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ABSTRACT: Among the pyrochlore oxides, the frustrated magnet
Tb,Ti, O, has drawn intense interest as a spin liquid candidate. Its
unusual magnetic properties rely on a careful balance of
interactions on the frustrated pyrochlore lattice and are exquisitely
sensitive to composition. Leveraging the precise stoichiometry
control of reactive-oxide molecular beam epitaxy, we manipulate
the defect chemistry of Tb,Ti,O, thin films on (111)-oriented YSZ
substrates and probe their structural and magnetic properties.
Single-phase pyrochlore thin films are realized within a large
growth window at up to 25% off-composition. Using both scanning
transmission electron microscopy and electron energy loss
spectroscopy, we demonstrate the preferential formation of distinct
defects with varying film stoichiometry. Titanium-rich films
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incorporate titanium excess via antistuffing of both Ti** and Ti*" locally along slanted (112) antiphase boundaries. In contrast,
excess terbium is directly incorporated into the film through homogeneous stuffing and terbium-rich films exhibit mostly (111)
antiphase boundaries. DC magnetic susceptibility measurements suggest that defects reduce the frustration index of Tb,Ti,0,, with
titanium and terbium excess both leading to an enhanced saturated magnetic moment and less negative Curie—Weiss temperature
compared to the stoichiometric film, while all ilms remain paramagnetic down to 1.8 K.

Bl INTRODUCTION

The pyrochlore oxides (A,B,0, A, B = cations) form a large
class of materials with ground states that include topological
insulators, ferromagnetic insulators, spin glasses, and quantum
spin liquid candidates.'™® They are used in applications
ranging from solid oxide fuel cells” to the immobilization of
nuclear waste material.* Among the pyrochlores, the rare-earth
titanates, R,Ti,O, with R = Sm—Lu or Y, have attracted
considerable interest in the past few decades, stemming from
their unique and varied magnetic behavior.”~"" The rare-earth
A-site jons can possess magnetic moments with symmetries
ranging from fully three-dimensional Heisenberg spins to Ising
spins symmetrically constrained to lie along the local (111)
directions. The rare-earth cations’ large, localized moments
lead to magnetic dipole interactions on the same energy scale
as direct exchange which contribute to magnetic frustration.
Cations in the pyrochlore lattice form networks of corner-
sharing tetrahedra that host geometric frustration (Figure 1a).
Along the (111) direction, each cation forms alternating
Kagomeé and triangular lattice layers corresponding to the
interconnected bases and apexes of the tetrahedra (Figure 1b).
Both antiferromagnetic Heisenberg spins and ferromagnetic
Ising spins are predicted to be highly frustrated on this
pyrochlore sublattice.” For example, Gd,Ti,O, with a net
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antiferromagnetic coupling between Heisenberg spins, exhibits
partial ordering at around 1 K."” Similarly frustrated, Dy, Ti,0,
and Ho,Ti,0, host ferromagnetic Ising spins and are
considered “spin ices”, which are a type of classical spin liquid
with frustration analogous to the ordering of hydrogen bonds
in water ice.”* ™"

Tb,Ti,0; stands out among the rare-earth titanate family as
an enduring enigma. Its Ising spins'®'’ with net antiferro-
magnetic coupling should exhibit a long-range all-in-all-out
ordering transition at 1-2 K.'%' Bulk crystals, however, show
no signs of magnetic ordering down to at least 50 mK.***!
This unexpected behavior has fueled two decades of interest in
Tb,Ti,0- and related pyrochlores. Leading hypotheses suggest
that the non-Ising character of low lying excited crystal field
states leads to transverse magnetic fluctuations which suppress
long-range order.'®'***** Additionally, Tb,Ti,O, may lie near
a quantum critical point between the all-in-all-out ordered state
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Figure 1. Crystal structure of Tb,Ti,O,. Terbium atoms, titanium
atoms, and oxygen atoms are shown as green, blue, and red or pink,
respectively. (a) Interpenetrating pyrochlore sublattices of the
terbium and titanium cations are shown with emphasized local
tetrahedra within a unit cell of Tb,Ti,O,. (b) Alternating layers of
Kagomé and triangular lattices of the cations in the (111) direction of
the pyrochlore structure. One unit cell contains six unique stacking
layers in this direction. (c) Full cubic unit cell of Tb,Ti,0,0" with
terbium atoms and their coordination polyhedra in green, titanium
atoms in blue, O-site oxygen atoms in red, and the symmetrically
distinct O’-site oxygen atoms in pink. (d) Illustration of the lattice
matching between bulk Tb,Ti,O, (a = 10.15 A*****%) and the (111)-
oriented YSZ substrate (a = 5.14 A). The lattice mismatch between
Tb,Ti,O, and double the YSZ lattice parameter is 1.3%.

