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Origin of the Surface Magnetic Dead Layer in Rare-Earth
Titanates

Raphaél Aeschlimann, Manuel Bibes, and Alexandre Gloter*

Perovskite rare-earth titanates RTiO; display a rich array of magnetic and
electronic properties, with a Mott-insulating ground state and ferro- or
antiferromagnetic spin orders depending on the rare-earth R. The nominal Ti
valence is 3+ with a corresponding 3d’ configuration. Yet, at the surface of
both bulk and thin films of RTiO;, the Ti valence has been found to strongly
deviate towards the more stable 4+ state, adversely affecting magnetic
properties. While this finding is rather ubiquitous, its exact origin is still
poorly understood, which hampers the integration of RTiO; into complex
heterostructures harnessing their rich physics. Here, scanning transmission
electron microscope and electron energy loss spectroscopy experiments are
used to analyze the top part of an epitaxial DyTiO; thin film displaying a
well-developed Ti**-rich layer over several nanometres. It shows that this
valence evolution is related to a combination of short-range ordered
interstitial oxygen planes and Ti-Dy cationic imbalance. Both defects

The Ti cations have a nominal 3+ valence
with a spin S = 1/2 which orders antifer-
romagnetically for large rare-earths (La-
Sm) and ferromagnetically with smaller
rare-earths (Gd-Lu).51% Hole doping
(through R substitution by Ca or Sr)
yields a transition to a metallic state
with interesting physics (heavy fermion
behavior, phase separation, etc.).'1"13]

Since the 3+ valence of Ti is unsta-
ble compared to 4+, at the surface of
RTO samples exposed to the atmosphere
the Ti valence is systematically found
to deviate strongly toward 4+. This has
been observed by X-ray absorption spec-
troscopy (XAS), X-ray photoelectron spec-
troscopy (XPS), or scanning transmis-

synergistically contribute to enough hole doping for a complete transition
toward Ti** over a few unit-cells from the surface while a structure primarily

of the perovskite-type is maintained.

1. Introduction

Since their first syntheses in bulk,'-3] perovskite rare-earth ti-
tanates RTiO; (RTO) have been investigated to characterize and
understand their peculiar electronic and magnetic properties.
RTO compounds are Mott insulators!**! in which the valence
and conduction bands are formed by Ti t,, levels split by the or-
thorhombic crystal fields and thus have both a d-like character.[®7]

sion electron microscope and electron
energy loss spectroscopy (STEM-EELS)
in multiple compounds from the RTO
family (see e.g.).['*V”] This may even oc-
cur in ultra-high vacuum, to the point
that this apparent overoxidation of the Ti
may seem unavoidable.['®! Specific capping layers can restore
partly or fully the 3+ valence.'#19 Yet, the difficulty to preserve
the nominal Ti** state may thwart efforts to assemble RTO lay-
ers into heterostructures and thus craft novel phenomena arising
from correlations, charge/spin/orbital reconstruction, and inver-
sion symmetry breaking.[?*??] Surprisingly though, the mecha-
nism underpinning this valence change at the surface of RTO
compounds is still unclear. In this article, STEM-EELS is used
to examine in detail the surface of DyTiO; (DTO) epitaxial thin
films in which a few-nanometre-thick Ti**-rich layer was previ-
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ously detected by XAS and XPS. This layer behaves as a para-
magnetic dead layer (with uncoupled Dy** ions) degrading the
macroscopic ferrimagnetic response of the film,[*! which exem-
plifies the need to gain more insight into the actual nature of the
layer at the atomic scale.

