identify discrete Fe3™ and Fe?T states

served an average Fe
from a charge ordering pattern. This could be due to instrumental limitations, for in-
stance, performing a room temperature measurement during which the electron beam aver-
ages through a column of Fe atoms. This measurement was, however, in contrast to prior
workS” which found discrete charge-ordering. Nevertheless, our samples are consistent with

a bulk valence of Fe?5t,

The films measured and discussed in the current manuscript were synthesized by the same
MBE techniques as in our prior work. Using EELS, we again confirmed the Fe?* valence
in LuFeOs in the superlattices. The iron valence in the LuFe;Oy4 layer is slightly different
than the expected 2.5+ because of the spontaneous charge transfer from the Fe?* site in the

LuFe, Oy layer to the Fe?* site in the LuFeOs layer [Fig. 4b, main text].5

At the same time, our DFT models suggest that there should be a small amount of Fe?"
present in the LuFeOj3 layers in the superlattices as a result of the ferroelectric domain walls
[Fig. 4b]. Thus far, we have not been able to detect this accumulation of charge to screen
the domain wall, in contrast to our ability to so in a related hexagonal magnetite system®.
The charge transferred to the domain wall should be approximately 0.1 e-, yielding a net

valence of 2.9+ if it were to be accumulated on a single Fe site.

We can place bounds on the likely fraction of Fe?* in the LuFeOs layers by examining
the candidate domain wall structure in Fig. 4b. Assuming that 0.1 e~ is transferred to only

the middle Fe layer in LuFeOj3 - as our theoretical model suggests - we find a maximum
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Fe?* fraction of 3%. Importantly, the overall dichroic signal from antiferromagnetic LuFeOs
is much weaker than that of LuFe;O,4 [Supplementary Figure 2b.c], so an additional signal
from these Fe?™ centers in the LuFeOs layer would leave our conclusions unchanged. Our
findings are therefore quite robust.

Oxygen defects can also be present in films of this type, particularly in the LuFe;Oy4
layer that hosts the magnetism. There is not a good lattice match for LuFeOs, so while the
samples are phase pure and oriented, there are threading dislocations and similar types of
structural defects. Similar dislocations are also present in the LuFeO3 and LuFe,O4 parent
compounds in approximately the same concentration. In our prior work, we report that the
magnetic moment from these defects is at least an order of magnitude smaller than that of
the host compound®51° We therefore conclude that the magnetic circular dichroic signal

from these defects is extremely weak as well.

Assignments of the different electronic excitations in (LuFeQs3);/(LuFe,0,);

In the main text, we consider contributions from the three most important Fe-related ex-
citations for the interpretation of the linear absorption spectrum and the magnetic circular
dichroism. This is due to the relative size of the matrix element for the different excitations.
The information on how we identify the most prominent excitations is extremely important.

We list them one at a time here.

e The Fe?t — Fe3T charge transfer excitations are quite strong because they involve Fe
sites with two different charges. Because our samples are magnetic, charge transfer
in the spin-up and spin-down channels are different. These excitations appear promi-

nently in the linear absorption as well as the magnetic circular dichroism.

e The on-site Fe?t d-to-d excitation is important for the dichroic response due to the
large Fe?" density of states in the spin-down channel [Fig. 1c]. This excitation is also

evident in the optical absorption of the LuFe,O4 end memberS!9S1t,

e The Fe?t d — d excitation can also take place in the LuFe,Oy layer [Fig. 1c]. This
excitation is weak in the dichroic response due to antiferromagnetic behavior at the
site. Moreover, the spin-up and spin-down aspects of the excitation cancel even this

weak signature in the magnetic circular dichroism spectra [Fig. 1c]. This excitation
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is weak in the linear absorption spectra due to the LaPorte and spin-selection rules,

although symmetry-breaking activates it slightly.

e The Fe3t in the LuFeOs layers is antiferromagnetic, and as a result, the intensity of the
on-site Fe3™ d-to-d excitation is fairly modest in the dichroic response. This excitation
is also weak in the linear absorption spectra due to the LaPorte and spin-selection

rules, although symmetry-breaking activates it slightly.

