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Abstract

The temperature-dependent layer-resolved structure of 3 to 44 unit cell thick SrRuOgs (SRO)
films grown on Nb-doped SrTiOg3 substrates are investigated using a combination of high-resolution
synchrotron X-ray diffraction and high-resolution electron microscopy to understand the role struc-
tural distortions play in suppressing ferromagnetism in ultra-thin SRO films. The oxygen octahe-
dral tilts and rotations and Sr displacements characteristic of the bulk orthorhombic phase, are
found to be strongly dependent on temperature, the film thickness, and the distance away from
the film-substrate interface. For thicknesses, ¢, above the critical thickness for ferromagnetism
(t > 3 uc), the orthorhombic distortions decrease with increasing temperature above T¢. Below
Tc, the structure of the films remains constant due to the magneto-structural coupling observed
in bulk SRO. The orthorhombic distortions are found to be suppressed in the 2-3 interfacial layers
due to structural coupling with the SrTiOs substrate and correlate with the critical thickness for

ferromagnetism in uncapped SRO films.
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I. INTRODUCTION

Bulk SrRuOj3 (SRO) is a 4d itinerant oxide metal with a ferromagnetic Curie tempera-
ture (7,) of 160 K.[1-4] The system has been investigated widely as an oxide electrode in
all-oxide based devices and, most recently, as a possible host of magnetic skyrmions mani-
festing a topological Hall effect (THE).[5-8] Research efforts to characterize the atomic-scale
structure of thin SRO films are motivated by observed thickness-dependent metal-insulator
and magnetic transitions. [9-11] A thickness-dependent metal-insulator transition (MIT)
occurs in epitaxial SRO thin films fabricated by molecular beam epitaxy and pulsed laser
deposition below a critical thickness of 2-4 unit cells(uc). [9, 11] The suppression of fer-
romagnetism in thin SRO layers is attributed to a decrease in the density of states at the
Fermi level due to quantum confinement and the possible existence of an antiferromagnetic
interfacial layer for ultrathin SRO films.[10] An important property of the SRO films grown
on STO(100) is their exceptionally strong perpendicular magnetic anisotropy, preserved in
films as thin as few unit cells. [12-14] This magnetic anisotropy is directly related to the
intriguing observation of humplike features in Hall effect resistance loops of thin SRO films
and heterostructures containing SRO layers. The humps of the Hall loops have been inter-
preted as a signature of the THE originating from the formation of skyrmions, as a result
of a surface/interface-induced or defects-induced Dzyaloshinskii-Moriya interaction. This is
however still under debate, as other mechanisms apart of a THE contribution can explain
the occurrence of humplike features in the Hall loops as well.[7, 15-19] Multiple factors are
known to contribute to the anomalous Hall effect in SRO including stoichiometry, struc-
ture, temperature and layer thickness. [12, 15, 19] Hence, a detailed understanding of the
atomic-scale properties of SRO is required to understand its complex electronic and magnetic

properties.

Due to the strong coupling between the lattice structure and the electronic and magnetic
properties of SRO, the atomic scale structure of SRO films has been investigated theoreti-
cally and experimentally as a function of the substrate-induced strain and the coupling of
oxygen octahedra across heterointerfaces, to uncover the origins of the thickness-dependent
properties of the system.[9, 20-22] For example, signatures of the THE effect have been
attributed to a substrate induced local orthorhombic to tetragonal phase transition which

may stabilize a chiral spin structure [5] and /or magnetic inhomogeneity arising, for example,

2



AlP

Publishing

from variations in layer thickness.[6] Thus, understanding the atomic-scale structural and
interfacial interactions is crucial for decoupling intrinsic and extrinsic origins of the unique

physical properties of SRO thin films.
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FIG. 1. Schematic of structural distortions in orthorhombic SrRuOg thin films along pseudocubic
(c) directions defined by the (001)-oriented SrTiOjs substrate. auor, SBrot and 7ot represent the
rotation angles about the [100]., [010]. and [001]. axes, respectively. The orthorhombic structure is

also characterized by anti-parallel displacements of the Sr planes along [001]. and [010]. directions.

