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Post-synthesis control of Berry phase driven magnetotransport in SrRuQj; films
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Controlling electronic band structure is an important step toward harnessing quantum materials for practical
uses. This is exemplified in the spin-polarized bands near the Fermi level of a ferromagnet where small variation
to the Berry curvature can be used to control the intrinsic anomalous Hall effect (AHE). Since these pathways
are highly sensitive to crystal structure, iterative post-synthesis manipulation of the underlying lattice can act as a
fundamental probe and provide new opportunities for functionalization. In this work, depth-dependent magnetic
inhomogeneity in a 4d itinerant ferromagnet StRuOj; film is controlled by applying low energy He ion irradiation.
Combined magnetometry, polarized neutron reflectometry, and magnetotransport experiments demonstrate that
the Berry phase and associated AHE can be continuously and iteratively modified post-synthesis. The findings
of this work should be widely applicable to other quantum materials where crystal distortions and symmetry are
tightly bound to band structure and resulting Berry phase effects.
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I. INTRODUCTION

Manipulating magnetotransport properties that originate
from topologically nontrivial characteristics of functional
quantum materials can provide a foundation for future tech-
nology requiring fast energy efficient sensors and devices.
For example, the intrinsic anomalous Hall effect (AHE) of
conducting magnetic materials can be understood using the
framework of band structure topology as it relates to modify-
ing functionally relevant Berry phase curvature effects [1,2].
A consequence of the band-structure relationship is that the
AHE is intimately connected to symmetry, spin-orbit cou-
pling, and disorder. Large AHEs are also expected to originate
from nontrivial nodal points in Weyl and three-dimenional
(3D) Dirac semimetals [3,4]. More recently, in systems
hosting chiral spin textures like skyrmions, an additional
topological Hall effect (THE) with dramatic field-dependent
anomalies results from an emergent electromagnetic field and
Berry phase in real space originating from the interaction of
charge carriers with the magnetic spin topology [5,6]. Dis-
entangling the unconventional magnetotransport signatures
from real- and momentum-space Berry phases potentially ex-
isting simultaneously in complex materials systems [7—17]
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remains a considerable challenge that hinders the precise
control of electronic functionalities. Most importantly, by dis-
covering new approaches to continuously alter the structure
and symmetry of complex materials systems we can open
new pathways to understand the origin of novel functional
properties.

A model system that exemplifies the complexity of under-
standing unconventional magnetotransport is StRuO;. Here,
Berry phase physics manifests in magnetotransport of this
4d itinerant ferromagnet as an unconventional temperature-
dependent AHE attributed to topologically nontrivial 5, band
crossings near the Fermi level [7,18,19]. Difficulties in under-
standing and controlling the AHE responses are the result of
the band structure being extremely sensitive to dimensional
confinement, structural symmetry, and disorder [9,11-17,20—
23]. Experimental approaches aimed at exploiting these sen-
sitivities have relied on substrate- or interface-induced strain;
however, these methods have proved incapable of providing
the minute structural distortion and symmetry modifications
that can be expected to be required for functionalization [24].

In this work, we demonstrate the continuous control of
the intrinsic AHE in bulk-like films of 20 nm thickness
by modifying lattice symmetry and unit-cell volume with
low-energy helium ion irradiation to apply uniaxial lattice
expansion along the film’s out-of-plane direction [25-28]. We
also provide an example of a fully experimental measure of
the inhomogeneous ferromagnetism and intrinsic AHE with
a depth-dependent magnetic profile measured using polar-
ized neutron reflectometry to model the “hump-like anomaly”
mimicking the topological Hall effect of SrRuOj3 that is fully
consistent with the bulk-senstive magnetometry and mag-
netotransport behaviors. Our method to continuously tune
magnetotransport resulting from the Berry phase mechanism
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FIG. 1. (a) Illustration of the octahedral rotations of SrRuQOj; in the orthorhombic (M-SRO) and tetragonal (7-SRO) phases. (b) Epitaxial
relationship between the M-SRO and pseudocubic (pc) indices. (c) 626 scans of the StRuO; thin films grown on SrTiO; (001) substrates with
different helium dosages. (d) The out-of-plane lattice parameter changes as a function of the helium dose labeled according to the pseudocubic
unit cell as ¢pc. (¢) Reciprocal space map around the (103),. reflection of the as-grown sample is consistent with the typical orthorhombic
phase, whereas (f) a nearly full transition to the undistorted tetragonal phase is indicated with the largest lattice expansion.

of SrRuO; opens the possibility to control topological proper-
ties arising from the lattice strain that reaches far beyond the
epitaxial interface. Our work points to an alternative synthetic
approach to control the underlying symmetries that are closely
linked to novel quantum phenomena.

