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The Atomic Structure of Ultrathin Oxide Films and
Interfaces Studied by Surface X-Ray Diffraction

Katayoon Mohseni and Holger L. Meyerheim™

X-ray diffraction (XRD) studies of the atomic structure of ultrathin oxide films and
interfaces are presented, which are conducted within the framework of the
Sonderforschungsbereich 762 (functionality of oxide interfaces). Knowledge of
the atomic structure is at the heart of the study of functional oxides. XRD allows
the investigation of complex systems frequently encountered in oxide systems
(large unit cells, complex relaxation patterns, and structural and chemical dis-
order). Results are combined with first-principles calculations and comple-
mentary techniques providing a thorough understanding of the oxides’
functionality. The structure analysis of the approximant (AP) to the 2D oxidic
quasicrystal (QC) based on BaTiO; (BTO) is discussed, the first oxide-type QC
discovered. This AP is related to the Kepler tiling described 400 years ago. The
LaFeO;/SrTiO; interface is examined, which is a prototype for the formation of a
2D electron gas (2DEG). Subtle interfacial chemical roughness in combination
with oxygen off-stoichiometry strongly influences the critical LaFeOj; thickness
for the 2DEG formation. Finally, the analysis of the multiferroic BTO/ME(001)
(ME = Fe, Pd, Pt) interface reveals that a submonolayer of impurities is the origin
for the inversion of the BTO film/vacuum termination from BaO on Fe(001) to

this way, new functionalities arise by the
possibility to switch both, the (relative) mag-
netization direction of the (ferromagnetic)
electrodes and the polarization direction
of the ferroelectric barrier.”?! Beginning
with early theoretical studies more than a
decade ago,*™®! significant progress has
been achieved in recent years, providing
experimental evidence for the basic func-
tionality of such devices. Nevertheless, a
detailed microscopic understanding of the
multiferroic effect is far from being com-
plete, whereas it is becoming evident that
the interface models used for theoretical
modeling are too simplified in general
Thus, detailed investigations of the interface
and film structures are highly demanded.

Similarly, the search for a thorough
understanding as to why a 2D electron
gas (2DEG) is formed” at the interface

TiO, on Pt(001).

1. Introduction

Ultrathin oxide films and their interfaces have attracted intense
interest for their outstanding structural and physical properties
which have the potential to serve as functional materials in oxide-
type electronics.!"! Examples are systems in which the interface
between the oxide and metal (ME) or between two oxides involves
new functionalities. Prototypes are tunneling junctions involving
an insulating oxide between two ferromagnetic metallic electro-
des or interfaces between two insulating oxides. In the former
case, special attention has been paid to the study of multiferroic
systems where the insulating oxide barrier is a ferroelectric. In
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between two insulating oxides such as
between LaAlO; (LAO) and SrTiO; (STO)
has made considerable progress, and sev-
eral models which account for the onset
of the interface metallicity are discussed. The first one proposes
the so-called “polarization catastrophe” in relation to an elec-
tronic reconstruction at the interface,® another model refers
to extrinsic origins among which the formation of oxygen defects
within the oxide films and chemical roughness at their interface
are the most prominent ones.”'” A clear-cut exploration of the
mechanisms at work for 2D interface metallization also requires
a very detailed model of the film and interface atomic structure.
The examples discussed earlier are representative of the com-
plexity and versatility of oxide materials in the context of potential
new oxide electronic devices, but oxides have also appeared in a
branch in solid-state physics which so far has been limited almost
exclusively to ME alloys, namely, the structure and physics of qua-
sicrystals (QCs) and their approximants (APs). In 1984, the first
observation of a QC was published,[”] but it took until 2013 to
discover an oxide QC (OQC), which, with respect to stoichiometry,
is closely related to BaTiO; (BTO) and which was grown as a 2D
monolayer on Pt(111).'” Here, the surface X-ray diffraction
(SXRD) analysis in combination with scanning tunneling micros-
copy (STM) experiments of the closely related “Kepler” AP pro-
vided direct insight into the atomic structure of the tiling
elements (occupied by titanium) and the precise determination
of the barium and oxygen positions.’>**! Especially, the latter
is of utmost importance as it represents a direct and independent
proof for the involvement of oxygen into the QC structure.
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This Feature Article presents several studies which have
been conducted in project A5 during the period of the
Sonderforschungsbereich (SFB) 762 to demonstrate that the
knowledge of the oxide film and interface structure is of central
importance for the study of oxide functionalities in general.
For space limitations, we have confined ourselves to three exam-
ples, which we believe are representative for both the general
themes we were investigating during the whole period and the
collaboration between us and other experimental and theoretical
groups.'*”) Some other important studies conducted in the con-
text of SFB have been published in previous publications.!"*2"!