and the spin ice state which would lead to quantum spin
fluctuations.”> Overall, Tb,Ti,O, seems to behave much like a
quantum spin ice,””** the quantum analogue of a classical spin
ice, though it does not host the ferromagnetically coupled Ising
spins with perturbative transverse spin fluctuations proposed as
building blocks for the quantum spin ice state.”® Instead,
Tb,Ti,O, has antiferromagnetic interactions and may have
magnetoelastic coupling that further complicates its ground-
state behavior.””*® In all, Tb,Ti,O, remains an intriguing
material and one of the most enduring pyrochlore quantum
spin liquid candidates.

The unusual magnetic behavior of Tb,Ti,O, relies on a
careful balance of magnetic interactions on a perfect crystal
lattice. Crystalline defects disrupt this balance.””*° The
chemical formula for pyrochlore oxides is A,B,0, or more
accurately A,B,04,0’, where A and B are cations with oxidation
states +3 and +4 (in some cases, +2 and +5), respectively. O
and O’ represent two crystallographically distinct oxygen sites
in the structure (Figure 1¢).” The 8-fold-coordinated A-site
cation lies in a highly distorted coordination configuration
called a scalenohedron.”’ Composed of a rumpled ring of six
oxygen atoms and two more distant apical O’ sites, the local A-
site crystal field symmetry is strongly axial.'' The non-Kramers
ion Tb*, with an even number of f-shell electrons, is especially
susceptible to distortions of its local crystal field environment.
Disruption of the local symmetry could even lead to a
nonmagnetic ground state, impeding the understanding of the
true ground-state magnetic behavior of Tb,Ti,0,."" Studies of
bulk materials have shown that changes in the terbium or

2326

titanium content as little as 0.5% can lead to a detectable
magnetic transition at low temperature.’** Other pyrochlores
have also exhibited an acute sensitivity to defects, showing
changes in not only their magnetic behavior but also ionic
conductivity and durability for nuclear waste storage.”®"**~*
The most common and well-studied defects in the pgrrochlore
lattice are oxygen vacancies and cation disorder.”"*%*' ™%
These defects often coexist in pyrochlores because the positive
charge of an oxygen vacancy can be balanced by “stuffing” an
A% jon on the B* site. Furthermore, both terbium and
titanium can be stabilized in either a +3 or a +4 oxidation state.
Therefore, depending on synthesis conditions, Tb,Ti,0, could
exhibit cation site substitution, changes in oxygen stoichiom-
etry, and modified cation oxidation states.

In this paper, we synthesize thin films of the rare-earth
titanate pyrochlore Tb,Ti,O,"** with molecular beam epitaxy
(MBE) and characterize their structural and magnetic
properties. We demonstrate control over the defect chemistry
in Tb,Ti,O, thin films by tuning their stoichiometry. We
provide a survey of the various defects that preferentially form
in stoichiometric and off-composition Tb,Ti,0, films and
present atomic resolution high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
and electron energy loss spectroscopy (EELS) that show
chemical changes around these defects. This analysis provides
both an insight into the formation of off-composition
pyrochlores and a microscopic look at how defects may lead
to changes in the magnetic behavior of Tb,Ti,O, and related
materials.

