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Electric-field based modulation is a promising way for realizing ultrafast and high density antiferromagnetic spintronics. Here, we
investigate low-voltage-pulse modulation of antiferromagnetic La;,Sr,MnO; (x = 0.65) (AF-LSMO) thin films. Positive voltage pulses
can increase the resistance at low temperatures, which is ascribed to the oxygen vacancies induced by positive voltage pulses. This
effect is supported by x-ray photoelectron spectra (XPS) results. Using low-voltage pulses, we demonstrate exchange bias modulation
in ferromagnetic Lay;Sro3sMnO; (FM-LSMO)/AF-LSMO bilayer structure. Both temperature-dependent resistance, exchange bias
field and coercivity show voltage-polarity dependence. While positive pulses can induce significant changes in the AF-LSMO, negative
pulsing has little impact and is consistent with oxygen vacancy related process observed in various electrochemical reaction systems.

Our findings can find potential for exploring electric-field modification of antiferromagnetic spintronics.

Index Terms—Antiferromagnetism, AF-LSMO thin film, ferroelectric copolymer, low-voltage pulses.

I. INTRODUCTION

Perovskite oxides have been widely investigated due to the
strong correlation between spin, charge, orbital and lattice
degrees of freedom [1]-[3]. For example, ferromagnetic
manganites La;.Sr,MnO; (LSMO) with optimal doping (x =
0.33) has been deployed in spin valves [4], field effect
transistors [5], and tunnel junctions [6]. However, studies on
the antiferromagnetic counterparts in the LSMO system with
high Sr doping is limited due to larger tolerance factor, which
makes the structure relatively unstable [7], [8]. Deposition of
high-quality epitaxial films is an alternative approach to study
the physical property of La;.,Sr,MnO; with x > 0.5 [8]-[10].

Antiferromagnetic materials have potential for magnetic
device applications since they are insensitive to external
perturbations [11], [17]. Regulation of antiferromagnets has
been realized by strain effect [18], electrical methods (either
via electrical current or electric field) [11], [19], [20],
magnetic control [21] and optical modulation [22]. Among
these, electric field control is promising due to the low
operation energy [20], [23]. For example, electric field control
of multiferroelectric BiFeO; and Cr,O; via magnetoelectric
coupling [24], [25], ferroelectric field effect modulation of
Mn,Au [20], NiO [26] and FeRh [23], and ionic liquid
modulation of IrMn [27].

Manipulation of antiferromagnetism by ferroelectric
copolymer of polyvinylidene fluoride with trifluoroethylene
[P(VDF-TrFE)] has not been reported. P(VDF-TrFE) is
widely used in organic and inorganic field effect transistors
due to its low coercivity (1 MV/cm), high remnant
polarization (10 uC/cm?), and ease of processing [28]-[30].
Using P(VDF-TrFE) copolymer to regulate
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antiferromagnetism could provide a new route for flexible
antiferromagnetic spintronic devices.

Here, we deploy P(VDF-TrFE) as the top gate dielectric for
nonvolatile control of electrical and magnetic properties of
epitaxial antiferromagnetic Lag 35SrgesMnO3 (AF-LSMO) thin
films. A low-voltage pulsing scheme was used to control the
physical properties of AF-LSMO thin films, by applying
pulses with voltage lower than ferroelectric switching
threshold [31], [32]. In such a manner, the electrical
breakdown of the dielectric layer can be suppressed. On the
other hand, small electric field can contribute no charge
accumulation/depletion at the interface, which would imply
mechanisms other than electrostatic charging effect.

To probe the magnetic properties of AF-LSMO, we
prepared a 5-nm FM-LSMO layer underneath the AF-LSMO;
it permits coherent growth of AF-LSMO on top due to literally
identical lattice parameters, and at the same time serves to
examine the AF-LSMO layer by exchange bias effect [33],
[34]. By considering the electrical properties of the films, X-
ray photoemission spectroscopy (XPS), and resistance vs.
temperature (R-T) plots and magnetoresistance (MR) curves,
we attribute the modulation of AF-LSMO to the
creation/annihilation oxygen vacancies during the pulsing
process.

Il. EXPERIMENTAL DETAILS

Epitaxial AF-LSMO and FM-LSMO thin films were grown
on TiO,-terminated SrTiO; (001) (STO) substrates by pulsed
laser deposition (PLD), using excimer KrF laser (wavelength
248 nm) to ablate the corresponding ceramic targets at a
frequency of 1 Hz; TiO,-terminated STO substrates were
prepared through leaching in boiling deionized (DI) water and
thermal annealing processes [31], [32]. FM-LSMO layers
were deposited in an oxygen pressure of 150 mTorr and
substrate temperature of 700° C, which were then post-
annealed at 10 Torr oxygen for 5 minutes at the same
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temperature. For AF-LSMO films, they were deposited in 150
mTorr oxygen pressure at 600 ° C, along with 5-mintue post-
annealing in 10 Torr oxygen at 600° C to reduce oxygen
vacancies in as-grown samples.

Hall bar devices were prepared from as-deposited films,
first by defining the patterns via photolithography (channel
size 50 umx100 um) and then chemical etching in KI solution
to remove the exposed parts of films [35]. Contact pads of
Ti(5 nm)/Au(50 nm) were prepared by sputter deposition.
Finally, 250-nm P(VDF-TrFE) was prepared as the top gate
dielectric, covered on top by 100-nm Al gate electrode by
electron beam evaporation through a shadow mask.