This Feature Article is organized as follows: in the following
section, the basic principles of X-ray diffraction (XRD) are out-
lined to discuss its peculiarities when applied to 2D systems. In
the following sections, the most important results related to the
aforementioned different topics (1) oxidic AP, 2) multiferroic
interface, and 3) 2DEG system are presented and discussed.

2. X-Ray Structure Analysis Applied to Surfaces

Although XRD is not a technique with an intrinsic sensitivity to
surface or ultrathin films like low electron diffraction (LEED),
today’s highly brilliant synchrotron and in-house laboratory
X-ray sources and modern data collection techniques allow the
routine recording of diffracted intensities scattered by a submo-
nolayer amount of a low-Z adsorbate like oxygen. We begin with
a short summary of the most important peculiarities of SXRD as
far it is necessary for the understanding of the data and results
presented in this article. For more details, we refer to several
reviews.?*2%

To outline the fundamental properties of XRD in the 2D limit,
as shown in Figure 1a, a schematic of the reciprocal space in an
a*—c* section is shown. On the right side, the corresponding
crystal structure is given. Here, the crystal is “semi-infinite”
along the c axis. As a result of the termination of the crystal, rods
normal to the sample surface along the ¢* axis in reciprocal space
appear, which are shown as thin yellow solid lines. These rods
are referred to as “crystal truncation rods” (CTRs), indicating that
between the bulk Bragg points (solid dots), a diffuse rod of inten-
sity exists, which originates from the truncation of the crystal,
ie., from the crystal’s surface. In the a*-b* plane, they appear
at integer positions (h,k). The CTRs were theoretically predicted
by Lauel"! (Stacheliger Auswuchs), but it took until 1986 for a
complete collection of CTR intensities by Robinson!*? using syn-
chrotron radiation. The intensity dynamics between the bulk
Bragg reflections located at integer ¢ and the CTR intensity at
the antiphase condition half way between the Bragg reflections
amounts to about five orders of magnitude. The detailed calcu-
lation for an face-centered cubic-type crystal shows that at the
antiphase condition, the intensity is equal to that of a quarter
of a monolayer of the corresponding material. In consequence,
adsorption of foreign species even in a submonolayer amount
substantially modifies the total reflected intensity, which is a pre-
requisite for a meaningful analysis.

In the case of a primitive and semi-infinite crystal, the
structure factor amplitude is given by the sum over the scattering
contribution of all lattice planes (indexed by n), ie., the sum
extends from n=— o0 to 0
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Figure 1. Schematic of the reciprocal space in an a*—c* section (left). The
corresponding crystal structure is shown on the right. Bulk Bragg reflec-
tions of the semi-infinite crystal are represented as spheres at integer posi-
tions h and #. The truncation of the crystal gives rise to rods along c* (solid
lines). Adsorption of foreign atoms at lattice sites involves a coherent sum-
mation of the scattering amplitudes between the rods of the substrate and
those of the adsorbate, the latter represented by the dashed lines. In the
case of a superstructure, here with a doubled periodicity along the a axis,
extra rods appear at half-order positions along a*. Reproduced with per-
mission.% Copyright 2017, Wiley-VCH.
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with the atomic scattering amplitude (f) of the monoatomic
substrate material. The functions g(h) and g(k) are the “Laue fac-
tors”BY along a* and b* (e.g., [sin(N,zh)/ sin(zh)] along a*),
which in the case of an infinite crystal (e.g., N, .o,) is equal to
delta functions. The most important ingredient for the analysis
of adlayers and interfaces is that adsorption of adatoms or relax-
ations of the substrate can be calculated by the coherent summa-
tion of the substrate-scattering amplitude (Fcrg) and the
adsorbate amplitude. This leads to the total scattering amplitude
(Fiot) expressed by