B EXPERIMENTAL SECTION

Using reactive-oxide MBE, we synthesized epitaxial thin films of
Tb,,Ti,_,O7.5 on (111)-oriented yttria-stabilized zirconia (YSZ)
substrates (CrysTec GmbH). Prior to deposition, we sonicated the
YSZ substrates in acetone, isopropyl alcohol, and deionized water
before annealing in air at 1300 °C for 3 h to achieve ideal atomically
flat, stepped surfaces (Supporting Information Figure S1).* We
calibrated the terbium metal flux by extracting the thickness of Tb,05
films from X-ray reflectivity measurements and derived a tooling
factor based on flux measured with a quartz crystal microbalance
(QCM).*® We determined the titanium flux from in situ reflection
high-energy electron diffraction (RHEED) intensity oscillations
during shuttered synthesis of SrTiO;. With simultaneous deposition
of both cations (codeposition), we synthesized high-quality Tb,Ti,0,
films with terbium to titanium cation ratios ranging from 25% terbium
excess (Tb/Ti = 1.25) to nearly 20% excess titanium (Tb/Ti = 0.85).
The film composition was verified postsynthesis via Rutherford back
scattering. Films were also produced via solid-phase epitaxy
(Supporting Information Figure S2) with similar crystal quality but
a rough film surface.

In situ RHEED provided a real-time indication of the crystallinity
and surface morphology of the films during synthesis. We produced
smooth, highly crystalline pyrochlore films over a wide range of
synthesis conditions: with substrate temperature ranging from 650 to
850 °C, measured by an infrared pyrometer focused on a platinum
coating on the back of the substrates, and in oxygen environments
ranging from 107® Torr O, to 5 X 10~ Torr distilled O, supplied by a
Heeg Vacuum Engineering ozone distillation system. A temperature
of 800 °C in 107 Torr of 10% O,/0, led to the highest quality films
as characterized by RHEED and X-ray diffraction (XRD). All
Tb,Ti,O, films discussed below were synthesized at these ideal
conditions with a thickness of approximately 15 nm.

Surface topography was probed with an Asylum MFP-3D Origin
atomic force microscope in tapping mode. We used a Malvern
Panalytical Empyrean diffractometer with Cu—Ka, radiation (1 =
1.5406 A) and a PIXcel3D detector for X-ray diffraction, X-ray
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Figure 2. Structural characterization of Tb,Ti,0, thin films with varying stoichiometry. (a) XRD scans of the film series showing a slight shift in
peak position with stoichiometry as well as changes in peak intensities. (b) Expanded view of the 222 peaks from the XRD patterns demonstrating
an increasing lattice parameter with more terbium. (c) Film (111) plane spacing extracted from Nelson—Riley fitting of the XRD peak positions
shows a linear trend with cation stoichiometry. (d) Varying surface morphology of the film series probed by in situ RHEED (top row) and atomic

force microscopy (AFM) (bottom row).

reflectivity, and reciprocal space mapping. We extracted an estimated
(111) atomic plane sfacmg for each film from the Nelson—Riley
extrapolation method.

We measured the magnetic properties with a Quantum Design
Magnetic Property Measurement System. To correct for the large and
varied magnetic background contributed by paramagnetic impurities
in the otherwise diamagnetic YSZ substrates, we measured the
magnetic moment of the film and substrate system and then
subtracted the corresponding moment of each bare substrate
measured after removing the film.

We collected X-ray absorption spectra in total electron yield mode
at beamline 6.3.1 at the Advanced Light Source at Lawrence Berkeley
National Laboratory (Supporting Information Figure S3).

We produced lamellae for cross-sectional STEM imaging with an
FEI Helios 660 focused ion beam system and performed preliminary
imaging on a JEOL ARM 200F STEM at 200 kV. Final imaging and
EELS measurements were collected on a Thermo Fisher Scientific
Themis Z G3 aberration-corrected STEM operating at 200 kV with an
18.9 mrad convergence angle and a collection angle ranging from 72
to 200 mrad. Stacks of short exposure images were cross-correlated
and averaged to correct for beam instabilities and drift. Atomic
resolution EELS maps were captured with a Gatan Continuum
detector with a dispersion of 0.15 eV and 10 ms dwell time.
Background subtracted maps were processed with local background
averaging to improve the signal-to-noise ratio.