In this work, we report on the layer-resolved atomic scale structure of thin SRO films
as a function of temperature (10 - 300 K) and film thickness (1.2-17 nm), based on high
resolution synchrotron X-ray crystal truncation rod measurements (CTR) and reciprocal
space maps (RSMs) and scanning transmission electron microscopy (STEM). We observe a
suppression of orthorhombic/monoclinic distortions within 2-3 interfacial SRO unit cells for
all film thicknesses for films grown on (001)-oriented SrTiOj3 substrates. The magnitude of
the oxygen octahedral distortions increases on cooling between 300 K and the ferromagnetic
transition temperature (for bulk, Tc= 160 K) and remains constant below T¢ due to the
Invar effect, a prominent example demonstrating the strong coupling between structure and
magnetic order.[23]

Bulk SRO has a GdFeOs-type orthorhombic crystal structure at 300 K with a,=5.567 A,
bo= 5.530 A, ¢,=7.845 A and = 90°.[24] The oxygen octahedra are rotated out-of-phase
along the pseudo-cubic (¢) [100]. and [010]. axes, in-phase along the [001]. axis(the o and
¢ subscripts refer to the orthorhombic and cubic coordinates, respectively). In addition to
the oxygen octahedral rotations, anti-parallel Sr cation displacements are present. Figure 1

shows the expected distortions relative to the cubic STO lattice vectors. In Glazer notation,
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the oxygen octahedral rotational pattern of orthorhombic SRO is represented as a~a ¢t
where the - superscript represents out-of-phase rotations and the '+’ superscript represents
in-phase rotations.[25, 26] At high temperatures (above 570 K), bulk SRO transitions into a
tetragonal phase with in-phase rotations about the [001]. axis and no tilts about the [100]..
and [010], axis. The tetragonal phase is represented in Glazer notation as a’a’c™.

Recent reports on the structure of SRO epitaxial thin films indicate that the crystal
structure of SRO can be controlled by strain, the thickness of the SRO layers, the oxygen
stoichiometry and the octahedral rotational pattern of the substrate.[21, 27-30] SRO films
compressively strained to cubic (001) SrTiOs (STO) (a=b=c= 3.905 A) are found to have a
distorted orthorhombic(monoclinic) structure with the orthorhombic c-axis, [001],, parallel
to the in-plane cubic [010]. axis of the substrate, and the orthorhombic[110], parallel to

the out-of-plane [001]. axis.[28, 31] The preferential orientation of the orthorhombic axis is

dictated by the step terraces.[32-34]

II. EXPERIMENTAL DETAILS

SrRuOj3 samples used in our experiment were grown by pulsed laser deposition (PLD).
The samples were grown at a substrate temperature of 650-700 °C and oxygen pressure
of 100 mTorr, with a laser fluence of 1.5-2.0 J/cm? and a pulse repetition rate of 5 Hz.
Representative atomic force microscope (AFM) images of the surface morphology of the
8, 16 and 44 unit cell (uc) SRO films are shown in supplemental Figure S1. Clear one
unit cell high step terraces are resolved in the AFM images, inherent to the vicinal surface
morphology of the Nb-doped (0.5 wt.% Nb) STO(100) substrates. The substrates were
annealed at 925°C for 1 hour in air, after they had been etched for 2.5 min in buffered HF
solution.

Crystal truncation rods and half-order superstructure reflections were measured between
10 K and 300 K for 3, 8, 16 and 44 uc thick SrRuOj3 films. The diffraction measurements
were performed at the 331D beamline at the Advanced Photon Source using a photon energy
of 16 keV (A = 0.7749A). The X-ray beam was focused to a spot size of 50 ym - 100 gm. The
diffraction intensities were measured with a 2D Pilatus 100 K detector.[35] Samples were
mounted in a Be-dome chamber with a base pressure of < 1 x 10~° Torr on a cryo-displex

and the temperature was varied from 300 K to 10 K. The CTRs and half-order reflections
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were fit using the GenX genetic-based X-ray fitting algorithm to determine the structural
properties of the films.[36, 37]