Indeed, the bulk DyTiO; exhibits a noncollinear magnetic or-
der with canted Dy moments, whose magnetization is antifer-
romagnetically coupled to the Ti spins, resulting in a saturation
moment of 3.7 uB per formula unit. Additionally, this ferrimag-
netic order has a Curie temperature of 60 K. The surface dead
layer consists of areas where magnetic Ti** ions are substituted
by nonmagnetic Ti** ions, as clearly shown by X-ray absorp-
tion spectroscopy (XAS).1"] Hysteresis measurements at the XAS
Dy M; and Ti L, edges reveal that the presence of surface Ti**
ions disrupts the interaction among the Dy** ions, thereby un-
leashing their strong paramagnetic behavior. While such cationic
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charge evolution near the surface establishes a comprehensive
scenario for the transition from a bulk ferrimagnetic to a strong
paramagnetic surface response,'’! it requires an almost com-
plete change in the Ti valence over a few nanometers close to
the surface while maintaining the overall perovskite structure.
This is an intriguing situation, as a strong valence change is
expected to occur along with structural reorganization. Oxygen
reincoporation might easily occur close to the surface but addi-
tional structural features would be expected for a complete reoxi-
dation and a DyTiO; s stoichiometry. Furthermore, the surface is
also expected to introduce an electrostatic potential discontinu-
ity, prone to rearrange the charge spatial distribution. High angle
annular dark field-scanning transmission electron microscope
(HAADF-STEM) and STEM-EELS measurements have thus been
employed to determine the structural, cationic, and anionic ar-
rangement at the dead layer and have been compared with the
Ti*" concentration measured simultaneously and with first prin-
ciple calculations of defective DyTiO, structures.

2. Results and Discussion

High-angle annular dark field-scanning transmission electron
microscope (HAADF-STEM) images of the LAO-DTO-Pt layers
are visible in Figure 1a. At low magnification, the HAADF im-
ages along with diffractograms (Figure 1b,c) evidence that the
DTO thin film grows with orientation domains. DTO crystallizes
in an orthorhombic unit cell with a Pnma space group (apro =
5.681 A, by = 7.655 A, ¢y = 5.355 A),1P] that results in pseu-
docubic parameters (pc) of b, = 3.827 A and A, = ¢, = 3.904
A. The substrate LAO is a rthombohedral distorted perovskite
with a pseudocubic lattice parameter of 3.787 A at room tempera-
ture, causing a compressive strain to the DTO thin film. In order
to minimize the strain, the b-axis of DTO lies within the thin-
film layer plane, consistent with the two observed orientations
as evidenced by the diffractograms D1 (zone axis [101]yro) and
D2 (zone axis [010]yro). The bright field (BF) and medium an-
gle annular dark field (MAADF)-STEM images measured simul-
taneously with the HAADF near the top of the DTO layers are
visible in Figure 1d,e. A striking difference is the strong white
areas extending typically 5 nm from the surface, only visible in
the MAADF images, which typically indicates the presence of de-
fects, disorder, or strain. Figure 1f exhibits an enlargement of the
MAADF with HAADF images superimposed in its center. The
overall perovskite crystallinity of the DTO is maintained as ob-
served in the HAADF but it goes along with the presence of de-
fects in this top part as evidenced by the MAADF contrast.
STEM-EELS experiments were done in order to quantify the
valence of Ti and typical results are visible in Figure 2. The left
part of the figure (Figure 2a—c) corresponds to EELS obtained
with a monochromation of ca. 100 meV and a spatial resolution
of typically 0.5 nm. The spectrum extracted at the position P3,
located far from the interface, exhibits all the fine structures cor-
responding to a Ti**. It notably resembles to the one measured by
X-ray absorption spectroscopy (XAS) using depth-sensitive X-ray
Excited Optical Luminescence (XEOL) detection on DTO layers,
that was showing a qualitative match to a multiplet calculation for
a pure 3d! ground state.l'”] The spectrum measured at position
P1, near the top surface, exhibits a strong crystal-field split of the
L, and L, white lines that is typical for a primary Ti** component.
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When compared to the spectrum measured by XAS in a
similar DTO thin film by surface sensitive total electron yield
(TEY) mode that was quantified to about 20% of residual Ti**
(Figure 3 of ref.[19]), the EELS spectrum P1 exhibits even less
Ti**. Itis, for instance, noticeable from the clearer splitting of the
L, component. The exact residual Ti** component is difficult to
assess, since the XAS or EELS Ti-L fine structure of a 3d° grounds
state will depend on the crystal field geometry and strength or to
the presence of defects. For instance, the L;-t,, line of a cubic
SrTiO; (STO) is extremely energetically thin and its maximum
intensity is above the L;-e, when measured by XAS or EELS with
energy resolution below 100 meV.[2*25] But with such energy res-
olution, even in the case of cubic STO, small spectral variation of
the Ti-L, ; like an edge blurring, can be observed for picometer
scale variation of the unit cell as obtained by a mere temperature
change.[?] Furthermore, many Ti-L edges measured for pure Ti**
compound do not have as clear Ti-L splitting as for STO. It can
be observed for non-cubic perovskites PbTiO;[?’] and BaTiO,%®
or for pyrochlores Eu,_ Fe Ti,0,[?) and Yb,Ti, Fe 0,4.2% It is
then difficult to assess the exact content of remaining Ti** with-
out an adequate reference of the Ti** expected at the top of the
DTO layer. The spectrum images have then been fitted by choos-
ing the spectra from P1 and P3 as end-member components and
the respective weights can be seen in Figure 2b. The weight of
the component P1 exhibits a small plateau over 1.5 nm from the
top interface, and then decreases down to zero at about 5-6 nm
from the interface. Additional EELS experiments have been done
without monochromation (energy resolution of about ca. 0.5 eV)
but with a spatial resolution close to 0.1 nm. Results can be seen
in Figure 2d-f. Spectra from the top part of the thin film (P4) and
from the inside of the DTO layers (P5) exhibit clear differences,
but the fine structures are less visible than in P1 and P3. On the
other hand, the higher spatial resolution points more clearly to
a plateau extending over ~1.5 nm followed by a decay over ca.
3 more nanometres. Combining both types of STEM-EELS ex-
periments and the discussion on the valence uncertainty to de-
termine the residual Ti**, the plateau area corresponds to a Ti va-
lence at least 90% tetravalent and possibly to an almost pure Ti*",
explaining the saturation of valence values. A decay to a pure Ti**
of bulk-like DyTiO; is then observed after ca. 3 nm more.