Fiot = Ferr + ZfadJ x 0; x expli2r(hx; + ky; + £z)] (3)
J

where, f,q4; represents the atomic scattering factor of the adsor-
bate and 6, its fractional coverage. The summation index (j) indi-
cates that the summation runs over all atoms of the adsorbate
layer within the surface unit cell. In the case of an in-commen-
surate adlayer, where no interference between the substrate and
adlayer exists, only the scattering amplitude of the adlayer is
recorded, yielding the structure information of the adlayer only.
In the example shown in Figure 1, it is assumed that the adlayer
forms a (2 x 1) superstructure with respect to the substrate,
which leads to the appearance of fractional (half) order rods,
which are also isolated from the CTRs. Recording reflected inten-
sities along the CTRs and/or along the isolated superlattice (SL)
rods is the basis of the surface structure determination by SXRD.
We emphasize that surface sensitivity is achieved only by means
of this “Fourier filtering” technique in k-space and has no rela-
tion with the frequently used experimental condition of “grazing
incidence” of the incoming beam. In many experiments, the total
external reflection condition is chosen where the beam is inci-
dent on the sample surface under the critical incidence angle
(ac~0.3° for Cu-Ka radiation). This geometry is favorable to
reduce to diffuse background due to thermal diffuse scattering
from the bulk, but even under this condition, the decay length of
the X-ray beam into the crystal is of the order of 10 nm, which
cannot be seen as “surface sensitive” in the context of the studies
discussed in the following paragraphs.

3. The AP of the 2D Oxidic QC

QCs have been first discovered in 1984"" and those that were
synthesized in the following years were almost exclusively com-
posed of metallic alloys. For an overview, e.g., refer the book of
Steurer and Deloudi.**! Only recently an oxidic QC (OQC) was
discovered which was grown on a Pt(111) surface.!"”! It exhibits a
highly ordered 2D structure with a 12-fold (dodecagonal) rotation
symmetry. Apart from the OQC, there exists an AP to the OQC
whose atomic structure bears many resemblances to the OQC
structure, as is shown in Figure 2. In the upper panels (a)
and (b), the STM images of the OQC and the AP are compared
with the tilings highlighted. As will be explained in the following
sections, the bright spots representing apparent protrusions orig-
inate from titanium atoms. The difference between the OQC and
the AP is that 30° rhombs appear in the OQC only. Here, the
titanium atoms are arranged on the Stampfli-Gihler tiling.****!
The red square in Figure 2b shows the unit cell of the AP (plane
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Figure 2. STM images of the a) OQC and its b) AP. STM parameters for
OQC=4x4nm? [=03nA, U=10V, for AP=3.5x3.5nm’
I=30pA, U=0.1V). The building block of the Kepler tiling common to
both structures is emphasized by the blue squares and triangles. In
(a), the rhombs which occur only in the OQC structure are highlighted
(green). The red square in (b) indicates the unit cell used for the structure
analysis of the AP. c) Experimental (E =20 eV) LEED pattern of the AP and
the OQC which appears simultaneously. d) XRD spots of the AP and OQC.
Some spots are indicated by the arrows. Reproduced with permission.['*!
Copyright 2016, American Physical Society.

group p2), with lattice parameters of ag = 13.1 A, by = 12.9 A, and
y=90.5°. The AP tiling is the 3%.4.3.4 Archimedean tiling
described by Kepler exactly 400 years ago.*® The lower panels
(c) and (d) show the LEED and the SXRD patterns of a sample
where both the OQC and the AP simultaneously exist. Some
spots are labeled by “OQC” and “AP,” respectively.

SXRD experiments to analyze the atomic structure of the AP
were conducted at the beamline IDO03 of the European
Synchrotron Radiation Facility (ESRF) in Grenoble (France).
In total, 43 symmetry-independent in-plane reflection structure
factor intensities (|Fops(hk0)|?) were collected by transverse ¢
scans about the surface normal under total reflection conditions
of the incoming beam (1 =1.10 A). The 15 uncertainty was esti-
mated on the basis of the quadrature sum of the statistical uncer-
tainty and the reproducibility of symmetry-equivalent reflections
(systematic uncertainty). On average, we find 1o to be equal to
about 15%.

The data analysis was conducted in a classic way using the
conventional Fourier techniques beginning with the calculation
of the (z-projected) Patterson function, P(u,v), providing informa-
tion regarding the interatomic vectors within the unit cell."*?”]
As the STM image provides information regarding the approxi-
mate titanium positions, a structure model can be set up quickly
including the titanium atoms at the Kepler tiling positions. The
Fourier synthesis of the charge density [p(x,y)] which is given by
p(.Y) = i | Fobs (BR)] X expliacac(hk)] x exp[—i2z(hx + ky)]*”)
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provides the positions of both titanium and the heavy barium
atoms. Refinement of the barium and titanium positions
yields an unweighted residuum (Ry) of Ry=18%,
(Ry = > Fobs| = [Fearcll/ 3= | Fobs|- Here, Fops and Fege are the
experimental and calculated structure factors, respectively. The
summation runs over all data points.) which is reasonably good
to allow the interpretation that the structure model is basically
correct. Using this model, p(x,y) is again calculated, which is
shown in Figure 3, together with the finally refined positions
of the atoms. For a better visualization of the structure, four unit
cells are shown.