Magnetic circular dichroism spectra of the substrate and the two end members
To obtain the dichroic response of the superlattices, we need to eliminate the substrate
contribution. Supplementary Figure 2a displays the magnetic circular dichroism spectra
of (Zr02)0.905(Y203)0.005 at £25 T. The small, non-zero dichroic response indicates weak
ferromagnetic behaviour, which is due to the small magnetic moment emanating from the
Y3+ site. The origin of this magnetism arises as oxygen vacancies change the valency of
the Y3+512, The sharp features in the substrate spectra at 1.57, 1.7 and 2.1 eV are likely
signatures of the Y?* d-to-d on-site excitations. This assignment is made based on the
extremely narrow linewidth of those peaks. The temperature dependence of the substrate is
negligible.

In order to extract the spectroscopic signature of the interface, we also performed magnetic
circular dichroism measurements on the end members. Supplementary Figure 2b,c display
the dichroic spectra of LuFeO3 and LuFe,Oy, respectively. The dichroic signal of the LuFeO5
film is small, consistent with its antiferromagnetic nature. Nevertheless, the signal is not zero
due to weak ferromagnetism induced by the slight canting of spins below 147 K52:55513,514,
The features centered at 1.2, 1.8, 2.1 and 2.7 eV are assigned as spin-down channel Fe?*
d — d on-site excitations because of the splitting in the Fe?™ density of states in the spin-
down channel [Fig. 1c]. This assignment is also consistent with the previous literature>!?.
In contrast, ferrimagnetic LuFe,O4 has much larger dichroic signal [Supplementary Figure
2¢|. Supplementary Figure 2d-f displays constant energy cut plots of the substrate, LuFeO3
and LuFe;O4 at 1.33 eV, respectively. For both the substrate and LuFeOj3 film, Aayep
vs. magnetic field curves exhibit a quasi-linear response, indicating a non-ferrimagnetic

behaviour. Note that LuFe;Oy4 sports a clear optical hysteresis loop, similar to the (3, 1)

superlattice [Fig. 2c]. These results show that bulk magnetism in the superlattices emanates
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Supplementary Figure 2. Magnetic circular dichroism spectra of the substrate and two end
members, along with the corresponding optical hysteresis at 1.33 eV. a Magnetic circular
dichroism spectra of the (Zr0O2)p.905(Y203)0.095 substrate at + 25 T at different temperatures. b
Magnetic circular dichroism spectra of the LuFeOs at 4 25 T at 18 K. ¢ Magnetic circular dichroism
spectra of the LuFesO4 at + 25 T at 18 K. d - f Optical hysteresis of the substrate, LuFeO3 and

LuFe 04 at 1.33 eV at 18 K, respectively.

from the LuFe;O4 layer. The coercive field of the LuFe;O4 end member is, however, much
smaller than that of the superlattices. This shows that increasing Lu-layer distortion raises

the single ion anisotropy of both Fe?* and Fe3* sites in the double layer.

Interface behavior of the superlattices

Supplementary Figure 3a displays the dichroic spectra of our set of superlattices. The
Aa(E)pep exhibits a monotonic trend below 2 eV, where the dichroic intensity of the (3,
1) film is the highest. Above 2 eV, the intensity of (3, 1) superlattice drops dramatically
and becomes lower than those of the (7, 1) and (9, 1) films. This behaviour is due to the

inconsistent number of repeating Fe layers in the superlattices. In addition, considering
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Supplementary  Figure 3. Magnetic circular dichroism spectra of the

