W) Check for updates
ADVANcC eV
PHYSICS
RESEARCH

www.advphysicsres.com

RESEARCH ARTICLE

Ferroelectric Control of Anisotropic Magnetoresistance in
Ultrathin Sr,1rO, Films toward 2D Metallic Limit

Yuanyuan Zhang, Qiuchen Wu, Yifei Hao, and Xia Hong*

The Ruddlesden-Popper 5d iridate Sr,IrO, is an antiferromagnetic Mott
insulator with the electronic, magnetic, and structural properties highly
intertwined. Voltage control of its magnetic state is of intense fundmenatal
and technological interest but remains to be demonstrated. Here, the tuning
of magnetotransport properties in 5.2 nm Sr,IrO, via interfacial ferroelectric
PbZr, ,Tiy 3O; is reported. The conductance of the epitaxial

PbZr, ,Ti, 3O, /St,IrO, heterostructure exhibits In(T) behavior that is
characteristic of 2D correlated metal, in sharp contrast to the thermally
activated behavior followed by 3D variable range hopping observed in
single-layer Sr,IrO, films. Switching PbZr, ,Ti, 3O, polarization induces
nonvolatile, reversible resistance modulation in Sr,IrO,. At low temperatures,
the in-plane magnetoresisance in the heterostructure transitions from
positive to negative at high magnetic fields, opposite to the field dependence
in single-layer Sr,IrO,. In the polarization down state, the out-of-plane
anisotropic magnetoresistance R,y exhibits sinusoidal angular dependence,
with a 90° phase shift below 20 K. For the polarization up state, unusual
multi-level resistance pinning appears in R,z below 30 K, pointing to
enhanced magnetocrystalline anisotropy. The work sheds new light on the
intriguing interplay of interface lattice coupling, charge doping,

between spin-orbit coupling (SOC) and
onsite Coulomb energy.!! With the band-
width increasing with n, Sr,,,Ir,0;,
varies from a Mott insulator to a corre-
lated semimetal.?] As an end member of
the series, Sr,IrO, (SIO, n = 1)isa J.4=
1/2 antiferromagnetic Mott insulator.[*]
The strong SOC and Dzyaloshinskii-
Moriya interaction induce spin canting,
resulting in weak net moments and pro-
nounced magnetic anisotropy.l!l Due to
the close interplay between the charge,
spin, orbital, and lattice degrees of free-
dom, various control knobs can be ex-
ploited to design the functionalities of
this material. For example, high elec-
trical current can induce lattice expan-
sion and an incipient metallic state in
bulk Sr,1rO,.1*] In epitaxial thin films, the
substrate strain can effectively modulate
the electronic correlation energy,®! mod-
ify the magnetocrystalline anisotropy
(MCA),l%] and tune the magnetic or-

magnetoelastic effect, and possible incipient ferromagnetism in Sr,IrO,,
facilitating the functional design of its electronic and material properties.

1. Introduction

The Ruddlesden-Popper series of 5d iridates Sr, ,Ir,05,,, (n =
1,2, ..., ) represents a model system where the electronic and
magnetic states can by systematically tuned by the competition
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der and in-plane net magnetization.!’]
Large orthorhombic distortion imposed
in Sr, IrO,/Ca;Ru,0, heterostructures
also leads to inverted interlayer exchange
coupling.(®!