B RESULTS

A series of five Tb,Ti,O, thin films with terbium to titanium
composition ratios ranging from 0.85 to 1.25 form the core
data set for this composition study. Across the entire series, the
films are highly crystalline with Laue oscillations around the
111 and 222 X-ray diffraction peaks (Figure 2a). The series
shows a slight decrease in 111 peak intensity, indicative of a
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loss of structural order—especially out-of-plane stacking, with
excess terbium content and little to no loss of intensity for
films with excess titanium. Mullens et al. see a similar loss of
pyrochlore superlattice peak intensity in stuffed (ytterbium-
rich) Yb,Ti,0,.* Figure 2b shows a shifting of the 222
diffraction peaks to higher (lower) angles with increasing
titanium (terbium) content. Extracted from Nelson—Riley
fitting, the (111) plane spacing of the films shows a linear
correlation with composition, where the spacing grows with
the incorporation of additional terbium due to its larger ionic
radii (Figure 2c). Similar trends are reported for powder,
polycrystalline, and bulk single-crystal synthesis of
Tb,Ti,0,3%33424651

Bulk crystals of Tb,Ti,O, have a 1.3% lattice mismatch with
twice the lattice parameter of YSZ (Figure 1d). Reciprocal
space mapping shows that all of the 15 nm films are almost
fully strained to the substrate, with a weak diffuse relaxed
background (Supporting Information Figure S4a). w-Rocking
curves provide further evidence that the films are largely
strained to the substrate: the film peaks are sharp with a
substrate-limited full width at half-maximum (FWHM) and a
weak broad background that accompanies partial relaxation
(Supporting Information Figure SSb). Furthermore, the (111)
plane spacing of the films is smaller than in bulk samples, as
expected with tensile strain.

From in situ RHEED captured at the end of each growth
(top row Figure 2d), we conclude that Tb,Ti,O, forms as a
single-phase solid solution with the exception of small amounts
of excess titanium that form triangular TiO, islands on top of
an otherwise smooth film surface. The stoichiometric film
appears to be highly crystalline and well ordered. AFM
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Figure 3. HAADF-STEM imaging of the Tb,Ti,O; film series. (a—c) HAADF micrographs of the Tb-rich (a), stoichiometric (b), and Ti-rich (c)
Tb,Ti,0, films on YSZ(111) imaged along (110) (low magnification presented in Supporting Information Figure S8). (d—f) Histograms of the
normalized intensity of the atomic columns mapped out using Gaussian fitting from largely defect-free regions of the films in (a—c) (n & 940, see
Supporting Information Figure S9 for details). (g—i) Higher magnification HAADF micrographs of (g) a (111) antiphase boundary typical in the
Tb-rich film, green (blue) lines indicate terbium (titanium) Kagomé planes; (h) the ideal checkerboard pyrochlore contrast in the stochiometric
film, green dots denote pure terbium columns, blue denote pure titanium, and half-blue—half-green indicate mixed occupancy columns composed
of alternating terbium and titanium atoms; and (i) a (112)-oriented antiphase boundary common in the Ti-rich film.

(bottom row Figure 2d) shows that the film is exceptionally
smooth with an RMS surface roughness of about 100 pm.
Slight excess terbium results in a modulated film surface
indicated by the spotted RHEED and increased surface
roughness of 140 pm. With 25% excess terbium (Tb/Ti
1.25), the RHEED streaks become wider and more diffuse,
indicating a loss of crystalline quality. Nevertheless, the surface
of the film remains remarkably smooth as measured in AFM
with a roughness similar to the stoichiometric film. For Tb/Ti
= 0.96, the formation of TiO, islands is accompanied by a
broadening of the RHEED pattern. In contrast, 20% titanium
excess (Tb/Ti = 0.85) is fully incorporated into the film,
resulting in a smooth surface topography and sharp, intense
RHEED streaks with less prominent half-order than the
stoichiometric sample.