Despite the fact that they were so far not included into the
structure model, the oxygen atoms appear in p(x,y) as faint con-
tours directly proving their contribution to the AP structure. This
is because the scattering phases [ac,ic(hk), here either 0 or #] cal-
culated with the model including barium and titanium only are
correct, whereas the amplitudes [| Fo(hk)|] are taken from the
experiment. The oxygen positions could be refined, yielding
an optimum residuum of Ry = 14%. The tiling consists of two
types of double triangles as well as of two types of slightly dis-
torted squares in which barium atoms are located in the interior
near the edges. Three oxygen atoms are arranged at the corners
of a distorted triangle centered around the titanium atoms at an
average distance of 2.14 A (uncertainty for the Ti—O distance at
about 0.1-0.2 A).

The full analysis including the site occupancy factors yields a
stoichiometry which can be written as Ba;Ti4O1¢. Thus, the AP is

" ’ 5, ’/.// -
A < o =)
Pk,

-
: &
= KV 2
b el e el
ST > f

Figure 3. Structure model for the OQC AP with atomic sites (colored
spheres, see left) superimposed over the calculated charge density con-
tour plot [p(x,y)]. Four unit cells are shown. Titanium atoms (blue) are
arranged in the Kepler-type tiling as indicated by the solid lines.
Barium atoms (green) are located near the edges in the interior of the
distorted squares. In the lower right, the threefold coordination of oxygen
atoms (red) about titanium atoms is emphasized by dashed triangles.
Reproduced with permission."® Copyright 2016, American Physical
Society.
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characterized by oxygen deficiency as compared with BTO, which
is in agreement with the oxygen-deficient preparation of the AP
by annealing under ultrahigh vacuum (UHV) conditions and the
fact that X-ray photoemission spectra indicate the presence
of Ti**.1"

In summary, the SXRD analysis of the 2D structure of the AP
has evidenced that the Kepler tiling positions are occupied by
titanium atoms which were imaged by STM previously. This til-
ing has been discussed almost 400 years ago by Kepler and can be
viewed as the oldest complex surface structure in history. The
close resemblance between the AP and the corresponding
OQC related to BTO is important to finally solve the structure
of the OQC completely. Until now, the structure of the OQC
is not completely known as it contains 30° rhombs which do
not exist in the AP. We note that an SXRD structure analysis
of the more complex STO-type AP to the corresponding OQC
is in progress which also includes the presence of 30° rhombs.
Here, it is by now evident that the rhombs do not contain any
alkaline Earth element.l*®!

4. Atomic Structure of the Multiferroic Interface
BTO/ME(001) (ME = Fe, Pd, Pt)

The functionality of a magnetic tunnel junction can be signifi-
cantly extended when its insulating barrier is replaced by a fer-
roelectric. Apart from tunneling magnetoresistance (TMR),
which is detected by switching the electrode magnetization from
parallel (11) to antiparallel (| 1), the ferroelectric tunnel junction
(FTJ) exhibits tunneling electro-resistance, seen upon the electric
polarization reversal. Therefore, the FTJ resistance takes four dif-
ferent values, leading to a nonvolatile four-state memory
device.”?!

In consequence, the ME—oxide interface is at the heart of the
development of novel oxide functional multiferroic devices, in
which the barrier between the metallic electrodes is composed
of a ferroelectric material. It is also desirable to intentionally mod-
ify the structure of the ME/oxide interface and with it its electronic
transport properties, which are known to sensitively depend on the
atomic structure as well as on the presence or absence of impuri-
ties. One prominent example is the TMR system Fe/MgO/
Fe(001), which has been thoroughly investigated, both experimen-
tally and theoretically,?*~*" and which showed that oxygen impu-
rities at the interface can greatly reduce the TMR.