Among various control mechanisms, the carrier density di-
rectly modifies the Coulomb energy in correlated oxides, which
promises charge induced metal-insulator transitions and modi-
fication of the magnetic states.[°l Due to the structural and mag-
netic similarities between Sr,IrO, and La,CuO, /8! whether dop-
ing can introduce superconductivity in Sr,IrO, also remains an
intriguing question.l'% In previous studies, doping control in
St,1r0O, has been achieved via chemical substitution,!'**] inter-
face charge transfer with other correlated oxides,**! and ionic lig-
uid gating.['”8] While metal-insulator transitions have been ob-
served in (St,La),1rO,[*? and Sr, (Ir,Rh)O,,[****] chemical doping
concomitantly modifies the lattice distortion, complicating the
dominating physical mechanism. Also, for the chemical doping
and interface charge transfer approaches, the doping level is not
tunable. The ionic liquid gating has led to substantial tuning of
the carrier density in Sr,IrO, thin films, yielding large modula-
tion of conduction.!'”"'8] However, the presence of high density
surface jons can induce oxidation or reduction of the material,
change the surface chemistry, and create defect states, which can
irreversibly deteriorate the sample quality.[*"]
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Figure 1. Characterization of a 5.2 nm Sr,1rO, film and a 150 nm PZT/5.2 nm Sr,1rO, heterostructure grown on (001) LSAT substrate. a) XRD 6 -26
scans with fits to the Laue oscillations of the SIO (006) peak (dotted line) for the single-layer Sr,1rO,4 (top) and PZT/Sr,IrO, heterostructure (bottom). b)
Rocking curves of Sr,1rO, (006) peak for the single-layer (top) and heterostructure (bottom) samples. c) Reciprocal space maps of single-layer Sr,1rO,
(left) and PZT/Sr,1rO, heterostructure (right) around the (103) peak of LSAT. d) AFM topography images of single-layer Sr,1rO, (left) and PZT/Sr,1rO,
heterostructure (right). e-g) PFM studies of a PZT/Sr,1rO,4 heterostructure. €) PFM phase and amplitude switching hysteresis. f) PFM phase and g)

amplitude images of concentric square domains written on the sample.

A powerful approach to induce reversible and nonvolatile mod-
ulation of the carrier density is the ferroelectric field effect.’!
Ferroelectric perovskite oxides such as Pb(Zr,Ti)O; can be in-
terfaced with Sr,IrO, in the epitaxial heterostructure form.
The large polarization field P promises a 2D carrier density
modulation of 2P ~ 10" cm2,12] comparable with the intrin-
sic doping level of Sr,IrO, thin films.'® In previous studies,
the ferroelectric field effect has been applied to various corre-
lated oxides, e.g., modulating metallicity in RNiO; (R = rare
earth),l2021] (La,Sr)Mn0,,[??l and VO,,[?*! tuning superconductiv-
ity in cuprates,**?] controlling magnetic order?*?”) and mag-
netic anisotropy!?-!l in (La,Sr)MnO;, and inducing emergent
antiferromagnetic order in EuO.?? It also enables the func-
tional design of various energy-efficient nanodevices!****! such as
ferroelectric-gated Mott transistors!?>*! and ferroelectric tunnel
junctions.3¢-3%]

In this work, we report the nonvolatile ferroelectric control
of the metallicity and magnetotransport properties of ultrathin
Sr,IrO, films interfaced with PbZr,Ti, 4O, (PZT). While the
single-layer Sr,IrO, film exhibits thermally activated behavior fol-
lowed by 3D variable range hopping (VRH) transport, the epi-
taxial PZT/Sr,1rO, heterostructure shows 2D correlated conduc-
tion. Switching the polarization of PZT leads to reversible, non-
volatile modulation of resistance and magnetoresistance (MR)
in Sr,IrO,. At low temperatures, the in-plane MR of the het-
erostructure transitions from positive to negative with increasing
magnetic field, opposite to the field dependence in single-layer
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Sr,IrO,, which has been attributed to the emergence of an in-
cipient ferromagnetic state with the transition temperature close
to 6 K. The out-of-plane anisotropic magnetoresistance (AMR)
in the polarization down (Py,,,) state exhibits sinusoidal angular
dependence, with a 90° phase shift at low temperatures. Unusual
multi-level resistance pinning emerges in the polarization up
(P,p) state, indicating enhanced magnetocrystalline anisotropy.
Our study reveals the complex interplay of interfacial lattice cou-
pling, charge doping, magnetoelastic effect, and possible incipi-
ent ferromagnetism in Sr,IrO,, providing important material in-
formation for designing its electronic and material properties.