(LuFeO0s3),,/(LuFe;04); (m = 3, 7, 9), along with the composite spectra and the
coercivity trends. a Raw magnetic circular dichroism spectra of the (3, 1), (7, 1) and (9, 1)
superlattices at + 25 T at 18 K, before the normalization to the number of repeat units. b
Magnetic circular dichroism spectra after normalizing to the “per repeat unit basis.” ¢ Composite
magnetic circular dichroism spectra of all superlattices. d The extracted interface spectra of all the
superlattics. The pink area highlights differences. e Aapycp,rne. of (3, 1) and (9, 1) superlattices
at 1.33 eV. f Coercive field obtained from analysis of the spin-down channel Fe?t — Fe3t charge

transfer excitation in the (3, 1), (7, 1) and (9, 1) superlattices vs. temperature.

the number of repeat units of the (3, 1), (7, 1) and (9, 1) superlattices are 24, 15 and 8§,
respectively, they contain different number of interfaces. To eliminate the contribution of
the different layer thicknesses, we normalize the spectra to the “per repeat unit basis” (see
Method section for details). By doing so, the magnetic behaviour of all superlattices is made

comparable.

Supplementary Figure 3b displays the dichroic response per repeat unit of the (3, 1), (7,
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1) and (9, 1) materials. First-principles calculations cannot be performed on higher-order
films at this time due to the super-cell size, but the overall spectral shape suggests that
the assignments are similar [Table 1]. We therefore employ structure-property trends to
unravel the consequences of Lu-layer rumpling on the electronic structure of the interface
and how these changes support nearly room temperature magnetism. Real space images
reveal that increasing m strengthens the Lu-layer distortion®!6. First-principles calculations
predict that this trend amplifies the LuFe,O,4 layer magnetization and dramatically boosts

S16

the ferrimagnetic T>"°. We verify this overall picture by isolating the interfacial spectral

response and, by so doing, unveil the underlying mechanism.

The key step in extracting the interface response is to construct the “composite spectra”.
Here, the composite response is simply the dichroic signal generated from combining the end
member spectra based upon the composition as given by m and n. In other words, it is a
simple average. The details are described in the Methods section. Supplementary Figure 3c
displays the composite spectra of the (3, 1), (7, 1) and (9, 1) superlattices. There are many
similarities between the composite spectra and the measured spectra [Supplementary Figure
3b], although since the composite spectra are a linear combination of the two end members,
they cannot reveal the interactions between the LuFe,O4 and LuFeOj layers. In this case,
by taking the difference between the experimental and composite spectra, the spectroscpic

signature of the interface can be unveiled.

Supplementary Figure 3d displays the interface spectra of all the superlattices. We im-
mediately see that Aaurep, rne. is significant compared to the measured dichroic response
[Supplementary Figure 3b] - at least at certain energies - indicating a strong magnetic inter-
action between the LuFe,O4 and LuFeOg layers. Of course, the overall goal is to establish a
direct link between each Fe centre and the Lu-layer distortion. We therefore take constant
energy cuts of Aapsep, rne. and plot these values as a function of magnetic field. Supple-
mentary Figure 3e displays the results for the (3, 1) and (9, 1) film at 1.33 eV. The wide
hysteresis loop suggests that Lu-layer distortion enhances the single ion anisotropy (K) of
the Fe?T and Fe?T sites in the spin-down channel of the Fe bilayer. Supplementary Figure
3f summarizes the extracted coercivity vs. temperature trends. We use the same model to
fit the data [Fig. 2f]. The single ion anisotropy K increases with m. Magnetic anisotropy
is closely related to spin-orbit coupling and crystal field strengthS!"5'® Tt is therefore likely
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S19) that Lu-layer distortion modifies the

(and consistent with Goodenough-Kamamori rules
Fe-O-Fe bond angle, the exchange between magnetic centres®'®, and K of Fe?* and Fe3*
in the bilayer. Similar coercivity vs. temperature trends emerge from an analysis of the
spin-up channel Fe** — Fe?" charge-transfer [Fig. 3b] and the spin-down channel Fe?* d —
d excitations, revealing an overall stronger single ion anisotropy in the LuFe,O,4 layer with

increasing Lu-layer distortion.