In Figure 3, we present HAADF-STEM imaging of the local
microstructure for three films with a terbium to titanium ratio
of 1.25 (Figure 3a), 1.00 (Figure 3b), and 0.85 (Figure 3c).
The stoichiometric Tb,Ti,O, film (Figure 3b,eh) exhibits

2328

large regions of checkerboard contrast indicative of a well-
ordered pyrochlore structure (Figure 3h). Occasionally, an
additional (111) plane of Tb,Ti,O, occurs as a dislocation
along the substrate—film interface to locally relax the tensile
strain. One such dislocation is visible in the large field-of-view
HAADF image (Figure 3b) as a region with a loss of atomic
resolution and of the (112) alternating contrast (Supporting
Information Figure $12). The terbium-rich film with Tb/Ti =
1.25 (Figure 3a,d,g) has small well-ordered regions interrupted
by several (111)-oriented antiphase boundaries as highlighted
in Figure 3g. In contrast, the titanjum-rich film with Tb/Ti =
0.85 (Figure 3cfi) hosts mainly (112)-oriented antiphase
boundaries. Because the antiphase boundaries must terminate
at the edge of the crystal or at a dislocation, they slant upward
and extend between the interface and film surface. Figure 3i
shows that the (112) antiphase boundaries are accompanied by
a region without clear pyrochlore contrast, indicative of cation
disorder (Supporting Information Figure S13).
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Analysis of the distribution of atomic column intensity
projected along (110) in the stoichiometric, titanium-rich, and
terbium-rich films (Figure 3d—f) shows that the stoichiometric
film (Figure 3e) has three distinct intensity values correspond-
ing to the three types of atomic columns in the pyrochlore
structure (pure terbium, pure titanium, and an equal mixture).
The intensity distribution of the titanium-rich film (Figure 3f)
is qualitatively similar, but with reduced separation between
the terbium and mixed columns possibly indicating antistuffing
of titanium on the terbium sites. The terbium-rich film (Figure
3d) shows a less clear distinction between all three intensity
values, suggesting widespread cation disorder and stuffing. The
intensity of atomic columns in HAADF images corresponds to
the atomic number of the atoms in that column. Reduced
separation between the intensities of the brightest (pure
terbium) and the middle intensity (mixed) columns in the
titanjum-rich film suggests that the intensity of the terbium
columns may have been reduced by the presence of some
titanium via antistuffing. Equivalently, the intensity values of
the terbium-rich film may be less distinct due to excess terbium
occupying titanium sites in the titanium and mixed columns
and causing increased column intensities.

Atomic resolution electron energy loss spectroscopy (EELS)
of the antiphase boundaries within the off-composition films
reveals several important differences between the defects in
titanjum- and terbium-rich films. In the film with excess
titanium (Figure 4), EELS mapping around an antiphase
boundary shows a higher concentration of titanium localized to
the defect (Figure 4b). Multivariate curve resolution (MCR)
analysis™ identifies two distinct titanium EELS fingerprints

TiL

C

OK

2,3

aHAADF-STEM b

1nm
MCR Components

Component 2

Counts (arb. units)

460 465 470

Energy (eV)

450 455

1nm

Figure 4. Atomic resolution electron energy loss spectroscopy
(EELS) of antiphase boundaries in a titanium-rich Tb,Ti,O, thin
film. (a) HAADF-STEM survey image with the region of interest
around a {112) antiphase boundary indicated in red. (b) Titanium
L,; edge EELS concentration map. (c) Oxygen K edge EELS
concentration map. (d) Score map of the two component edges
derived from MCR analysis of the titanium L, ; edge. (e) Plot of the
two titanium L,; edge components identified with MCR.
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around the defect (Figure 4de). In regions with clear
pyrochlore order away from the boundary, the titanium L,
edge exhibits the expected four-peaked structure of Ti*" with
nearly octahedral coordination.”” Within the region surround-
ing the antiphase boundary, the titanium edge shifts to lower
energy and the four peaks merge into two, indicating a
reduction of the titanium ions toward Ti*" and a change in
local crystal symmetry suggestive of cation disorder.”> The
reduction coupled with a change in coordination symmetry in
the region of excess titanium provides strong evidence of
antistuffing, where extra titanium occupies the 8-fold-
coordinated A-site as Ti’* to maintain a neutral charge within
the structure without excess oxygen. EELS mapping around
other antiphase boundaries in the same sample also shows
regions of Ti*" with a modified EELS spectra coincident with a
region of excess oxygen, suggesting that titanium may be
antistuffed as Ti*" as well (Supporting Information Figure S7).
Ti** and Ti*" are not expected to be stable on the A-site in an
otherwise pristine pyrochlore lattice. However, regions of the
crystal with disrupted symmetry around defects, such as
antiphase boundaries, may accommodate antistuffing of
titanium on the terbium site. Separate maps of the MCR
component concentrations show that within the antiphase
boundary, ideal octahedrally coordinated Ti** on the B-site
only persists in small amounts in (111) titanium Kagomé
planes where proper pyrochlore stacking is preserved
(Supporting Information Figure S6). Some studies of bulk
pyrochlore crystals suggest that antistuffing of Ti*" may occur
in highly disordered samples.***>** Ghasemi et al.** find that
antistuffing occurs in their titanium-rich Ho,Ti,0, powders,