2. Results and Discussion

We deposit epitaxial 150 nm PZT/5.2 nm Sr,IrO, het-
erostructures and single-layer 5.2 nm Sr,IrO, films on (001)
(LaAlO;),5(St,AlTa0Oy), ; (LSAT) substrates using off-axis radio
frequency magnetron sputtering (see experimental section for
detailed growth conditions). X-ray diffraction (XRD) measure-
ments reveal (001) growth for PZT and Sr,IrO, layers with
no apparent impurity phases (Figure 1a). The full-width-half-
maximum of the rocking curves for the Sr,IrO, (006) peak is
0.11° for the single-layer film and 0.16° for the heterostructure
(Figure 1b). The narrow peaks indicate high crystallinity of the
samples. The growth rate is calibrated using Laue oscillation
around the (006) Bragg peak (Figure 1a) and x-ray reflectivity
measurements (Figure S1, Supporting Information). Figure 1c
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Figure 2. Transport properties of single-layer Sr,1rO, and PZT/Sr,IrO, heterostructure. a) Schematic experimental setup. b) Ry switching upon appli-
cation of V, = +3 V voltage pulses. c) R versus T for both polarization states of PZT/Sr,IrO,. Inset: AR/R,,, versus T. d) G, versus T for single-layer
Sr,IrO, and Py, and P, states of PZT/Sr,IrO, heterostructure. e) Arrhenius plot of p versus 1/T for single-layer Sr,IrO,4 with fits to thermally activated
behavior (dotted line) and 3D VRH (dashed line). f) Linear-log plot of G, versus T for PZT/Sr,1rO,4 heterostructure in both polarization states with fits

to Equation 1 (dashed lines).

shows the reciprocal space mapping around the (103) Bragg
peak of LSAT. Both the single-layer Sr,IrO, and the Sr,IrO,
layer in the heterostructure are fully strained to the substrates,
with the in-plane lattice constant a, = 3.865 A. The c-axis lattice
constant is ¢, = 12.885 A for single-layer Sr,IrO, and ¢, = 12.772
A for Sr,IrO, in the heterostructure, with the bulk unit cell of

\/an X \/an X 2¢,. Atomic force microscopy (AFM) charac-
terizations reveal smooth surface morphology for single-layer
Sr,IrO, and PZT/Sr,IrO, heterostructures (Figure 1d), with
typical root-mean-square surface roughness of ~2 A and ~4
A, respectively. Piezoresponse force microscopy (PFM) studies
show robust switching hysteresis in PZT/Sr,IrO, at room tem-
perature, with coercive voltages of —0.3 V (0.8 V) for the P,
(Pyown) state (Figure le). Figure 1f,g shows the PFM phase and
amplitude images, respectively, of concentric square domains
written on a PZT/Sr,IrO, heterostructure. In the as-grown state,
the PZT layer is uniformly polarized in the P, state, which is
consistent with the lower coercive field (Figure 1e).

The PZT/Sr,IrO, heterostructures are fabricated into field ef-
fect transistor devices, with the Sr,IrO, channel patterned into
a Hall bar geometry. The details of the device fabrication can
be found in Ref. [20]. The current channel is along [010] direc-
tion, with the channel length of 10-80 pm and length/width as-
pect ratio of 2. For the MR measurements, the magnetic field
lies in the plane perpendicular to the current direction (Figure
2a). Figure 2b shows the sheet resistance (R;) at 300 K of a het-
erostructure sample upon a series of gate voltage (V) pulses with
alternating signs (+3 V) applied to PZT. The P, (Py,,,) state
corresponds to hole accumulation (depletion), resulting in lower
(higher) channel resistance Ry, (Ryg)- This is consistent with
the p-type doping of single-layer Sr,IrO,,["®4% as confirmed by
Hall measurements (Section S3, Supporting Information). The
resistance switching is nonvolatile and fully reversible, with no
appreciable decay observed after removal of V, for both polar-
ization states. The resistance switching ratio AR/Ry,, = (Rygy
Riy)/ R is 13% at 300 K.