The structural properties of the films were also characterized with aberration corrected
STEM. Samples for STEM analysis were prepared by conventional wedge polishing followed
by Ar ion milling. Imaging and spectroscopy were performed on an aberration corrected FEI
Titan G2 60-300 kV STEM operated at 200 kV. By simultaneously acquiring annular dark
field (ADF) and integrated differential phase contrast (iDPC) images, the structure of both
cationic and oxygen sublattices can be analyzed. The revolving STEM (RevSTEM) imaging
technique[38] was used to improve the signal-to-noise ratio to allow for the resolution of the
shape of the atom columns revealing structural features beyond atom column positions. The
film structure was determined by fitting each atom column to a two-dimensional Gaussian
function allowing for a determination of the column amplitude (point image intensity), = (in-
plane) - and y (out-of-plane)-positions, as well as the z and y-components of peak widths, o,
and o,. The local distortions and tilting of oxygen octahedra are characterized by the oxygen
column positions and ellipticity, defined as F = Z—Z With the ellipticity, we characterize the

out-of-phase octahedral tilting along a column.

III. RESULTS AND DISCUSSION

Figure 2 shows the measured specular (00L) CTRs for the 8 and 16 uc samples. The
presence of finite thickness oscillations is indicative of flat surfaces and a chemically abrupt
SRO/STO interface. The out-of-plane lattice parameters determined from fits to the (00L)
CTRs for the 8, 16 and 44 uc SRO films are 3.957, 3.955 and 3.948 A, respectively. The
increased lattice spacing compared to the bulk pseudocubic value for SRO (a;pux = 3.93;1)
is due to the biaxial compressive in-plane strain imposed by the STO substrate. The films
are coherently strained to the STO substrate with an in-plane pseudocubic lattice constant
of 3.905 A as evidenced by RSMs measured by X-ray diffraction (Figure 3(a)).

The reduced symmetry of the thickest (44 uc) SRO film relative to the cubic Pm3m STO
substrate is observed in RSMs measured around the STO (204).,(024).,(-204)c and (0-24).
Bragg peaks. The measured RSMs are compared in Figure 3(a) where 1 STO reciprocal
lattice unit (r.lu.) = 1/0.3905 nm~'. The different L values for the SRO (6,2,0), and

(2,6,0), Bragg peaks with fixed values of Qj,—piane is due to the monoclinic distortion of the
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FIG. 2. Specular 00L scans for 8 and 16 unit cell thick SRO films on STO. The plots are offset

vertically for clarity.

SRO lattice.[31] The angle ,,0n, between the a7 and b57° axes is determined from the
relation B0, = 90 — arctan(%) [28]. From the RSMs we determine the monoclinic SRO
lattice parameters to be Bpon = 89.5%, a5 = 5724, bSFO = 5524 and 570 = 7.81A. The
lattice parameters are also confirmed from fits to the in-equivalent (04L). CTRs and half
order peaks in Figure 3(b) and 3(c).

The RSMs for the 16 uc film around the STO {204}, Bragg peaks are shown in Figure
4(a). The film Bragg peaks for the 16 uc sample are broader along the L direction than the
44 uc sample due to the effect of the finite thickness broadening and the increased fraction
of the multiple rotational domains. Thus, care must be taken in relying solely on RSMs in
verifying the orthorhombicity of the lattice.

The octahedral rotations about the out-of-plane [001]. axis and tilts about the in-plane
[100]. and [010], axes can be qualitatively predicted from the prescence/absence of half-
order reflections. A ¢ in-phase rotation along the [001]. axis results in reflections of type
£(0dd,odd, even)..[26, 39] The absence of peaks at integer L along the (3/2, 1/2, L), rod for
the 44 uc film in Figure 3(c) indicates that the axis with in-phase rotations does not lie
along the out-of-plane [001]. axis.