Two main crystallographic structures can harbor a large
amount of Ti*" in the context of such titanates. The first one
is a Dy, Ti,0; pyrochlore and the second belongs to [110], lay-
ered perovskites (LP) A, B, O,,,, where Dy,Ti,O, constitutes
the n = 4 member.3!! Figure 3 shows a higher magnification
of STEM images for defects present at the top of the DTO thin
film. As mentioned before, a cubic perovskite-type contrast is
observed up to the surface of the film, and it excludes the pos-
sibility of a Dy, Ti, O, pyrochlore structure. It is also consistent
with X-ray diffraction measurements on same samples exhibit-
ing only DTO and LAO reflections.!'”] On the other hand, de-
fective lines are observed, notably along {110}, directions and
sometimes along (001),., quite often starting at a distance of ca.
5 nm from the surface. In the case of the {110}, type defect,
it is extending somehow to the surface. In between these defect
lines, typical areas of ca. 5 X 5 nm with higher crystallinity are
present. The lattice continuity starting from the DTO interior
part to the top part of the perovskite is sometimes not maintained
when crossing through the defective areas. An anti-correlation of
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Figure 1. a—c) STEM-HAADF image of the Pt/DyTiOs /LaAlO; heterostructure along with two diffractograms corresponding to orientation domains (red
boxes D1 or D2) of the DTO. d,e) BF and MAADF STEM images corresponding to the blue boxed area of the HAADF image in (a). f) An HAADF inset
is superimposed to an MAADF image showing that the white contrasted areas in MAADF coincide with a crystalline DTO structure as seen by HAADF.