Adv. Physics Res. 2025, 4, 2400208 2400208 (3 of 9)

Figure 2c shows R (T) of a PZT/Sr,IrO, heterostructure in
the P, and Py, states of PZT. To ensure full polarization re-
versal, we apply V, = +3 V to the heterostructure at 300 K, well
exceeding the coercive voltages (Figure 1le). The negligibly small
relaxation in both resistance states (Figure 2b) suggests low den-
sity charge trapping states, e.g., oxygen vacancies, at the PZT/
Sr,1r0, interface.[*!l The AR/R,,, increases monotonically with
decreasing temperature, reaching 139% at 2 K (Figure 2c inset).
Surprisingly, the heterostructure is significantly more conduc-
tive than the single-layer sample in both polarization states, with
the conductance enhanced by more than four orders of magni-
tude at 20 K (Figure 2d). For single-layer Sr,IrO,, the resistivity
p above 200 K can be well described by the thermally activated
behavior, p « exp(ﬁ) (Figure 2e). The extracted activation en-

ergy gap A is 100 meV, similar to previously reported values for
Sr,1rO, single crystals!'?l and thin films.[*?] Below 200 K, p(T)

follows the 3D variable range hopping behavior,[**! p o exp (lTO)%
with T, the characteristic temperature (Section S3, Supporting
Information), suggesting that the system is strongly localized. In
sharp contrast, the conductance of the heterostructure exhibits
In(T) behavior at low temperatures (Figure 2f), which signals a
2D weakly localized metal. This is consistent with the fact that R
in the heterostructure is below the 2D quantum resistance limit
of h/e* ~ 25.8 kQ at this temperature range. Since the system is
close to the boundary between the weakly localized and strongly
localized regimes,**! the In(T) behavior persists to very high tem-
perature (e.g., ~100 K for the P, state), and we do not observe a
crossover to positive dR/dT up to 320 K. Fitting the temperature
dependence of sheet conductance G, to:[*]

¢ T
G, (T) =G, +Pmln T 1)
0

where G, is the Drude conductance, ¢ is the electron charge, £
is the reduced Planck constant, and p and T} are fitting param-
eters, we deduce p = 1.8 for the P, state and p = 2.5 for the
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Figure 3. In-plane MR as a function of temperature and magnetic field. a) In-plane MR for single-layer Sr,1rO,. The red (black) curves correspond to
the upward (downward) sweep of H. b) In-plane MR for the Py, (top) and P, (bottom) states of PZT/Sr,IrO,. The sweep rate for H is 100 Oe/s. c,d)

Contour plots of MR versus H and T for the up sweep of H. c) Single-laye

P,, state, pointing to a 2D metallic system subjected to the con-
voluted effects of electron-electron (p = 1) and electron-phonon
(p = 3) interactions.[**#’] This result suggests that the presence
of PZT has modified the electronic state in interfacial Sr,IrO,,
inducing not only a metal-insulator transition but also a dimen-
sionality crossover from 3D to 2D. The metallic state is also con-
sistent with the smaller unit cell volume for the heterostructure
sample (Figure 1c).

It is important to note that the 2D metallic state in the het-
erostructure sample is not induced by the polarization doping.
For both polarization states, the 3D resistivity of the heterostruc-
ture ranges from 10~% to 1072 Q cm, close to that of chemically
doped Sr,IrO, that exhibits a metal-insulator transition.!'1-131]
One possible mechanism that contributes to the metal-insulator
transition is the chemical pressure induced by interfacial atomic
bonding with PZT. Previous studies of electrical current induced
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r Sro1rOy. d) Pyoun (left) and P, (right) states of PZT/Sr,1rO,.