Bragg peaks are expected for an a™b~ ¢~ structure for reflections of type %(even, odd,even),
and 3 (odd,odd,odd).. The (0 1/2 even). peaks observed in Figure 3(c) indicate an a™ tilt.
Based on the observed reflections for the 44 uc film, the tilt system of the SRO on STO is

1

determined to be a™b~c™. However, the presence of reflections of type 3(even, odd, odd).
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FIG. 3. Reciprocal space map around the STO [204]. Bragg peak showing the in-equivalent or-
thorhombic SRO Bragg peaks for a 44 uc SRO film. (1 STO reciprocal lattice unit = 1/0.3905
nm~!) (b) Measured (blue circle) line profiles along the STO L direction in (a) and fits (solid red
lines). (c) Measured half-order rods (d) Annular dark field images of the 44 uc SRO film along
the [100]. projections with (e) corresponding iDPC images. The inset shows a magnification of the
iDPC image with the XRD structure overlayed. (f) Measured in-phase tilting angle map along the

[100] zone axis with respective layer-resolved (g) in-phase tilt angles and h) ellipticity profiles.

signifies the presence of an a~b"¢~ domain with the in-phase tilt along the [010]. direction.

Due to the four-fold symmetry of the cubic STO substrate, 4 rotational variants of
the SRO unit cell are expected with the [001], axis aligned along either the STO [100],[-
100].,[010]. or[0-10]. axis.[28, 31, 40] The half order peaks associated with the a~b*¢™ domain
are relatively weak for the 44 uc sample and the fraction of the film with the a~b*¢™ orienta-

tion is less than 5% of the total film volume. However, for the 16 uc sample, the ratio of the
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FIG. 4. (a) Reciprocal space maps for the 16 uc SRO/STO sample.(b) Measured (blue circle) half
order rod and fits (solid red lines).(c) Intensity of half order peaks as the function of temperature.(d)

Sr displacement and octahedral rotation angles as functions of temperature.

a™b~¢™ domain fraction to the a~b"¢~ domain is 3:1 and this ratio in the 8uc sample is 1:1,
which suggesting that the film transitions into a single domain structure as the thickness
increases or slight differences exist in the miscut angles and direction of the STO substrates.
(32, 41, 42] Indeed topographic atomic force microscopy investigations (supplemental Fig.
S1) showed that the STO(100) substrate used for the 16 uc sample has tilted terraces with
respect to its edges, while the one used for the 44 uc has terraces running almost paral-
lel to the substrate edges. It was shown that more tilted terraces promote the formation
of crystallographic domains with different in-plane orientations of the long orthorhombic ¢
axis.[41]

The local structure of the 44 uc film is investigated by STEM measurements shown in
Figure 3(d)-(h). The ADF image in Figure 3(d) indicates a chemically abrupt interface
between the SRO film and the STO substrate. The oxygen sublattice is imaged using the
iDPC technique. Along the [100]. projection where the oxygen octahedra rotate in-phase,
the tilt angles are determined directly from the atomic positions of the oxygen atoms in

the iDPC image in Figure 3(e). Figure 3(f) shows a map of the unit-cell resolved oxygen
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Parameters 8 uc | 16 uc | 44uc

¢ (A) 3.957 | 3.955 | 3.948

ayor (in-phase), 300 K 0.9° | 3.4° | 5.3
Brot (out-of-phase), 300 K 3.3° | 6.4° | 5.7°
Yrot (out-of-phase), 300 K 9.9° | 9.7° | 5.2°

oot (in-phase),130 K 1.7° | 4.2° -
Brot (out-of-phase),130 K 2.6° | 6.6° -
Yrot (out-of-phase) 130 K 9.6° | 9.1° -

Ru — O — Ru(in-plane average)|159.5%|162.4°|164.7°
Sré,(A) (300 K) 0.009 | 0.040 | 0.062
Srd,(A) (130 K) 0.035 | 0.060 | -

TABLE 1. Comparison of structural parameters of non-interfacial and non-surface layers of SRO

films as a function of thickness and temperature.

octahedral tilts about the [100]. axis. A depth profile of the magnitude of the layer-averaged
in-phase rotation angle is shown in Figure 3(g). There are no in-phase rotations in the STO
substrate as expected for bulk STO. The rotation angle increases gradually from 0 to 5°
within the three interfacial SRO layers and remains uniform till the surface layer where a
reduction occurs. The suppressed in-phase tilt at the film-substrate interface is consistent

with fits to the X-ray diffraction data discussed below and previous reports.[40]