In the context of the prototype perovskite-type ferroelectric
BTO, first experimental studies have given evidence that ultrathin
BTO layers can be grown on Fe(001)!"® and vice versa,*? leading
to well-defined coherent interfaces essential for ballistic tunneling.
At the beginning of the research, calculations for the perovskite-
type BTO barrier!*® generally assumed symmetric structures with
identical TiO, termination layers at the interface to the ME electro-
des, an assumption which has been proven as over simplified due
to the fact that BTO films grow in complete unit cells on the
Fe(001) surface.”® In view of this observation, the structure inves-
tigation continued with a systematic study of the BTO/ME(001)
interface, in which as MEs iron, palladium, and platinum were
chosen. All three ME substrates provide good lattice matching
conditions to BTO (a = 3.991 A) as follows: 1) Fe(001) & = +1.7%,

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2) Pt(001) ¢ = —1.8%, and 3) Pd(001)e =—2.5%. These values are
related to the centered settings of the ME surface unit cells.

The ultrathin BTO films were grown in situ on the (001) sur-
face of the different single-crystalline ME substrates by pulsed
laser deposition (PLD) using a stoichiometric BTO target. The
deposition was followed by annealing up to 550 °C to obtain a
long-range-ordered film structure. After preparation, the samples
were transferred without breaking the UHV conditions to the six-
circle X-ray diffractometer installed at the beamline ID32 of the
European Synchrotron Radiation Facility (ESRF) in Grenoble
(France).

As an example, symbols in Figure 4 show the experimental
structure factor magnitudes (|F,ps(hk¢)| collected for BTO/Pd(001)

physica

www.pss-b.com

long three CTRs [10¢, 11¢, and 20¢] as well as along several SL
rods. Both types of rods appear as BTO forms a ¢(2 x 2) super-
structure on the ME(001) surfaces involving rods of the adlayer
being separated from the “integer order” CTRs of the substrate,
as shown in Figure 1. Note the different scales along the ordinate
used for the CTRs and the SLs. Black lines represent the fit to
the data which is very good for all data sets (not shown here).
The resulting structure models are discussed with the help of
Figure 5.

Figure 5 shows the comparison of the structure models
derived from the SXRD analysis. We have investigated four
different samples: 1) BTO/Fe(001), 2) BTO/Fe(001), 3) BTO/
Pd(001), and 4) BTO/Pt(001). Figure 5b shows the sample where

(10 ; an
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Figure 4. Experimental (symbols) and calculated (lines) structure factor amplitudes for BTO on Pd(001). Note the different y-axis scales for SL rods (half
order) and CTRs (integer order). Solid (black) and dashed (red) lines correspond to calculated |F,|s assuming a TiO, and a BaO layer at the interface to
Pd(001) (see text). Reproduced with permission.'® Copyright 2013, American Physical Society.
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Figure 5. SXRD-derived structure models for ultrathin BTO films grown on ME substrates: a) BTO/Fe, b) BTO/Fe(, c) BTO/Pd, and d) BTO/Pt. Oxygen,
barium, and titanium atoms are represented by small- (red), large- (green), and medium-sized (blue) spheres. Interatomic distances vertical relaxations
(8) of the cations relative to the oxygen atoms are given in Angstrem units. Fractional coverage of a layer is quantitatively represented by the number of
spheres in the layers relative to that in the substrate. Reproduced with permission.'®! Copyright 2013, American Physical Society.

prior to BTO deposition, the Fe(001) surface was dosed by carbon
to form a ¢(2 x 2) superstructure indicative of carbon “contami-
nation” on the surface. The fractional coverage of the layers is
approximately represented by the number of spheres. For all
samples, we have chosen a film thickness where two BTO unit
cells cover the ME(001) surface by a fraction of at least 50%.

The most important result of this study is the observed inver-
sion of the film/vacuum termination layer from pure BaO in the
case of BTO/Fe(001) to pure TiO, in the case of BTO/Pt(001),
whereas a mixed situation (BaO and TiO, termination) is encoun-
tered for BTO/Pd(001). By contrast, the interface to the ME surface
is always terminated by a TiO, layer with a ME—oxygen bond dis-
tance increasing from 1.75 A (Fe) via 2.30 A (Pd) to 2.50 A (Pt). The
stability of the ME/TiO, interface configuration has been con-
firmed by first-principles calculations."®**! The inversion of the
layer termination can be traced back to the condition of charge
neutrality. It goes in parallel with the increasing concentration
of impurities (oxgen, carbon) at the BTO/ME interface, whereas
it is zero in the case of the Fe(001) surface; the concentration
of oxygen atoms residing in surface fourfold hollow sites increases
to about 25% of a monolayer in the case of the Pd(001) surface (c)
and to 50% of a monolayer for Pt(001) (d). Correspondingly, the
BTO film grown on the carbon contaminated Fe(001) surface (b)
also has a mixed TiO,/BaO film termination.
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We emphasize that the experimental evidence for the correct-
ness of the different structure models is very strong. For
instance, the red dashed lines in Figure 4 show the calculated
|F(hk?)|, assuming a BaO layer at the interface to the Pd(001)
surface which on the basis of the fit quality can be clearly
ruled out. For instance, the black line corresponds to a
fit with Ry~10% and a goodness of fit (GOF)
(RU = Z ||F0bs‘ - |Fcalc||/z |F0bs|' Here, Fps and Feac are the
experimental and calculated structure factors, respectively. The
summation runs over all datapoints. The GOF is given by:
GOF=/1/(N—P) - 3 [(Igps — Icatc)?/6%], where the differ-
ence between observed and calculated intensities is normalized
to the uncertainties expressed by the standard deviation (c) and to
(N—=P), i.e., the difference between the number of independent
data points (N) and the number of parameters (P) which are var-
ied.), whereas the red line corresponds to a fit with Ry being in
the 30-40% range (GOF =4.8).