metallic state in bulk Sr,IrO, have shown that the metallic state
is accompanied with the reduced oxygen octahedral rotation in
the basal plane.[*] As the in-plane octahedral rotation is relatively
small for PZT (tolerance factor of 1.008),[*8] it is conceivable that
bonding with PZT would straighten the Ir—O—Ir bond angle in
interfacial Sr,IrO, and hence increase its electronic bandwidth.
Next, we investigate the effect of the interfacial ferroelec-
tric layer on the in-plane magnetoresistance (MR = [R(H)-
R(0)])/R(0)) of Sr,IrO,. Figure 3a shows the in-plane MR for the
single-layer Sr,IrO, as a function of magnetic field H (parallel to
the [100] direction) at various temperatures. At 180 K, the sam-
ple exhibits positive, parabolic field dependence with noticeable
hysteresis at high magnetic fields, which can be attributed to the
magnetoelastic effect.'8) As the temperature decreases to 160 K,
negative MR emerges at low magnetic fields and transitions to
positive MR above 2 T. Below 140 K, negative MR dominates

© 2025 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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the entire magnetic field range up to 5 T. A clear hysteresis at
low magnetic field emerges at 50 K. The hysteresis window in-
creases with decreasing temperature, with MR peaking at +0.2
T (-0.2 T) for the upward (downward) field sweep. The tempera-
ture and magnetic field dependences of in-plane MR are consis-
tent with previous reports for Sr,IrO, thin films.["®*] The low-
field hysteresis has been attributed to the spin-flip transition in
the antiferromagnetic state, leading to the aligned in-plane mag-
netic moment between adjacent basal planes.[**>!) Tt also explains
the substantial increase of negative MR with decreasing tempera-
ture, which corresponds to suppressed spin scattering in a higher
magnetic field.

The difference in the electronic state between the single-layer
St,IrO, film and PZT/Sr,1rO, heterostructure is also manifested
in the distinct MR behaviors. For the heterostructure sample, the
positive MR with parabolic field dependence persists down to 20
K with negligble hysteresis (Figure 3b and Figure S5, Supporting
Information). In the P, state, as the temperature decreases to
10 K, the MR exhibits a transition from concave to convex shape
at ~3 T, while at 6 K, the negative MR emerges at 4 T, which is
accompanied by a clear hysteresis. The negative MR component
increases progressively with decreasing temperature. At 4 K, the
positive and negative contributions fully cancel each other at 5
T, and the negative MR dominates at high field at 2 K. In the
P,, state, the sample exhibits qualitatively similar temperature
and magnetic field dependences of the MR, while the transition
from positive MR to negative MR occurs at lower temperatures
and higher magnetic fields (Figure 3b). At 10 K, the transition
from concave to convex shape occurs at ~5 T, leading to a higher
positive MR at 5 T in P, state (0.26%) compared to that in Py,
state (0.20%). The magnitude and magnetic field dependence of
MR at4 Kin the P, state closely resemble that of the Py, state at
6 K. On the other hand, the negative MR in the P,,, state increases
more rapidly with decreasing temperature. At 2 K, the negative
MR at 5 T reaches —0.15% for the P, state and ~0.08% for the
Powm State.

The distinct temperature and magnetic field dependences of
MR are illustrated in the contour plots of MR for the single-layer
Sr,IrO, (Figure 3c) and PZT/Sr,IrO, heterostructure (Figure 3d).
The single-layer Sr,IrO, film displays comparable positive MR
values to the heterostructure sample but significantly higher
negative MR magnitudes. Its positive-to-negative MR transition
occurs at a much higher temperature, ~160 K, and at lower
fields. For the heterostructure sample, the Py, and P, states
exhibit qualitatively similar temperature and magnetic field de-
pendences of MR, despite the modulation of critical tempera-
ture/magnetic field for the positive-to-negative MR transition.