A projection along the [010]. direction where the octahedra rotate out-of-phase results in
an asymmetric smearing of the oxygen atomic columns. Thus, the projected out-of-phase
octahedral tilting is determined by the ellipticity E = 0,/0, of the atomic columns, where
o, and o, represent the horizontal and vertical peak widths measured from fitting the iDPC
images. The layer-averaged ellipticity profile is shown in Figure 3(h) along [010]. projection.
In the AO planes, E' < 1 since the rotations lead to O displacements in the vertical direction.
Conversely, £ > 1 in the BO, planes due to O displacements in the vertical direction. £ =1
corresponds to no rotations. The alternating values of £ about 1 in Figure 3(h) corresponds
to successive SrO and BO, (B=Ti, Ru) planes. Some ellipticity is measured in the STO
substrate, likely due to low order aberrations and/or rotations in the interfacial STO layers

induced by the SRO adlayer.
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The iDPC images provide a direct quantitative measure of the magnitude of the in-phase
rotations about the [100], axis. To quantitatively determine the layer-resolved rotations
about the [010]. and [001]. axes and the orthorhombic Sr displacements, the CTR’s and
half-order rods measured by synchrotron X-ray diffraction are analyzed using the GenX
genetic fitting algorithm.[36] To account for differences in the structure of the interfacial 3
unit cells, separate fit (rotation angles, Sr displacements) parameters are assigned to the
interface layers and the non-interfacial layers.

Table I summarizes the structural parameters determined for the SRO films as a function
of thickness at 300 K and 130 K. The measured octahedral rotation angles for the non-
interfacial layers of the 44 uc film about the orthogonal cubic axes are a,.o; = 5.3°, Bt = 5.7°,
Yrot = D.2° in good agreement with bulk values of 6.19°, 5.97° and 5.97° respectively. A
suppression of tilts and Sr displacement is found at the interface due to the structural
coupling to the cubic STO substrate which possesses no octahedral rotations at 300 K.
This is consistent with the iDPC results in Figure 3(g). No evidence for off-center oxygen
displacements in the STO and SRO were found as has been recently reported in 4 uc SRO
films. [16]

For the 16 uc SRO film at 300 K, the in-phase rotation angle is suppressed to 3.4° while
the rotation about c-axis increases (relative to bulk) to 9.7°. The distorted orthorhom-
bic structure at 300 K is in contrast to the tetragonal a’b’c™ structure reported for SRO
films with thicknesses below 17 uc.[30] Since oxygen vacancies can stabilize the tetragonal
structure, the discrepancy is most likely related to the oxygen stoichiometry.

The evolution of the structure of the 16 uc film with temperature between 10 K and 300
K is determined from fits to the temperature-dependent half order rods. Representative
measured half order rods and fits at 300 K for the 16 uc film are shown in Figure 4(b). The
intensity of the (0 -0.5 L), and (0.5 -0.5 1.5). peaks measured as a function of temperature
from 300 K to 10 K for the 16 uc film are shown in Figure 4(c). The intensities of the
half order peaks associated with the in-phase octahedral tilts and Sr displacements increase
as the temperature decreases to the FM-PM transition at ~140 K(confirmed by SQUID
measurement, see Figure S7 in supplemental materials). Below 140 K, the intensity of
the (0 -0.5 L). peaks remains constant indicating a freezing of the octahedral distortions
in the ferromagnetic phase. [43] A sharp increase in the intensity of the (0.5 -0.5 L).

peaks is observed below 105 K where the antiferrodistortive STO phase transition occurs.
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The STO phase transition involves rotation of the TiOg octahedra in the STO substrate
leading to a doubling of the STO unit cell and the emergence of the STO substrate %(odd,
odd,odd). peaks. The temperature-dependent structural parameters for the 16 uc SRO film
are summarized in Figure 4(d). The Sr displacements in the SRO layers increase from 0.04
A at 300 K to 0.06 A at 140 K and the in-phase rotation angle increases from 3.3° at 300 K
to 4.2° at 140 K.