The different interfaces and film structures affect the elec-
tronic properties. To study these, the z-resolved charge density
[p(z)] at the Fermi level (Er) was calculated using a self-consistent
Green function method designed especially for semi-infinite lay-
ered systems.[*! In Figure 6, p(z) is shown after integration over
the 2D unit cell. The presence of interfacial impurities in the case
of BTO/Pd and BTO/Pt was considered and calculated for three

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Z-resolved charge distribution calculated at the Fermi level for
a) BTO/Fe, b) BTO/Pd, and c) BTO/Pt films. In the case of BTO/Fe, the
spin-resolved and total charge distribution are shown, in the case of BTO/
Pd and BTO/Pt, the different lines correspond to calculations assuming
0.00, 0.25, and 0.50 ML of oxygen at the interface (see labels). Arrows indi-
cate the atomic positions taken from the structure analysis. Reproduced
with permission.'® Copyright 2013, American Physical Society.

different occupancies (f): € =0monolayer (ML) (pure case),
0=0.25ML, and 6= 0.50 ML.

The calculations indicate that the BTO film surface is metallic
in all cases. The difference between the BaO and the TiO,-
terminated BTO film is that in the latter case p(z) is more local-
ized. In addition, at the TiO,/Fe(001) interface, there is a spin
polarization in which the charge density with a minority spin
is dominant. There is also an enhancement of p(z) due to the
strong bonding between the oxygen atoms in the first TiO, layer
and the Fe substrate (see Figure 6a). By contrast, both spin polar-
ization (not shown) and enhancement of p(z) are not observed for
BTO/Pd(001) and BTO/Pt(001), as shown in Figure 6b,c. Finally,
it is found that in the case of BTO/Pd and BTO/Pt, the presence
of a partially filled oxygen layer at the ME/BTO interface has only
a minor effect on p(z), which allows the suggestion that the elec-
tronic transport via tunneling mediated by electronic states with
A; symmetry is also hardly affected in this case. The A; states
(p, and d,. orbitals) are identified as states which are important
for coherent transport.[*14>4¢!

5. Chemical Roughness at the LAO/STO Interface
and Its Influence on the 2DEG Formation

One of the most important new functionalities that have been

discovered in all-oxide systems is the formation of a 2DEG at

Phys. Status Solidi B 2020, 257, 1900605 1900605 (7 of 11)
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the interface between a polar and a nonpolar oxide. The archetype
example is the combination between LAO and STO for which
above a critical LaO film thickness of four unit cells the formation
of the 2DEG sets in [7,47,48]. This metallization was explained by
theory to be the result of the “polar catastrophe”® induced by the
electric field which increases with increasing LaO film thickness.
Above a certain film thickness, the energy of the system is low-
ered by a charge transfer from the LAO surface to the interface to
form the 2DEG.

In the following years, many different systems were found to
exhibit the 2DEG formation, but there is still an ongoing discus-
sion regarding the models for its appearance. For instance, oxy-
gen off-stoichiometry as well as intermixing at the interface have
been proposed to be important for 2DEG formation, 049>
Deviations from stoichiometry such as the presence of oxygen
defects act as n-doping (favoring 2DEG formation), whereas cat-
ion intermixing might act as p-doping (inhibiting 2DEG forma-
tion). The role of such imperfections is complex and not known
in detail. Based on thermodynamic arguments involving inter-
face redox reactions the LaFeO; (LFO)/STO interface which is
studied here was predicted to be insulating.*!