The evolution of MR indicates the competition of two mecha-
nisms with different temperature dependences: the positive MR
is due to the magnetoelastic effect, which can also contribute to
the high field hysteresis;!'®l the negative MR can be attributed
to the suppressed spin scattering in a magnetic field. Compared
with the single-layer Sr,IrO,, the negative MR in the heterostruc-
ture is significantly smaller (Figure 3c,d), and more importantly,
the low-field hysteresis becomes absent. These observations col-
lectively point to the change of magnetic state in the PZT/Sr,IrO,
heterostructure. Itis the presence of interfacial PZT alone, rather
than the ferroelectric polarization of PZT, that induces substan-
tial hole doping in Sr,IrO,, which fundamentally alters its metal-
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licity and magnetic state. Indeed, Hall effect measurements show
that the sheet carrier density in PZT/Sr,IrO, can be more than
one order of magnitude higher than single-layer Sr,IrO,, while
switching the polarization only induces ~15% change of carrier
density in the heterostructure (Section S3, Supporting Informa-
tion).

A possible scenario for the distinct MR behavior is that the
substantial hole doping drives the heterostructure sample close
to the antiferromagnetic/ferromagnetic phase bounary, enabling
a magnetic field induced incipient ferromagnetic state. In tran-
sition metal oxides, charge doping can facilitate the double-
exchange mechanism and enable ferromagnetic coupling,®?
which competes with the superexchange induced antiferromag-
netic order in single-layer Sr,IrO,. An emergent ferromagnetic
state naturally explains three features of the in-plane MR: 1) the
absence of low-field hysteresis; 2) the substantially smaller nega-
tive MR compared with the single-layer sample; and 3) the lower
positive-to-negative MR transition temperature and larger low
temperature negative MR in the P, state (Figure 3). First, as the
low-field hysteresis results from the spin-flip transition, it does
not appear in the incipient ferromagnetic state. Second, the mag-
nitude of negative MR reflects the relative change of spin scatter-
ing. For single-layer Sr,IrO,, the net moment results from spin
canting, which is small and can change substantially in a mag-
netic field. In the ferromagnetic state, on the other hand, the
spin orientation has already been aligned. At low temperature,
the magnetic field induced moment change is relatively small
compared to the net magnetization, rendering a small change in
spin scattering and MR. Third, given that hole doping in Sr,IrO,
changes Ir** (5d°) to Ir>* (5d*), we expect a smaller net magne-
tization in the P, state. The relative change of net moment in
magnetic field is thus higher compared with the P, . state, giv-
ing rise to the enhanced negative MR at low temperature. From
the temperature dependence, we estimate the transition temper-
ature for the incipient ferromagnetic state (T;z) to be close to
while above 6 K, and it is higher in the P, state.

Below T, another intriguing feature appears in the MR of
the heterostructure. Sharp resistance dips emerge when the mag-
netic field sweeps across zero. The magnitude of resistance jump
decreases with decreasing sweeping rate of H, and the dip disap-
pears when the rate is reduced from 100 Oe/s to 25 Oe/s (Figure
S6, Supporting Information). A plausible time-dependent mech-
anism is the slow structure change due to oxygen octahedral ro-
tation. Due to the strong spin-orbital locking in Sr,IrO,,l°%) the
change in magnetic state is accompanied by substantial lattice
change in the Ir—O—Ir bond angle, as demonstrated in chemi-
cally doped samples.!*?) Assuming in equilibrium Sr,IrO, is in
the antiferromagnetic state and transitions to the ferromagnetic
state in a magnetic field, it can transition from a highly distorted
orthorhombic structure to a less distorted pseudo-tetragonal
structure. Fast magnetic field sweep creates a transient lattice
state with straightened Ir—O—Ir bonds at H = 0 T with large elec-
tronic bandwidth, leading to a sudden dip in resistivity. At slower
sweeping rates, the system has sufficient time to relax into the
highly distorted orthorhombic structure with large oxygen octa-
hedral rotation, and the resistance dip diminishes.

We then investigate the out-of-plane AMR, with the magnetic
field H rotating within the plane perpendicular to the current and
making an angle ¢ with respect to the [001] direction (Figure 2a).