Tb M,

1nm

Figure 5. Atomic resolution electron energy loss spectroscopy
(BELS) of antiphase boundaries in a terbium-rich Tb,Ti,O; thin
film. (a) A HAADF-STEM survey image with the region of interest
(indicated in red) around a vertical (111) antiphase boundary. (b—d)
EELS elemental concentration maps for terbium (b), titanium (c),
and oxygen (d) in the region of interest. (¢) Composite color map of
the local concentration of terbium (green) and titanium (blue).
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but only for high synthesis temperatures (1500 °C). At lower
temperatures, they find that the excess titanium forms TiO,. In
our films, low amounts of titanium excess (Tb/Ti = 0.96)
appear to precipitate out as oxide islands while larger titanium
excess (Tb/Ti = 0.85) leads to antistuffing localized to defects
such as antiphase boundaries.

In stark contrast, the terbium-rich film (Figure 5) shows a
homogeneous distribution of terbium, titanium, and oxygen
with no clear excess or deficiency within an antiphase
boundary (Figure Sb—d). MCR processing failed to identify
multiple spatially resolved EELS edges across the defect which
suggests that either each element has a consistent oxidation
state and coordination environment across the defect or that
multiple species are uniformly distributed. The composite
EELS map of terbium and titanium concentration in Figure Se
shows that there is a narrow defect region around the
boundary where the checkerboard pyrochlore contrast is lost
and replaced by alternating terbium and titanium-rich (111)
planes without a local excess of either element. In pyrochlore
crystals, the stuffing of a Tb* ion on the B-site is expected to
be stable, so this cation substitution may occur within the
otherwise ideal pyrochlore structure. Considering the reduced
variation in atomic column intensity in HAADF images of this
terbium-rich sample with the homogeneous EELS elemental
maps, we posit that terbium is uniformly stuffed within the
film.

Figure 6 shows the magnetic properties of the stoichiometric
and the most off-composition films in the series (for magnetic
characterization of the full series, see Supporting Information
Figures $10 and S11). All films remain paramagnetic down to
1.8 K as evidenced by the absence of ferromagnetic hysteresis
as well as any phase transition in the temperature-dependent
magnetic susceptibility (Supporting Information Figure S11).
Magnetization loops at 1.8 K (Figure 6a) show that both
excess terbium and titanium lead to an enhanced saturation
magnetization in our films. Curie—Weiss fitting to the inverse
susceptibility (Figure 6b) gives a Curie—Weiss temperature
(Ocw) of =25 K for the stoichiometric film, similar to that in
bulk samples and indicative of net antiferromagnetic
interactions.”” The measured Curie—Weiss temperature
contrasted with the lack of a magnetic ordering transition
above 1.8 K suggests that the films are highly frustrated like
bulk crystals.”’ The off-composition films have lower
magnitude Curie—Weiss temperatures (Supporting Informa-
tion Figure S10), suggesting an increased noninteracting
paramagnetic background or modified coupling between