II. EXPERIMENTAL METHODS

SrRuOs3 films of 20 nm thickness are grown epitaxially
on SrTiO; (001) substrates using pulsed laser deposition fol-
lowed by iterative low-energy helium ion irradiation to modify
out-of-plane lattice expansion and subsequent octahedral rota-
tions [28]. To design a desired strain profile through the film
thicknesses Stopping and Range of Ion Motion (SRIM) models
are used to guide a selection of sacrificial gold cap layer
thickness and ion acceleration voltages [28]. The cap layers
are removed prior to magnetic and transport characterizations.

All samples were synthesized by pulsed laser epitaxy with
a substrate temperature, oxygen partial pressure, and laser
fluence of 700 °C, 100 mTorr, and 1.0 J/cm?, respectively on
atomically flat TiO,-terminated (001) SrTiO; substrates with
a KrF eximer laser (. = 248 nm). The crystal structure, phase
purity, and orientation of these films were confirmed by x-ray
reflectivity and diffraction measurements using a Panalytical
X’pert four-circle x-ray diffractometer. Samples were helium
implanted using a SPECS IQE 11/35 ion source. The optimal
conditions for controlling ion implantation cross sections in
films of 20 to 30 nm can be achieved by varying a sacrificial
gold cap layer of thicknesses ranging from 10 to 25 nm in
concert with varying implantation energy between 4 and 5
keV.

The electronic transport measurements were performed
with a 9 T Quantum Design PPMS (physical properties mea-

surement system). The electrical contacts were made with
indium solder in a van der Pauw configuration, and the field-
dependent data were antisymmetrized. The magnetization was
determined with a 7 T Quantum Design MPMS3 (magnetic
properties measurement system), after subtracting a linear
background to correct for the diamagnetic response of the
SrTiOj3 substrate [29].

Polarized neutron reflectivity was measured using the
Magnetism Reflectometer (BL4A) located at the Spallation
Neutron Source at Oak Ridge National Laboratory. An applied
magnetic field of 4.7 T was provided by a warm-bore cryo-
magnet with the field direction parallel to the projection of the
scattering plane onto the sample’s surface. The sample was
held in helium exchange gas at 2 K by a recondensing helium
cryostat capable of providing a stable sample temperature
between 1.8 and 800 K.

III. RESULTS AND DISCUSSION

Bulk and as-grown thin film SrRuO; adopts the Pbnm
space group that is described by the Glazer notation a~a™c™.
With helium irradiation, a transformation to the tetragonal
phase is accompanied by the removal of the rotations about
the two in-plane axes to a’a’c™ and an expansion of the lattice
in the out-of-plane direction [28], as illustrated in Fig. 1. X-
ray diffraction and reciprocal space maps (RSMs) of SrRuOj3
films demonstrate that even under the largest helium dose the
film’s quality and expansion along the out-of-plane direction
can be controlled while maintaining epitaxy to the substrate.
Consistent with previous studies, the RSMs about the (103)
reflection indicate that the octahedral rotations present in the
epitaxially strained orthorhombic phase of the as-grown film
along the in-plane directions are gradually reduced as uniaxial
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FIG. 2. (a) Resistivity pyx and (b) saturation magnetization Ms,
are shown as a function of temperature, in addition to (c) the ferro-
magnetic Curie temperature 7¢ determined from py (7).

out-of-plane expansion is applied [28,30,31]. The structural
characterizations are used to quantify four different films
with increasing lattice expansion. These states follow a rela-
tively smooth transition from the as-grown orthorhombic state
toward the most expanded out-of-plane lattice state which
shows no orthorhombic distortions [28]. For simplicity, these
states are described through the change in measured cp.-axis
lattice length (Acp.) from the as-grown state (Fig. 1).

The as-grown SrRuOj; shows metallic behavior where the
resistivity pxx decreases with decreasing temperature. The

prominent change in slope of pxx(T) in Fig. 2(a) is due to a
suppression of spin scattering on cooling to the ferromagnetic
state [32] that was used to determine 7c = 145 K for the
as-grown SrRuQj film. The saturation magnetization, Mg, at
10 K of 1.5 up/unit cell, and Mg(T) were consistent with
the T¢ indicated by o4« (T), and with the physical properties
of other high quality epitaxial SrRuO; films [33,34]. An in-
crease in py, and decrease in Tc and Mg are observed with
progressively larger lattice expansions. The observed change
in pyx and small reduction in 7¢ is in agreement with the
transformation from the orthorhombic to the tetragonal phase
as unit cell volume is increased [35].