© 2025 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 4. Polar plots of out-of-plane AMR with H field of 5 T at various temperatures. a) Single-layer Sr,1rOy. b) Py, and c) P, state of PZT/Sr,IrO,.

The red (black) curves represent the upward (downward) sweep of .

Figure 4a shows the polar plot of MR versus ¢ for single-layer
Sr,IrO, at 5 T. At 180 K, the sample resistance can be described
by the coherent rotation model®* as R, = R,,, + ARcos[2(¢p +
o)l with R,,, = 3 [R(0°) + R(90°)] and AR = = [R(0°) — R(90°)].
The second term gives the out-of-plane AMR resistance: Rz =
ARcos[2(@ + @,)]- The MR is positive and R, peaks at ¢ = 90°
(®o = — 90°), showing that the in-plane MR is larger than the
out-of-plane MR. Given that the positive MR originates from the
magnetoelastic effect, this is understandable as the in-plane mag-
netic field can modify the oxygen octahedral rotation. At 160 K,
the MR transitions from positive to negative, and an additional
component with 90° phase shift emerges. This negative MR is
associated with the change in net magnetic moment. Its angular
dependence deviates from the cos[2(¢ + ¢,)] behavior, reflecting
the enhanced contribution of MCA. This phase-shifted compo-
nent becomes dominant at low temperatures and exhibits clear
hysteresis along the [001] and [001] directions, which can be at-
tributed to the spin-flop transition in out-of-plane magnetic field.
Similar temperature evolution of R,z has previously been ob-
served in Sr,IrO, thin films.[”18l

Figure 4b shows the angular dependence of MR for the het-
erostructure in the P, state. The MR also shows a phase shift
from @, = — 90° at high temperatures (20 K and 30 K) to ¢,
= 0° at low temperatures (2-10 K). The sharp switching hys-
teresis in the out-of-plane MR becomes negligibly small in the
PZT/Sr,IrO, heterostructure, further supporting that the ferro-
electric layer has modified the magnetic state in Sr,IrO,. For the
P,, state (Figure 4c), the low temperature AMR exhibits quali-
tatively similar angular dependence as those in the Py, state,

Adv. Physics Res. 2025, 4, 2400208 2400208 (6 of 9)

with slightly larger positive MR. At high temperatures (10-30 K),
however, despite the consistent peak and valley positions of MR,
the angular dependence clearly deviates from the sinusoidal de-
pendence.

Such deviations are clearly illustrated in the R, versus ¢
plots. Above 10 K, the angular dependence of R, follows the si-
nusoidal behavior in the P, state (Figure 5a) but exhibits multi-
level resistance pinning in the P, state (Figure 5b). At 30 K, in
addition to the regions following the cos(2¢) dependence, R \r
in the P, state shows clear pinning behavior to two distinct re-
sistance states along certain crystallin orientations, i.e., pinning
at 1.35 Q in the angular range of [45°, 90°] and [225°, 270°] and
pinning at —1.35 Q in the angular range of [135°, 180°]. Similarly,
Rumr @t 20 K exhibits multi-level resistance pinning behavior at
0.8 Q in the field range of [45°, 90°] and [225°, 270°] and pinning
at-0.8 Qin the field range of [135°, 180°]. Similar sharp switching
between pinned resistance states has previously been observed
in the planar Hall resistance in nanostructured La, ¢, St ;3;MnO,
thin films,**] which has been attributed to enhanced MCA in-
duced magnetization pinning. The pinned resistance levels sug-
gest magnetization pinning along [101], [101], and [101] direc-
tions, making <101> the magnetic easy axes. The missing re-
sistance pinning along [101] may be due to slight misalignment
of the sample plane with respect to the magnetic field.