Thus, a precise structure analysis is required to draw conclu-
sions regarding the driving mechanisms of the 2DEG formation.
In this study, we have investigated the structure and electronic
properties of thin LFO films grown, almost lattice matched (mis-
match 0.53%) on differently prepared STO(001) substrates. As
also confirmed by first-principles calculations discussed in the
following paragraphs, this very low mismatch excludes different
mechanisms such as strain-induced polarization which has been
discussed recently as the origin for 2D conductance in nonpolar
oxide heterostructures as found, e.g., in CaZrO3/STO.”? In com-
bination with ab initio calculations using the XRD-derived inter-
face structure model, we show that both the presence of oxygen
defects and the different degrees of cation intermixing at the
interface strongly influence the 2DEG formation."”!

The LFO films were deposited on STO(001) substrates
at 760°C wusing oxygen plasma-assisted molecular beam
epitaxy. The oxygen partial pressure was 4 x 10~ mbar. The
TiO,-terminated STO substrate surface was initially cleaned
using acetone, methanol, and deionized water, followed by dip-
ping in 1:7 buffered hydrofluoric acid (BHF) with NH,F. One
sample was used as the substrate as prepared (type A surface),
whereas a second one was subject to annealing at 1000 °C in oxy-
gen flow at a partial oxygen pressure greater than 1atm for
90 min (type B surface). For more details, we refer to the study
by Xu et al.l!”! Figure 7a,b shows atomic force microscopy images
recorded for samples (A) and (B), respectively. The surfaces are
atomically smooth and characterized by steps of unit cell height
(3.9A). The corresponding profiles along the white lines are
shown in Figure 7c,d, respectively. Sample annealing as done
for sample (B) leads to smooth straight step edges, whereas
for sample (A) where only BHF etching was applied terraces
and step edges exhibit a rougher morphology. The surface mor-
phology of the subsequently grown LFO films is similar to that of
the corresponding substrates.

The different sample preparation procedures are decisive for
the electronic properties. The at-room-temperature sheet resis-
tance as measured by the Van der Pauw method is shown in
Figure 7e versus LFO film thickness. While LFO films grown

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Atomic force microscopy images of a) the STO(001) surface recorded after BHF etching without subsequent annealing (type A substrate)
and b) after BHF etching and annealing (type B substrate). The corresponding height profiles along the lines are shown in (c) and (d). e) LFO
thickness-dependent room-temperature sheet resistance for sample (A) and (B). Adapted with permission.l'’! Copyright 2017, Wiley-VCH.

on type (B) STO are always insulating, those grown on type (A)
substrates show a transition from the insulating (t<2u.c.) to
metallic (t >4 u.c.) behavior.

XRD experiments were conducted at the beamline ID03 of the
European Synchrotron Radiation Facility (ESRF) in Grenoble
(France) using a six circle diffractometer operated in the z-axis
mode at grazing incidence (o; = 2°) of the incoming beam (pho-
ton energy = 24 keV). Samples of type (A) and (B) with a LFO film
of 6uc. thickness were investigated. Six symmetry-
independent CTRs corresponding to ~700-800 reflections in total
were collected up to a maximum momentum transfer of q, =
¢ x ¢* = 3.7 reciprocal lattice units (RLU). One example is shown

in Figure 8 for the metallic sample (A) in which symbols and lines
correspond to experimental and calculated structure factor magni-
tudes (|F(hk?)|), respectively. The structure analysis was conducted
by least squares refinement of the calculated |F(hk?)| to the
experimental ones using the program “Prometheus.”®*

The analysis benefits from the high p4mm plane group
symmetry of the sample structure which requires only the atomic
z-parameters to be refined in addition to an overall Debye
parameter describing static and dynamic disorder® and the
occupancy factors (6) of the atomic species within each layer.
The fit quality is given by Ry=0.15 and GOF = 1.8, which
can be considered as quite satisfactory. As shown in Figure 8,

1004
2 10
pml
o
&
T 4
(20)
0.1 , , , , ; .01 . . . . . 01 . , ; . .
10 15 20 25 30 35 40 10 15 20 25 30 35 40 10 15 20 25 30 35
q, (rec. latt.units) q, (rec. latt.units) g, (rec. latt.units)
100 % 1004
)
= &
> 104 10
o
3
o 14 Iy
01 " T T T T 0.1 . . . . . , 0.1 T T T T T "
10 15 20 25 30 35 40 10 15 20 25 30 35 40 10 15 20 25 30 35 40
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Figure 8. Experimental (symbols) and calculated (lines) structure factor amplitude along several symmetry-independent CTRs collected for the

conducting sam
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the lines follow the experimental data points in all detail.
Intensity oscillations (Laue fringes) are due to the finite LFO film
thickness. Bulk Bragg reflections occur at integer values of # but
are omitted in the fitting of the data.