Optical hysteresis at characteristic energies

One important challenge in this work is to separate the magnetic contribution of a specific
Fe site from multiple Fe centres. The magnetic signature of Fe?t — Fe3t charge-transfer
excitation in the spin-down channel is explicitly observed by cutting the dichroic spectra at
1.33 eV. Nonetheless, the signatures of Fe** — Fe3™ charge-transfer excitation in the spin-up
channel and Fe?t d — d on-site excitations in the spin-down channel are difficult to extract
because of mixing above 2 eV. Here, we explain the process of separating the responses of
different Fe-related excitations and report the peculiar appearance of the raw data when the

different contributions are superimposed.

Supplementary Figure 4a-c displays three different energy cuts at 1.8, 2.2 and 2.6 eV
from the raw magnetic circular dichroism spectra. At 1.8 eV, the optical hysteresis displays
a similar shape to the 1.33 eV loop (Fig. 2c), revealing that the excitation at 1.8 eV is
relatively unmixed. In contrast, at 2.2 eV, the shape of the hysteresis loop becomes highly
irregular, because of the superposition of two individual optical hysteresis loops. Since the
dichroic intensities of the interface at 1.8 and 2.2 eV are relatively similar [Fig. 3a], we
subtract the 1.8 eV loop from the loop at 2.2 eV to extract the pure magnetic signature of
Fe** — Fe3* charge-transfer excitation in the spin-up channel. Similar analysis is extended to
the optical hysteresis loop at 2.6 eV, where the shape exhibits the irregularities again because
of the mixing between charge-transfer and d-to-d excitations. We subtract the response of
the Fe?* — Fe3t charge-transfer excitation in the spin-up channel from the hysteresis loop

at 2.6 eV. The result displays the pure response of Fe*™ d — d excitation [Fig. 2e].

We performed a similar analysis for the (7, 1) and (9, 1) superlattices. Supplementary
Figure 4d-f displays the optical hysteresis on a “per repeat unit” basis for the Fe?* — Fe3*

charge-transfer excitations in both spin-down and spin-up channels and the Fe** d — d
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Supplementary Figure 4. Optical hysteresis at characterisic energies. a - ¢ Optical hysteresis
at 1.8, 2.2 and 2.6 eV of the (3, 1) superlattice. The data points are directly obtained from the
constant energy cuts of the raw spectra. d Optical hysteresis loops of (3, 1), (7, 1) and (9, 1)
superlattices at 1.33 eV at 18 K. e Optical hysteresis of the spin-up channel Fe?* — Fe3*t charge-

transfer excitation at 18 K. f Optical hysteresis of the spin-down channel Fe?t d — d on-site

excitation at 18 K.

on-site excitation in the spin-down channel. At the same energy, the optical hysteresis of all
superlattices exhibit similar ferrimagnetic behaviour, except for width and height differences.
The width indicates the coercive field, which increases with the number of LuFeOjs layers. As
discussed before, this behaviour reveals increasing magnetic anisotropy with increasing Lu-
layer distortions. The height of each hysteresis loop illustrates the remnant dichroic intensity
(Aarep, Rem), which is directly related to the remnant magnetization®2522, The results
clearly reveal that remnant magnetization rises with increasing the Lu-layer distortion for
all types of Fe-related excitations. In addition, the magnitude of the remnant magnetization

of the Fe?T — Fe*™ charge-transfer excitation in the spin-up channel [Supplementary Figure
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4e] increases the most. The quantitative Aayop, rem Vs Lu-layer distortion trend is displayed
in Fig. 3c. Notice that there are still some irregularities related to the loops associated with
Fe’™ d — d excitations of higher order films (m = 7 and 9), probably due to enhanced

interface effects at higher energies that rise with Lu-layer distortion [Fig. 3al.