To map how the structural transformation impacts the mag-
netotransport properties, the Hall resistivity pxy is measured
as a function of out-of-plane applied magnetic field H; from
10 to 150 K for different lattice expansions and is shown
in Fig. 3. In a conventional ferromagnet, the Hall resistivity
is described by the empirical relation pxy = PoHE + PAHE =
RoH| + RsM , where the ordinary Hall coefficient (Ry) de-
pends on the density of the charge carriers and the anomalous
Hall resistivity follows the out-of-plane magnetization (M)
through the coefficient (Ry) which depends on the longitu-
dinal resistivity (pxx). At the lowest temperatures, as-grown
SrRuOj; exhibits n-type carriers, as characterized by a negative
linear ordinary Hall effect poug = RoH, where Ry = 1/ne
provides the carrier concentration n = 1.8 x 10?> cm~>. The
field dependence is characterized by a square-shaped papg(H )
with the coercive field (Hc apg) required to reverse the sign
of paue(H) at a fixed temperature. The magnitude of payg
is defined as the magnitude of o, (H) well above the field-
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FIG. 3. Hall effect measurements of as-grown and helium irradiated StRuQ; films. Definitions for the anomalous Hall resistivity pagg and
coercive field Hc apg are indicated at curves for the as-grown film measured at 10 K. Note the scale differences labeled on the vertical axis,
and curves at different temperatures are shown with a constant offset for clarity.
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FIG. 4. The (a) zero crossing of the AHE with applied magnetic
field, Hc ang, (b) pame, and (c) peak amplitude of the hump-like
feature py are shown for as-grown and helium irradiated films.
(d) Detailed temperature scans of the largest lattice expanded film
for T ~ T showing the clear hump-like feature.

dependent hysteresis, after subtracting the linear contribution
from poye. The observation that the anomalous Hall coeffi-
cient Rg has a negative value at low temperatures and changes
sign at a reversal temperature 7T ~ 130 K is in agreement with
previous reports of bulk and thin film SrRuOj; that show an
unconventional pagg(7) due to k-space Berry phase effects
[18].

It is evident that the magnetotransport properties sum-
marized in Fig. 4 are all strongly influenced by structural
modifications induced by helium irradiation. At 10 K, the
as-grown SrRuO3 shows a moderate Hc agg typical of the ap-
proximate out-of-plane easy axis of the orthorhombic phase.
A gradual but substantial increase in Hc agg coincides with
lattice expansion. This Hc apg enhancement is consistent with
a reorientation of the magnetic easy axis, which can be ex-
pected as lattice symmetry is shifted from an in-plane to
out-of-plane tetragonality [36]. More intriguing, is the gradual
tuning of the temperature dependence of papg(7 ) and 7 that
signifies a change in the Berry phase mechanism induced in a
macroscopic and controlled manner as the lattice is expanded.
Since the electronic transport occurs within the RuOg net-
work, changes in the unit cell volume or octahedral tilts and
rotations are expected to modify the electronic properties due
to the reduction of orbital overlap. Examining broadly the evo-
lution of the Hall effect with uniaxial lattice expansion, there
is a gradual tuning from the nearly all negative papg behavior
of the orthorhombic SrRuO; towards the tetragonal phase that
displays a positive papg at all temperatures [37—40]. This is
consistent with a scenario in which an increase in the unit cell
volume modifies the Ru-O hybridization to tune states near
the Fermi level.

At higher levels of lattice expansion, oy, (H) also develops
a complex shape including a prominent hump-like peak with
|oxy(H)| < |pangl around T ~ Tg, as shown in Figs. 4(c) and
4(d). This additional Hall resistivity is defined as py and
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FIG.5. A comparison of the normalized magnetization and
anomalous Hall resistivity at (a) 10 K and (b) 60 K for helium
irradiated SrRuO; with the largest lattice expansion. Illustration of
multicomponent field-dependent reversal of the (c) magnetization
and (d) Hall effect resistivity for two arbitrary superimposed com-
ponents with opposite sign anomalous Hall coefficient and different
magnetic coercivities.