the A and B sites indicates well-developed Ruddlesden—Popper
(RP) type defects along the (001),. planes as one can observe
in Figure 3c. Such observations of RP defects are not so com-
mon. The most observed defects are along {110}, planes and
small phase shifts of the lattice can also be observed across these
defects. It is more comparable to what would be expected for
the insertion of interstitial oxygen (O,) planes as in the case
of [110],. LP Dy,Ti,O,. Excess oxygen atoms in these {110},
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planes have indeed been suggested as a mechanism for the ox-
idation of top DTO samples, but being randomly distributed!®!
in contrast with the ordered LP Dy, Ti,O, cases. In the rare earth
sequence, the LP R,Ti,O, phase is stable for the early R ele-
ments, with a threshold for R = Sm or Eu.[*?) LP La,Ti, O, struc-
tures were, for instance, reported by TEM for ceramics®*! and
by STEM in the case of films.3*] The stabilization of metastable
LP Dy, Ti, O, was only recently obtained in films constrained by
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Figure 2. a—c) Monochromatic STEM-EELS at lower spatial resolution as seen in the HAADF images in (a). The spectra at (c) exhibit well-energetically

resolved fine structures that can be assumed as almost pure Ti** for P3 and

above 90% of Ti** in P1. The so-called “t,,” and “e,” lines have been noted

for the Ly line of the Ti** fine structure. The profiles obtained for the fitting weights of components P1and P3 along with a typical Ti** fraction are shown

in (b). d—f) Non-monochromatic STEM-EELS at higher spatial resolution a

s seen in the HAADF images in (d). Typical spectra of top (P4) and middle

(P5) part of the DTO are in (f). Profiles of the fitting weights along with HAADF and Ti-L intensities are in (e).

an LP La,Ti,O, substrate and, the LP Dy, Ti,O, was then mostly
observed near the interface.?!) It is then not surprising that long-
range ordered planes of interstitial oxygens such as those present
in LP Dy, Ti, O, were not observed. Here, only contrast on shorter
length scales along {110}, is observed and the periodicity of ca.
5 nm among these defects planes is very different from the case
of LP Dy,Ti,0, where interstitial oxygen planes are spaced by
1.3 nm. Since the observed valence by EELS reveals a strong Ti**
contribution, other defects might add up to produce this valence
change.

EELS was performed across the film to quantify the chemical
composition over an energy range large enough to pick up plas-
mon losses, Dy-N, O-K, Ti-L, and Dy-M edges (Figure S1, Sup-
porting Information). The typical chemical composition across
the whole DTO layer as measured by EELS for maps and pro-
files is displayed in Figure 4a,b. In the top area of the films, it
is systematically observed an oxygen enrichment and a Ti/Dy ra-
tio lower than 1 (cf. Figure 4b). Oxygen enrichment was expected
from the {110}, type defect and cationic misbalance can occur,
e.g., from RP defects. Chemical maps have also been done near
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defects, see an example in Figure 4d,e. In these areas, the Ti and
O profiles clearly show an oxygen enrichment where the defects
are present, i.e., at the interface and at about ca. 5 nm deeper
from it. In those data, the EELS has a higher energy resolution,
only ranging from Ti-L to O-K, which allows for the quantifica-
tion of the Ti/O ratio and the amount of Ti*". The Ti** profile
plotted in the top panel of Figure 4f is also composed of a small
plateau near the interface and a decay over 5 nm.

For comparison, the expected number of holes due to a
Ti/O deviation from the nominal value of 1/3 is calculated (see
Figure 4f, bottom panel). This estimation considers that each in-
terstitial oxygen injects two holes into the Ti-d orbital. When in-
tegrating the expected number of holes, they are too few to quan-
titatively match the amount of Ti** measured by EELS. In this
case, it is estimated from the top panel of Figure 4f that the Ti**
concentration averaged over the last five nanometers is approxi-
mately 0.55, while the average number of expected holes (bottom
panel of Figure 4f) is ~0.30. Furthermore, the Ti** profile ob-
tained by EELS does not match the spatial defect distribution and
the corresponding expected holes. This indicates that the charges
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Figure 3. a,b) HAADF and BF STEM images of the top part of the DTO films. The arrows indicate {110}pc defect lines. They often occur with periodicity
of ca. 5nm. ¢,d) Zoomed HAADF and BF STEM images nearby the defects. These images are from the thinnest part of the STEM lamella resulting in a

better visualisation of the defects.

are spatially redistributed away from the defects and closer to the
interface.