Developing interface design rules for increasing 7 and enhancing magnetoelectric

coupling

In order to develop a heuristic argument for why the spin-up channel charge transfer
excitation is so important in the (LuFeO3),,/(LuFe,0y),, superlattices, we sought to identify
which orbitals are active in the Fe double-layer. To do so, we consider a slab of LuFe,O4
surrounded by LuFeOjs. Each Fe center - regardless of charge - is in a trigonal bipyramidal
geometry. Given this local structure, the d,2_,2 and d,, orbitals are in-plane [Supplementary
Figure 5a]. They are also degenerate and orthogonal. We hypothesize that the in-plane or-
bital arrangement in the spin-up channel is responsible for the increasingly robust magnetism
[Fig. 3b] and higher T¢ in the (3, 1) — (7, 1) — (9, 1) series. How the overlap and hy-
bridization change in response to distortion of the Lu layer is likely to impact magnetoelectric
coupling as well.

Supplementary Figure 5b,c displays the in-plane orbitals in a hypothetical LuFe;Oy4 slab.
The top-down view emphasizes the honeycomb arrangement of the Fe?™ and Fe3" centres,

the d,2_,2 and dg, orbitals, and their overlap with the O p, and p, orbitals. The side-on

~y
schematic - with its simplified linear arrangement of polyhedra and lack of O p, and p,
orbitals - allows us to clearly see the structural distortions that take place in the bilayer.
Examination reveals that Lu rumpling has an important effect on the overlap of the in-plane
orbitals. This is due to the tendency of the Fe3*-containing trigonal bipyramids to rotate
and elongate in response to the Lu-layer distortion. The Goodenough-Kanamori rules govern
how local structure distortions modify orbital overlap and exchange interactions®'”. Based
upon the modification of orbital overlap and hybridization, these rules qualitatively explain
trends in the (3, 1), (7, 1), and (9, 1) series.

We already know from STEM and first principles calculations that larger m yields greater
Lu-layer distortion and higher T¢ [Fig. 1]316. Our analysis suggests that the Lu-layer distor-
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Supplementary Figure 5. Schematic view of the in-plane orbital overlap and the conse-
quences of Lu-layer distortion. a Schematic view of the Fe d;y, and d,2_,2 orbitals + the O
pz and p, orbitals. The ground state energy diagrams for the Fe?t and Fe3* sites are shown as
well. b Top view of the LuFeyO4 double layer in the self-doped structure showing how tilting of
the FeOs trigonal bipyramids modifies hybridization. This changes the overlap of the in-plane or-
bitals. ¢ Schematic side-on view of a hypothetical linear array of FeOj5 trigonal bipyramids and the
rotation and elongation that result from Lu-layer distortion. The tilting and elongation is highly

exaggerated in this rendering, and the O p, and p, orbitals are omitted for simplicity.

tion causes the Fe3* polyhedra in the LuFe,O4 double layer to elongate and rotate, changing
the in-plane orbital overlap in such a way as to make the spin-up charge transfer more im-
portant. Therefore, by controlling the atomistic details of the rotation, one can influence
hybridization. The structurally-induced orbital reconstruction modifies the net magnetic
moment on the Fe?" sites such that bilayer magnetism becomes more robust. This raises

the coercive field [Fig. 3b] and the magnetic Curie temperature.

One consequence of an elongated polyhedron is a possible off-mirror plane distortion of
the Fe3* centers. Such a distortion was recently observed in the ferrimagnetic quantum

520 Our STEM images provide an upper bound of < 10 - 20 pm to

paraelectric BaFe 50qg
any Fe3t off-centering in the (LuFeO3),,/(LuFe;0y4); superlattices. This level of off-centering

is negligible and does not contribute to the properties of these materials.

Determining the charge-ordered state of bulk LuFe;Oy4
The end member LuFe,O4 is well known for its complex charge-ordering states because

it determines the ferroelectricity in the material [Supplementary Figure 6a, b]. Previous
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calculations predict two nearly degenerate charge-ordered states (CO-I and CO-II) in bulk
LuFe,05357816:523.824 " where the energy of the CO-II structure is only 4 meV per formula
unit higher than the CO-I structure®'6. CO-I is an antiferroelectric state in which the Lu-
layer trimer distortion is forbidden by symmetry. In the CO-II state, by contrast, the first
Fe layer (A) is composed of a 1:2 ratio of Fe?™ and Fe?" centres, whereas the second Fe
layer (B) has a similar charge configuration but with a majority of Fe’T. This ABAB-type
stacking breaks inversion symmetry and brings ferroelectricity to the system. Lu-layer trimer

distortion is allowed in the CO-II stateS16.