is quantified from the maximum deviation from pagg. To
understand this unconventional field-dependent response, it
is essential to compare the M(H) and px,(H) measured at
the same temperatures to directly distinguish ferromagnetism
from a potential noncollinear or chiral response. Although
such a comparison is often overlooked in SrRuQOs; ultrathin
films and heterostructures displaying the unconventional mag-
netotransport properties, a lack of consideration of both the
magnetization and magonetotransport response can lead to
statements on mechanisms that are inconclusive. Figures 5(a)
and 5(b) show clear feature overlaps between these mea-
surements within regions of similar applied magnetic fields.
Furthermore, the Hcape of pxy displays an apparent non-
monotonic temperature dependence in the vicinity of Tx for
films with a hump-like feature. This behavior indicates that
multiple decoupled spin populations are present within the
film and that each spin population possesses distinct field
reversal behaviors. The occurrence of a hump-like anomaly
has been observed recently in ultrathin SrRuO; films and
heterostructures, where inhomogeneities such as interfacial
octahedral rotations are proposed to induce coexisting mag-
netic states within a SrRuOs; film [20,37,40]. The positive
hump-like anomaly in helium irradiated SrRuO; is quantita-
tively different from ultrathin SrRuO3 and heterostructures,
which display a negative hump (see Supplemental Mate-
rial (SM) Fig. 1 [41]). This suggests that the effects of
helium-induced lattice expansion alter the intrinsic proper-
ties of SrRuOj; differently than natural epitaxial relaxation.
Nevertheless, an interpretation based on inhomogeneous
ferromagnetism, represented in the most simple case by two
components with opposite AHE [Fig. 5(c)-5(d)], can produce
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FIG. 6. Polarized neutron reflectometry (PNR) of helium irradi-
ated SrRuOj;. The experimental and fitted normalized (a) neutron
reflectivity (R/Rg) and (b) spin asymmetry (SA). (c) Illustration
of the PNR experiment, and inhomogeneous magnetization profile
of helium irradiated SrRuQOj; film. (d) The best fit of the depth-
dependent nuclear density and magnetization profiles. Further detail
of the fitting method used to obtain the result in (d) can be found in
SM Sec. 3 [41].

the qualitative temperature-dependent change in oy, (7) of
helium irradiated SrRuQOs.

While a model of the “hump-like anomaly” of SrRuOj;
based on inhomogeneous ferromagnetism appears com-
pelling, a complete understanding of the physical properties
requires an understanding of the origin of the magnetic homo-
geneity. To investigate the magnetization profile to determine
the film uniformity directly, polarized neutron reflectometry
(PNR) measurements were performed on a helium irradiated
film. In an effort to observe possible magnetic inhomogeneity,
PNR measurements were conducted in a magnetic field of
4.7 T at 2 K, well above fields showing magnetic hysteresis
in Hall effect and magnetometry measurements. Fitting of
the neutron and x-ray reflectivity data was done using Parratt
formalism [42] using the REFL1D software package [43]. Fits
to the PNR data (normalized to Rr = asymptotic value of the
Fresnel reflectivity [44] 16%/Q%) for each spin state can be
seen in Fig. 6(a). The resulting fit to the spin asymmetry, SA =
[(RT — R7)/(RT + R7)], shown in Fig. 6(b) shows a gradient
in the magnetization profile, as illustrated in Fig. 6(c) and
plotted in Fig. 6(d). While a gradient in the magnetization is
observed, the nuclear scattering length density, SLD, exhibits
no inhomogeneity [Fig. 6(d)]. This result, sensitive to the
atomic density of the film, suggests that the expansion is from
He incorporation into the lattice rather than self-interstitials
of Sr or Ru. Three alternative models were considered for the
spin asymmetry (SA) from PNR; one with a gradient allowing
the maximum magnetization to be near the substrate, one with
a gradient in the opposite direction, and one with uniform
magnetization (shown in SM Fig. 2 [41]). The best fit to
the experimental data is an inhomogeneous depth-dependent
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FIG. 7. Anomalous Hall effect sign reversal modeled using the
depth-dependent magnetic profile obtained from neutron experi-
ments. (a) py, of the surface and interface components which define
the limits of the profile distribution of the model (at 60 K), and
(b) shown for all temperatures where the black line indicates the
film average identical to Figs. 4(a) and 4(b). (c) Comparison of
the experimental Hall effect measurement for the SrRuOj; film with
the largest cp.-axis expansion, and the model from the PNR-derived
inhomogeneity profile, and distribution in p,, and Hc from (b).

magnetization profile with the lowest magnetization at the
surface of the film. Since it is known from magnetometry that
an increasing helium dosage results in a decrease in Mg of
SrRuO;, the PNR SA is consistent with a helium dose profile
in which the largest influence resides near the surface and
the lowest influence resides near the film-substrate interface,
which is as expected from the SRIM profiles.