Figure 4g displays the EELS measurement across a relatively
extended (110),-type defect. The chemical maps indicate that
this defect can also exhibit cation imbalance, evidenced by an
increased concentration of Dy along the defect planes. Such
cationic imbalance might contribute to the presence of missing
holes. Recently, a new type of cationic defect has been identified
in NdTiO, perovskite, involving the ordered removal of entire
lines of Ti-O atoms around octahedral lines, resulting in a cen-
tral octahedral line with Ti** and localized Nd enrichment.*!
Another notable structure is La,RuOs, as reported by Boul-
lay et al.,[**] which features planes of perovskite cut along the
(110),. similar to the LP A B,Oy,,, with n = 2. Between
these planes, (AO), atoms are intercalated, potentially forming a
(DyO), (Dy,Ti,Og) structure in this case, accounting for oxygen
overstochiometry and cationic imbalance along (110),. planes.
Figure S2b,c (Supporting Information) presents these various
models. The Dy/Ti modulation observed in Figure 4g is more ex-
tensive than a single vacancy line or plane and might correspond
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to two defective cationic planes (also see Figure S3, Supporting
Information). Better alignment with these experimental observa-
tions is achieved with ab-initio relaxed structural models where
a series of Ti-O and Ti vacancy planes have been removed along
(110),, planes (Figure S2e,f, Supporting Information). This con-
firms that the observed defects could be a combination of cationic
vacancies and oxygen interstitials along (110),,. planes (Figure S3,
Supporting Information). These types of defects are unevenly dis-
tributed within the top DTO layer and, being based on Ti**- or
(Ti-O)*- vacancies, they lead to hole doping. A single neutral Ti
vacancy in DTO injects three holes per Ti/Dy deviation, while
mixtures of Ti**- and (Ti-O)*- vacancies result in fewer holes per
Ti/Dy off-stoichiometry. To estimate the number of holes due to
the cation mismatch, a conservative assumption is made, with
every Ti/Dy ratio below 1 contributing 1.5 holes. Figure 4c shows
a typical result of the expected Ti** profiles due to interstitial
oxygens and Ti/Dy imbalance ratio. The additional holes from
cationic imbalance are more prevalent near the top interface, cor-
responding with the chemical profile. Although the total number
of holes is slightly lower than what EELS measurements indicate,
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Figure 4. a—c) STEM-EELS analysis across the DTO film. The maps and profiles are respectively visible in (a) and (b). A rough estimation of the Ti valence
changes have been done in c) by measuring the Ti-L energy shift. It is compared with the expected Ti** as calculated from the presence of interstitial
oxygens (3 holes per O;) and a Ti/Dy <1 (1.5 hole per Ti/Dy misbalance). The sum of both contributions are in the cyan plain curve. (d,e,f) STEM-EELS
analysis across an area with marked defective areas at ca. —=5 nm and near the interface as seen in HAADF STEM (d). The Ti and O profiles are in (e)
and can be compared to the Ti** content obtained by fitting spectra as in Figure 2. The expected Ti** profiles considering that every interstitial oxygens
gives three holes in the Ti-d orbital are also visible in the lower part of (f). g) STEM-EELS and HAADF maps of an extended (110)-type defect showing
a strong Ti/Dy reduction. The Dy-M and Ti-L EELS maps are respectively green and red. A composite Dy-Ti colored map with an atomic model with 2

planes of Ti-O vacancies is superimposed (see Figure S3, Supporting Information, for detail).

the discrepancy might be due to uncertainties in the hole com-
pensation process (Figure 4c). Nonetheless, the combination of
interstitial oxygens and cationic imbalance explains the high con-
centration of Ti** near the top interface.