In order to reveal the relative importance of the charge-ordered states and potentially
discriminate between them, we calculated magnetic circular dichroism using first-principles

methods and compared the results to the experimental dichroic spectra. To accomplish this,

30

Fe?*
—F es+
— Oxygen

AFE state (CO-I)

Fe?* — Fe¥*
charge-transfer

DOS (States / eV)

Fe?* — Fe® charge-transfer

Ceeeeee ! . ,) -
AFE (CO-l) Energy (eV)

30

N
S

Fe?*
JR— Fe3+

FE state (CO-Il)

Fe?" — Fe¥*
charge-transfer

Fe®* — Fe®* charge-transfer

DOS (States / eV)

-30 Il Il Il
- - 0
FE (CO-ll) Energy (eV)

N
IN

Supplementary Figure 6. Computed density of states of LuFe;O,4 system. a, b Optimized
crystal structures of the CO-I and CO-II charge-ordering states, respectively. The light and dark
blue polyhedra indicate the crystal environment of Fe?T and Fe?t centers, respectively. ¢, d
Calculated partial density of states corresponding to the CO-I and CO-II charge-ordering patterns,

respectively.
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we first compute the density of states of the CO-I and CO-II structures [Supplementary
Figure 6¢, d]. The Fe density of states are almost the same, but the energy of the Fe-related
excitations are slightly shifted. This causes the different peak positions in the dichroic
response. The excitation assignments here are slightly different compared to those in the (3,
1) superlattice, because the Lu-layer distortion at the interface shifts the energies of both
Fe?* and Fet density of states in the LuFe,O, layer.

Supplementary Figure 7a,b displays the calculated and measured dichroic spectra of the
end members. Overall, the computed spectra are in reasonable agreement with the measured
response. Specifically, the calculated spectrum of LuFeO3 shows excellent agreement with the
experimental results, except for the missing shoulder at approximately 1.2 eV. For LuFe;Oy,
Aa(E)yep of the CO-I state is in much better agreement with the experimental data.
The distinction is particularly strong above 1.5 eV where the spectra corresponding to the
CO-I and CO-II states diverge. Interestingly, this is the energy window of the Fet® —
Fet3 charge-transfer excitation in the spin-down channel. We also find that the Fe™ 3d
states are more localized in the CO-I state compared with the ferroelectric CO-II state.

Our calculations predict a dip in the spectra near 2.0 eV where the Fet? and Fet? d — d

a 8 b 8

theory, -25 T

LuFeO, LuFe,0,

measured, 25 T
measured, -25 T

Ao(E),,., (107 cm™)

measured, 25 T
measured, -25 T

112 . 1j6 . 210 . 2j4 . 2.8 8 112 . 116 . 210 . 2.4 . 2.8
Energy (eV) Energy (eV)
Supplementary Figure 7. The calculated vs. measured dichroic spectra of the end mem-
bers. a, b Computed and measured magnetic circular dichroism (MCD) spectra for the LuFeOs
and LuFe;04 end members, respectively. The calculated MCD spectra for the CO-1 (AFE) and
CO-II (FE) states are indicated by solid and dashed lines, respectively. AFE and FE refer to

antiferroelectric and ferroelectric, respectively.
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excitations begin - although this feature is not replicated in the experimental data. In any

case,

model [Supplementary Figure 7b] - a finding that is in agreement with the literature

our analysis indicates that LuFe;,Oy is best represented by the antiferroelectric CO-I
$3,54,516

The presence of a net electric polarization in the CO-II state may have a role to play behind

the observed differences between the two models - a subject of future work.
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