The most important result of the XRD analysis is that the con-
ducting sample (A) is characterized by a lesser degree of cationic
exchange (10% exchange of Sr**/La’* and 25% Fe’*/Ti*") at the
interface as compared with the insulating one (25% Sr**/La*"
and 50% Fe*™/Ti*"). Structure models of the conducting and
the insulating samples are shown in Figure 9a,d, respectively.
The XRD analysis supports transmission electron microscopy

www.pss-b.com

(TEM) experiments which have indicated different degrees of
cationic exchange between samples (A) and (B).'”!

Based on the structure models, first-principles calculations
were performed to identify the effect of cationic exchange and
oxygen off-stoichiometry on electric properties. It can be qualita-
tively concluded that cationic exchange tends to favor insulating
behavior. This is confirmed by the calculated layer-resolved
bandgap and the density of states (DOSs) which are shown in
Figure 9b,c.ef, respectively. It is found that sample A (less cat-
ionic exchange) is conducting, whereas sample B (enhanced cat-
ionic exchange) is insulating, which is in agreement with the

(b) (c)
4 T T
2 - -1 -
CB ;
o 54— n4|@/5
O =%

E-E (eV)

L AP
® xa W e ® yog * g *
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T T mSen RO .
:‘ :‘ :‘ Lo, 1, 1
2 -1 0 1 2 0 2 4 6 8 10
Position DOS (states/eV)
(e) ()
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2 - 2+ -
Ie
® yex * o B4 0
e ¥ < N
~S OO0 ) 1 2
'.'.'.'o ¥ ut iy
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z' Z.Z _b _l " 1 " 1 L 1 " l— PR ST IR TS | ]
Y0 T
2 -1 0 1 2 0 2 4 6 8 10
Position DOS (states/eV)

Figure 9. SXRD-derived structure models, calculated-layer-resolved bandgaps, and DOSs for the metallic (upper panel) and the insulating sample (lower
panel). Note that the degree of cation intermixing (Sr*™ vs La>" and Fe*" vs Ti*") at the STL/LFO interface is different. For the conducting sample, a
10% exchange of S**"/La®>" and 25% Fe**/Ti*" is determined, whereas for the insulating sample, a 25% Sr**/La>* and 50% Fe*"/Ti*" exchange is

found. Adapted with permission.'”! Copyright 2017, Wiley-VCH.
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experiment. The cationic exchange reduces the DOS near the
Fermi level (Eg), which is equivalent to p-doping and which leads
to the opening of a bandgap. This result is also in agreement with
several previous investigations on LFO/STOP and similar sys-
tems such as LaCrOs,””! where cationic exchange was suggested
to be responsible for the insulating behavior. In contrast, oxygen
defects (not shown here) involve n-doping which favors 2DEG
formation. In consequence, depending on the balance between
oxygen defects and the degree of cationic exchange at the inter-
face, the critical thickness for the sample to become
conducting varies. For instance, a 2 u.c.-thick LFO film with a
10% La*"/Sr*" exchange is insulating, whereas it becomes con-
ducting at a thickness of 4 u.c., although the width of the DOS at
Er becomes smaller than that in the perfect interface case.”!
This is in agreement with the experimental evidence that there
is no 2DEG at an LFO thickness of 3 u.c. (see Figure 7), which is
attributed to cation intermixing (sample A).

6. Conclusions

In this Feature Article, we have presented three studies which
were conducted during the SFB 762 (functionality of oxide inter-
faces). We have demonstrated that the precise XRD structure
analysis of very complex oxide films and interfaces is a prerequi-
site for understanding their functionality. The unique combina-
tion of the XRD-derived structure information with ab initio
calculations (using the atomic coordinates as input) on the
one hand and with different experimental techniques (e.g.,
STM, TEM, etc.) on the other has yielded deep insights into
the correlation between the physical properties and subtle details
of the film and interface structures. Examples are the onset of the
2DEG-induced conductance at the LFO/STO interface and the
influence of interface impurities (oxygen, carbon) at the BTO/
ME interface on the resulting film structure and termination.
Finally, our SXRD analysis of the AP to the oxidic BTO-derived
2D dodecagonal QC has independently proven the involvement
of oxygen into the structure. We note that this study was
the first step of subsequent studies on more complex systems
(e.g., STO), which allowed to solve the structure of the corre-
sponding QC.
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