Interestingly, the STEM-EELS measurement of the Ti** distri-
bution has shown that the hole profiles are very similar through-
out the samples. They exhibit a small plateau at the interface fol-
lowed by a rapid decay. On the other hand, the structural defects
are spatially heterogeneously distributed, often showing a weak
spatial correlation to the hole profiles. This lack of correlation is
particularly evident when defects are present ~5 nm from the
interface, while the Ti*" content is only weakly present at this
depth (Figure 4f). As a result, the well-crystallized regions be-
tween the defects can exhibit a strong Ti** contribution concomi-
tant with a perovskite structure. This explains why the ferromag-
netic properties are depressed in thin films of DyTiO;, while no
evidence of superstructures or secondary phases was reported by
bulk-sensitive techniques.['® The similarity of the EELS Ti** pro-
files throughout the sample suggests that the hole spatial distri-
bution is governed by the electrostatic potential well near the in-
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terface, with most of the holes being concentrated there. Similar
features have been reported in 2D electron gases present in ox-
ide thin-film interfaces as seen in the case of the LaAlO,-SrTiO,
interface.[’”] Electrons occur from donor states, oxygen vacan-
cies being the most common structural defects for that, and the
charges being subsequently transferred to the interface by the
building-up of a confining potential. In the case of SrTiO;, obser-
vations for different interfaces are consistent with a rather gen-
eral defect-assisted feeding of such 2D gases, thus packed near
the interface by the potential well.[®]

3. Conclusion

Epitaxial perovskite DyTiO, thin films, like other perovskite
rare-earth titanates RTiO,, display a Ti**-rich layer over sev-
eral nanometers near their surfaces and interfaces, with no sec-
ondary long-range ordered phases present. Our STEM-EELS ex-
periments demonstrate that this intriguing and pronounced va-
lence evolution is related to a combination of short-range or-
dered interstitial oxygen planes and a Ti-Dy cationic imbalance.
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Both defects synergistically contribute to enough hole doping
for a complete transition toward Ti*" over a few unit cells from
the surface, while a structure primarily of the perovskite type
is maintained. The presence of interstitial oxygen and a Ti-Dy
cationic imbalance can be explained in relation to previously re-
ported phases near LP perovskite structures, such as the local
presence of defects of (DyO),(Dy,Ti,Og) type, or by combining
(110),, planes of Ti-O and Ti vacancies, as demonstrated by ab-
initio methods.

4. Experimental Section

The samples were grown on (007)-oriented LaAlO; (LAO) substrates
(from CrysTec GmbH). A polycrystalline target (PiKem) consisting of a
mixture of Dy, 03, TiO,, and Dy, Ti, O with an overall 1:1 Dy:Ti ratio was
ablated by a Coherent Compact KrF (248 nm) excimer laser at a repetition
rate of 2 Hz and with a fluence of 2 | cm~2. The deposition has been done at
a substrate temperature of 900 °C and a pressure of 4 X 1077 mbar of O,.
The substrate-to-target distance was set to 4.5 cm. After deposition, the
samples were cooled in the same growth atmosphere at 50 °C min=1.[171°]

Monochromatic STEM-EELS experiments were done on a Nion Her-
mes microscope with a CMOS camera as an EELS detector. Non-
monochromatic STEM-EELS were done on a Nion USTEM microscope
with a MerlinEM hybrid detector to collect the EELS spectra. All STEM
experiments were done at 100 keV.

Ab initio relaxation of defective structures were done using Quan-
tum Espresso.[?3] lonic convergence threshold on forces was 1073 (a.u)
and cell pressure threshold was 107" kbar, all coupled with a Broyden—
Fletcher—Goldfarb-Shanno minimization algorithm. The exchange and
correlation function was in the generalized gradient approximation
in the Perdew—Burke—Ernzenhof parametrization. In accordance, the
used pseudopotentials are “Dy.pbe-spdn-rrkjus_psl.1.0.0.UPF”, “O.pbe-n-
rrkjus_psl.1.0.0.UPF,” and “Ti.pbe-spn-rrkjus_psl.1.0.0.UPF” (from http:
//www.quantum-espresso.org) with a wavefunction energy cut-off of 60
Ry and a charge density energy cut-off of 575 Ry.
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