H;:N ) In
the terbium-rich films, Tb*" ions stuffed onto the B-site may
increase the connectivity of the ideal Tb** lattice or contribute
a new paramagnetic signal. Ti*" has an empty d-shell and is
nonmagnetic, but excess titanium reduced to Ti’* at defects in
the titanium-rich crystals likely contribute to the magnetism.
Because these magnetic ions are localized to defects, they are
less likely to impact the magnetic behavior of the surrounding
pristine crystal and instead may contribute a paramagnetic
background signal stemming from dilute magnetic ions.’’
Indeed, bulk studies find that the lack of magnetic order in
Tb,Ti,0; persists up to a few percent of excess titanium,' >

moments as well as a reduced frustration index (f =

B CONCLUSIONS

We find that Tb,Ti,0, is a robust crystal which forms single-
phase pyrochlore thin films over a wide range of synthesis
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Figure 6. Magnetic behavior of Tb,Ti,O, thin films. (a) Magnet-
ization vs applied field curves that show paramagnetic behavior taken
at 1.8 K along (110) with substrate and diamagnetic contribution
subtracted out, adjusted for film volume, and normalized by the
maximum magnetization of the stoichiometric film. (b) Zero-field
cooled inverse susceptibility measured upon warming in a 02 T
applied field along (110). The data is corrected for substrate and
diamagnetic contributions as described in Methods. Curie—Weiss fits
between 20 and 150 K are plotted as solid lines. The linear fits give
Curie—Weiss temperatures of —25 K (stoichiometric), —11 K (Ti-
rich), and —14 K (Tb-rich).

conditions and compositions. Thin films on YSZ(111)
substrates exhibit a linear trend of out-of-plane (111) atomic
plane spacing with composition, similar to bulk composition
studies. In contrast to bulk crystals, all five films in the
composition series are tensile strained to the substrate. Strain is
accommodated in stoichiometric films by dislocations along
the interface. In off-stoichiometry films, extended defects,
especially antiphase boundaries, form preferentially both in
response to the change in composition and to accommodate
strain.

Excess terbium is incorporated in the films via the well-
studied process of stuffing onto the B-site, causing an increase
in surface roughness and a gradual reduction in crystalline
quality associated with the formation of (111) antiphase
boundaries and cation disorder. In contrast, low levels of excess
titanium precipitate out as oxide islands on the film surface
while larger amounts incorporate into the film along (112)
antiphase boundaries via antistuffing as both Ti** and Ti*".
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Though antistuffing is only rarely reported in bulk crystals, we
find that, with epitaxial stabilization, Tb,Ti,O, thin films
exhibit antistuffing along antiphase boundaries within the
pyrochlore structure.

In magnetic measurements, all films remain paramagnetic
down to 1.8 K, while the off-composition films exhibit
enhanced saturated moments in an applied field as well as
less negative Curie—Weiss temperatures. The moment
enhancement likely stems from the additional magnetic Ti*"
or Tb*" ions incorporated into the films. The change in the
Curie—Weiss temperature suggests an added noninteracting
paramagnetic background or a reduced moment coupling. The
combination of a decreased Curie—Weiss temperature and
persistent lack of an ordering transition down to 1.8 K
effectively lowers the frustration index of the nonstoichiometric
films.

Along with changes in composition, strain seems to be a
driving factor of defect formation in these films. Titanium
excess results in a reduced lattice parameter. The shrinking
lattice constant leads to a larger lattice mismatch between the
film and substrate. In response, the more highly strained
titanium-rich films tend to concentrate excess titanium atoms
in-plane in (112) antiphase boundaries which help reduce the
out-of-plane lattice constant and relieve strain (see Supporting
Information Figure SSa). In terbium-rich films, (111)
antiphase boundaries and widespread cation disorder slightly
expand the in-plane lattice constant, thereby reducing the
lattice mismatch with the YSZ substrate and thus reducing the
strain. This preferential formation of extended defects may
therefore be specific to epitaxially strained thin films of
Tb,Ti,0,. In bulk samples without the influence of strain, the
formation of extended defects may have a different behavior.

Understanding the formation of defects and the accom-
modation of off-stoichiometry in Tb,Ti,O; informs the
synthesis and characterization of other rare-earth titanates
and members of the pyrochlore class. Pyrochlores have shown
an acute sensitivity to changes in composition which affects
their functionality in a variety of applications. Hence, defect
engineering, as demonstrated here through thin-film epitaxy,
provides a powerful route to tuning pyrochlore functionality.
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