To fully describe the role of inhomogeneity on the magne-
totransport properties of STRuO3, we construct a model of the
magnetization reversal and AHE using the magnetization pro-
file obtained from PNR as a guide to the depth-dependent vari-
ation in intrinsic properties of the StTRuO3. We consider a film
consisting of layers with distinct pxy;(H, T'), each described
by different intrinsic pangi(7) and Hci(T) characteristics. A
modified Langevin function is used to describe each com-

ponent as pxyi(T, H) = paugi(T)[ coth (8i(H + Hci(T)) —

1/{Bi(H £ Hci(T))})], where B; is a term that accounts for
the sharpness of the magnetization reversal around Hc that
depends on the details of the magnetic domain structure
and density [45]. The depth-dependent values for papgi(7T),
Hci(T), and B; were taken to vary with depth following
the PNR profile shape of Fig. 6(d). The limiting values of
the distribution of p.y; and Hc; that represent the surface
and interface are shown in Figs. 7(a) and 7(b). The total
pxy(T, H) of the film is modeled by choosing the limiting
values of pangi(T) and Hc;(T), and B; of the surface and
film-substrate interface, respectively, as shown in Figs. 7(a)
and 7(b), and summed among 1-nm-thick increments of the
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film depth accounting for the parallel conduction of the layers
[46] (additional details are in SM Fig. 3 [41]).

A comparison of the experimental and modeled oy, (H, T')
for the STRuO; with the largest cpc-axis lattice expansion is
shown in Fig. 7(c). The depth-dependent gradient model of the
AHE clearly reproduces the characteristic hump-like feature
of SrRuOj; in the vicinity of 7x. We note that since the PNR is
sensitive only to the film’s magnetization, is it possible that a
strongly altered surface AHE (e.g., due to inversion symmetry
breaking) may account for an additional surface component
responsible for the small and sharp kink-like feature observed
at the largest applied magnetic fields in Fig. 7(c). However, the
multilayer magnetic model provides excellent reproduction of
the experimentally observed temperature- and field-dependent
AHE while being directly based on the real magnetization
profile of the system. This points to the opportunity to pre-
dictively design real AHE devices.

These observations also directly address an ongoing topic
of debate in the specific STRuO; system, where a two-layer or
Gaussian inhomogeneity profile has been proposed recently
in ultrathin SrRuO; films, with a proposed origin of the
multicomponents attributed to defects or vacancies, substrate-
induced octahedral tilting, thickness effects, and inversion
symmetry breaking [15,16,23]. The helium irradiation ap-
proach produces a depth-dependent inhomogeneity analogous
to that observed in ultrathin films, although induced on a
macroscopic scale, which can be controlled continuously with
helium dosage profile. In addition, the AHE components of
the He-irradiated SrRuO; do not match those of the typical
ultrathin SrRuOs;, suggesting unique effects of the helium
irradiation on the magnetic anisotropy and AHE when a high
single-crystal quality is preserved. Finally, it is worth noting
that, although a vertical spatial inhomogeneity has been pro-
posed to provide the inversion symmetry breaking necessary
for DMI [14], our observation of clear multiple decoupled
spin populations present in both pape(7) and in the M(H)
support multiple inhomogeneous ferromagnetic components
and not a more complicated explanation of topological Hall
effect. Furthermore, our description of the total Hall re-
sponse from an experimentally derived spatial inhomogeneity
profile obtained from neutron reflectometry experiments sup-
ports the recent theories that inhomogeneity and resulting
multicomponent intrinsic AHE is responsible for the field-
dependent hump-like anomalies [15-17,20,21,23] of ultrathin
SrRuO3.

In conclusion, combined measurements of x-ray diffrac-
tion and polarized neutron reflectometry are used to map the
change in crystal structure and magnetization profile through
a film thickness. These cross sections are used to provide
real space data for a magnetotransport model which shows
that magnetic layering alone can generate the anomalous Hall
effect observed in SrRuO; films. We find that the system-
atic manipulation of lattice symmetry and local distortions
possible with helium irradiation is found to be a highly ef-
fective means to tune magnetotransport properties driven by
Berry phase effects in the prototypical 4d itinerant ferromag-
net StTRuO; and that topological effects do not need to be
considered to allow the model to predictively design AHE in
this material. These findings enable future studies of Berry
phase physics and electronic transport in any epitaxial system
with nontrivial states near the Fermi level by providing a
post-synthesis method to continuously and iteratively tune
structural symmetry and local distortion profiles.

The Department of Energy will provide public access to
these results of federally sponsored research in accordance
with the DOE Public Access Plan [47].
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