The fact that such resistance pinning has only been ob-
served in the P, state clearly points to the modulation of MCA
via ferroelectric polarization. The ferroelectric field effect mod-
ulation of AMR resistance has previously been observed in
(La,Sr)MnO,, 22231 which has been attributed to the modulation

© 2025 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 5. Out-of-plane angular dependence of Ryyg with H field of 5 T at various temperatures. a) Py, state and b) P, state of PZT/Sr,IrO,. The red

(black) curves represent the upward (downward) sweep of .

of the relative occupation of d-orbitals.3%3! At 10 K, R,,,, for the
P,, state also exhibits a 90° phase shift, similar to that of the Py,
state. Clear fluctuation occurs in the resistance pinning angles,
possibly affected by the competition between the magnetoelas-
tic effect (positive MR) and the induced magnetization (negative
MR). As we further cool down the sample, R, still exhibits clear
kinks, e.g., at ¢ = 45° and 135° at 6 K, which eventually becomes
overwhelmed by the substantially enhanced negative MR at 2 K.
As this coincides with the temperature range where the sample
exhibits pronounced negative MR and possible incipient ferro-
magnetism, a plausible scenario for the vanishing resistance pin-
ning is the Zeeman energy, which scales with magnetization, is
sufficient to overcome the MCA and modifies magnetic energy
landscape.3*%]

3. Conclusion

In summary, we demonstrate nonvolatile ferroelectric field ef-
fect control of magenetotransport properties in the epitaxial
PZT/Sr,IrO, heterostructure. The presence of PZT drives ultra-
thin Sr,IrO, to the 2D metallic limit, which has been attributed to
the modified lattice distortion due to interfacial atomic coupling.
The in-plane MR of the heterostructure shows positive MR at low
fields, followed by negative MR at high fields, opposite to the field
dependence of single-layer Sr,1rO,. The distinct temperature and
magnetic field dependences of MR and the absence of spin-flip
transition induced MR hysteresis suggests possible emergence of
incipient ferromagnetism in the metallic state of Sr,IrO, with the
transition temperature close to 6 K. While the out-of-plane AMR
in both polarization states shows sinusoidal angular dependence
with a temperature-driven 90° phase shift, multi-level resistance
pinning emerges in the P, state, revealing the polarization dop-
ing induced tuning of magnetic anisotropy. Our findings provide
new insights into the intricate interplay of electronic, magnetic,
and structural states in Sr,IrO,, opening new avenues for explor-
ing correlated phenomena and voltage-controlled functionalities
in 5d-based Mott insulators.

Adv. Physics Res. 2025, 4, 2400208 2400208 (7 of 9)

4. Experimental Section

SrylrQy thin films and PZT/Sr,1rO, heterostructures were deposited
on (001) LSAT substrates using off-axis radio-frequency magnetron sput-
tering. The Sr,1rO, layer was grown at 750 °C with 50 mTorr process gas
(Ar:0, = 16:1). The PZT layer was deposited at 500 °C with 180 mTorr
process gas (Ar:O, = 32:1). After PZT deposition, the sample was cooled
down to room temperature in an O, atmosphere. For the field effect study,
PZT/Sr,1rO,4 heterostructures were deposited on LSAT substrates prepat-
terned into Hall bar geometry, followed by lithography and Au electrode
deposition. Detailed information for device fabrication can be found in
Ref. [20].

XRD measurements were carried out using a Rigaku SmartLab Diffrac-
tometer with a Cu Ka radiation source (4 = 1.5406 A). Transport mea-
surements were performed using a Quantum Design Physical Property
Measurement System with either Keithley 2400 SourceMeters or Stan-
ford Research Systems SR830 lock-in amplifiers. The sample resistance
was characterized using a wide range of current densities varying from
0.19-53.85 pA um~2 to rule out Jule heating and current-induced metal-
insulator transition. The resistance of both single-layer and heterostruc-
ture samples does not show apparent dependence on the current density
(Figure S3, Supporting Information). No Joule heating effect was observed
at low temperature. AFM and PFM studies were conducted using a Bruker
Multimode 8 AFM.
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Supporting Information is available from the Wiley Online Library or from
the author.
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