In contrast to the thicker films, the intensity of of the half-order reflections for the 8 uc
film associated with the in-phase tilts and Sr displacements are strongly suppressed, but
non-zero, at 300 K. The STEM analysis and the XRD results are described in Figure S3
and S4 of the supplemental materials. The rotation angles at 300 K away from the film-
substrate interface are o, = 0.9%, 5,y = 3.3° and 7, = 9.9°. The suppression of the
in-plane tilts and the enhancement of the rotation around the c-axis relative to bulk leads
to an in-plane Ru-O-Ru bond angle of 159.5° which is slightly less than the value of 162°
for bulk orthorhombic SRO. Fits to the half-order reflections at 130 K in the ferromagnetic
phase show a slight increase in the in-phase tilt angle to 1.7 © but still less than the expected
value for bulk SRO.

{a} H=1.5 K=0.5 . [b}

— 400 250 K
= — 175K
= 150 K »
& 200 i
& A
E 1 AL N
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FIG. 5. (a) Measured half-order rods as a function of temperature for a 3 uc SRO film. (b)

Reciprocal space map along the H=1.5 K=0.5 L rod.
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Octahedral distortions are also observed for the thinnest 3 uc SRO sample. Half-order
Bragg peaks are observed for %(odd, odd, odd) reflections for the 3 uc SRO sample while
peaks associated with in-phase rotations and Sr displacements are absent between 300 K and
10 K. A a%a®c™ tetragonal film structure can be ruled out since (1/2 1/2 odd/2) diffraction
peaks are present as shown in Figure 5(a) which indicate additional tilts about the [001]. and
[010]. axes. Based on the measured reflections, we conclude that the rotational pattern for
the 3 uc sample is a~b~¢~. The peak intensities increase as the temperature decreases from
250 K to 150 K indicating an increase in the magnitude of the octahedral tilts and rotations
with decreasing temperature. The tilts and rotations observed in the thinnest sample are
consistent with low energy electron diffraction results on single unit cell thick SRO films
reported by Siwakoti et al.[40] The half-order peak widths along the L direction in the RSM
image in Figure 5(b) are narrower than the widths expected for a 3 uc thick film suggesting
that the octahedral rotations extend 2-3 layers into the STO substrate as it has been observed
for CaRuOj3 and (La,Sr)MnOs films on (001)-SrTiO3 by STEM imaging.[37, 40] The induced
rotations in the STO are found to be < 1° in magnitude and out-of-phase around the [010]
and [001] axes and thus, will be difficult to observe directly in ABF images. However, the
half-order reflections obtained by synchrotron X-ray diffraction measurements are sensitive
to these distortions.

The thickness and temperature-dependent structural results are summarized as fol-
lows: 1) a suppression of orthorhombic distortions occurs within the 2-3 SRO layers at
the SRO/STO interface consistent with theoretical predictions[44]; 2) reduced A-site dis-
placements are correlated with a decrease in the magnitude of in-phase rotations and an
increase in the oxygen octahedral rotations about the c-axis as the film thickness is reduced
from 44 uc to 8 uc; 3) freezing of rotations and A-site displacements occurs below the
paramagnetic-ferromagnetic transition temperature.

The suppression of octahedral rotations about the orthogonal in-plane axis for the SRO
layers close to the SRO/STO interface is expected due to structural coupling with the cubic
STO substrate and these results are consistent with previous reports on the SRO/STO
interface structure. We find that the orthorhombic distortions are present, but weak in the
8 uc film, with the magnitude of the distortions increasing with decreasing temperature.

The freezing out of distortions in the 8, 16 and 44 uc films below T arises due to the

coupling of the magnetic moment ordering to the lattice structure. This effect which is
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also known as the Invar effect is characterized by a freezing out of the unit cell volume and
octahedral rotations below the ferromagnetic transition temperature, leading to anomalously
low coefficient of thermal expansion: This effect was observed in bulk SRO and our results
confirm the existence of the Invar effect in ultrathin strained SRO films.[23, 45, 46]

We find that, while the 8 uc sample is close to an orthorhombic-tetragonal transition
at 300 K, the orthorhombic distortions become stronger as the temperature decreases and
the low temperature structure, where humplike anomalies of the Hall resistance loops were
observed and taken for a THE fingerprint [5], is orthorhombic. Based on structural investi-
gations done at 300 K, Gu et. al. proposed that in their 8 uc SRO films, the interfacial RuOg
octahedral tilting induced by a local orthorhombic-to-tetragonal structural phase transition
across the SRO/STO interface resulted in breaking the inversion symmetry. This was fur-
ther used to account for an interfacial DMI and to explain why a THE contribution may
occur in the Hall resistance loops [5]. Our findings are therefore very important, because
we have information about the structure at the temperature where the physical properties
are measured. The temperature and thickness dependent structures of SRO layers is highly
relevant for understanding the magnetocrystalline anisotropy, the anomalous Hall effect and
the temperature dependence and sign of the anomalous Hall constant for tetragonal and
orthorhombic SRO phases. [20, 22, 47, 48]

In addition to the structural distortions observed in this work, local variations in film
thickness arising from the step-flow-growth mechanism can lead non-uniform coercivity and
humplike features in magnetoresistance measurements which mimick the THE. [6, 49] Mag-
netic force measurements indicate lateral variations in the coercivity of nominally 4 uc films
capped with SrIrO3/SrZrOj layers which may be correlated with local variations in the film
thickness. For the thicker films (8-44 uc), the surface occupation of the top 2-3 layers is
slightly less than unity, indicating that the local film thickness averaged over the X-ray
probe area (100 pum) fluctuates within this range. These variations become more critical as
the film thickness is reduced below 8 unit cells.

While this analysis assumes no structural or chemical changes occur upon the surface ex-
posure to ambient conditions, in some oxides such changes can be quite significant.[50] SRO
films exposed to ambient atmosphere and heated in vacuum may decompose.[51] However,
the strong signal originating both from the half order reflections and the RSMs (Figure 5)

indicate that even at 3 uc, a significant portion of the film retains its high quality crystalline

13



AlP

Publishing

structure. Overoxidation and other surface reactions could sometimes result in amorphous
phases, which would not be observable in diffraction experiments. Nonetheless, the strong
diffraction intensity (originating from inherently low-intensity reflections) indicates that this

possibility is not playing a significant role in the current case.

IV. CONCLUSION

In summary, the atomic-scale structure of SRO films was investigated as a function of
temperature and film thickness. The ultrathin films (3 and 8 uc thick) show the most pro-
nounced structural changes with respect to the bulk structure. An increase of the magnitude
of the oxygen octahedral rotations and Sr displacements is observed as the temperature is
reduced from 300 K to the ferromagnetic transition, below 130 K. The freezing out of the
octahedral distortions observed below 130 K in the films as thin as 8 unit cells is associated
with the Invar effect, which is known to occur in bulk ferromagnetic SRO, as a consequence
of the coupling between the crystal structure and ferromagnetic ordering. The thickness-
dependent structure of the SRO films may be related to kinetic and thermodynamic effects
during nucleation of the orthorhombic structure of SRO thin film on the cubic STO substrate.
Further structural investigations shall enable an in depth understanding of the unique prop-
erties of SRO thin films, with the particular motivation of shedding light on the intriguing

magnetotransport properties reported for ultra-thin films.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details about the PLD growth conditions,
STEM and XRD characterization, and magnetization measurements. In-situ reflection high
energy electron diffraction and ez-situ atomic force microscope images of the 8, 16 and 44uc
sample are shown in Figure S1. Details of the STEM analysis along the [100] and [010]
projections are described in Figure S2. Annular dark field and integrated differential phase
contrast STEM analysis for the 8 uc samples are shown in Figure S3. Representative crystal
truncation rods and fits and the temperature evolution of the [0.5 0 L] rod for the 8 unit cell
sample are shown in Figure S4. In Figure S5, the layer-resolved octahedra rotation angles

and Sr displacements are compared for the 8 uc and 16 uc sample at 300 K (paramagnetic
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phase) and 130 K (ferromagnetic phase). The crystal truncation rods and the corresponding
electron density map obtained from the analysis for the 3 uc SRO sample are shown in Figure
S6. The magnetization as a function of temperature for th 3, 6, 16 and 44 unit cell SRO
samples are compared in Figure S7. The Ru-O-Ru bond angles along the [001], [010] and
[100] directions are summarized in Table S1 for the 8, 16 and 44 uc samples. The measured

rotation angles for the 3 uc SRO film are summarized in Table S2.
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