Transport properties of devices were measured in the
patterned devices, firstly in pristine state, followed by positive
pulsing state and finally negative pulsing. All the low-voltage
pulses were applied in vacuum at 300 K. R-T plots and MR
measurements were conducted with a constant current of 1 uA
at the end of each state. For MR measurements, +5k Oe
magnetic field was applied during cooling from 300 K to 20 K
to establish the exchange bias effect. 10 training cycles were
conducted to eliminate training effect [36].

All the XPS spectra were measured by a Thermo Fisher
Nexsa X-ray Photoelectron Spectrometer system with a
monochromatic Al source (Ko = 1486.7 eV). The binding
energy was calibrated to the C 1s spectrum (248.8 eV).

I1l. RESULTS AND DISCUSSIONS

Before investigating the low-voltage pulsing effect on AF-
LSMO, crystallinity and surface morphology of 7-nm AF-
LSMO were characterized by x-ray diffraction (XRD) and
atomic force microscopy (AFM). Fig. 1(a) shows the €260
scan of a 7-nm AF-LSMO film, with a broadened peak due to
reduced thickness. As a comparison, relative thick (15 nm)
AF-LSMO shows clear Laue fringes, indicating high quality
of the AF-LSMO thin films. The strong texture with low
mosaic spread of 7-nm AF-LSMO is confirmed by the narrow
w-scan peak (full-width at half-maximum, FWHM, ~ 0.1°
(inset of Fig. 1(a)). Fig. 1(b) shows the AFM image of the 7-
nm AF-LSMO thin film with root-mean-square roughness of
0.25 nm, indicating atomically flat surface.

Few studies about antiferromagnetic LSMO (x > 0.5) thin
films have shown the connection between R-T plots and the
magnetic properties [8], [9]. Therefore, low-voltage regulation
of 7-nm AF-LSMO on its R-T behaviour was investigated.
The device schematic is shown on top panel of Fig. 1(c). The
bottom panel of Fig. 1(c) displays the pulsing protocol;
measurements were made at the end of each stage. Fig. 1(d)
plots the R-T variation of 7-nm AF-LSMO thin film at pristine
state, stage I, and stage Il. Three regions are identificed in the
R-T plot: Above 250 K, the increased resistance with reducing
temperature is associated with the paramagnetic-to-
antiferromagnetic phase transition [37]. At intermediate
temperatures (between 100 K and 250 K) the R-T plot reaches
a plateau, and it is possibly associated with the mixed spin
structures or short-range magnetic ordering in the thin AF-
LSMO, which was previously reported in heavily-doped bulk

or ultrathin AF-LSMO films [8], [9], [37], [38]. For ideal A-
type AF insulators, the magnetic spins are ferromagnetically
aligned in plane (ab plane) while antiferromagnetically
aligned out of plane (along ¢ axis). For AF-LSMO, due to the
chemical disorders, local ferromagnetic ordering could appear
with decreasing temperatures. As is known, tensile strain
prefers in-plane d,..,, orbital occupation while compressive
strain promotes out-of-plane ds,,_» orbital filling [39]. Due to
the in-plane tensile strain in 7-nm AF-LSMO, in-plane d,..y,
orbital is preferred, along with enhanced ferromagnetic
ordering. In the low temperature region (below 100 K), the
resistance increases sharply again, suggesting the presence of
an antiferromagnetic spin structure at low temperatures.

RT of the sample at stage | shows virtually no change from
the pristine state in the high temperature range. In the
intermediate temperature range the sample has a resistance
that deviating from the pristine state by up to 12% state.
Finally, sample at stage Il only shows minimal resistance
change at the lowest temperatures compared with stage I, and
the R-T behavior is virtually unchanged in intermediate and
high temperature regimes.

A possible explanation of the R-T variation is the
generation or annihilation of oxygen vacancies in the film.
XPS measurement was used to evaluate the effect by probing
the changes in Mn oxidation state of 7-nm AF-LSMO thin
films. Note that XPS measurement was conducted after
removing the copolymer and the gate electrode. The core-level
spectra of Mn 2p are shown in Fig. 2(a). The peak positions of
Mn 2p3, for pristine, stage | and stage Il are shown in Table I.
The small shift of binding energy by 0.3 + 0.1 eV between
stage | and stage |1 suggests the change of Mn*/(Mn**+Mn®"
ratio during pulsing process.

To extract more information, Mn 2p spectra are fitted using
the Avantage software [40], with a standard Shirley
background being used. All the Mn 2p spectra are fitted by
Mn®*" and Mn*" components with Mn 2ps, locating at 640.8
eV and 64225 eV, respectively [41], [42]. The
Mn**/(Mn**+Mn®") ratio for pristine sample is (64.2 + 2.3) %
(in Table 1), which is in good agreement with stoichiometric
ratio in Lag 35SrpesMnO; target. For sample at stage I, the ratio
slightly decreases to (62.64 = 1.8) %, indicating the reduced
oxidation state of Mn element. For sample at stage 11, the ratio
increases to (75.02 + 29) %. The variation of
Mn**/(Mn**+Mn®") ratio suggests the formation/annihilation
of oxygen vacancy during the pulsing process.

As a direct indicator of oxygen loss, the O 1s core-level
spectra is also analyzed (Fig. 2(b)). Due to surface
contamination, usually three components are considered:
negatively charged lattice oxygen (Ol), oxygen vacancy
related component (OIl) and component of chemisorption of

carbonate or hydroxyl species (Olll) [43]. The peak positions

of Ol, Oll and Olll locate at 528.55 eV, 531.1 eV, and 531.83
eV, respectively, very close to previous reports [43]. From
Table I, we can see that +10V pulses increase the OlIl
contribution while -10 V pulses suppresses it. This can also be
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reflected by comparing the Ol component between samples at
stage | and stage II.

From the R-T and XPS results we can correlate the low-
voltage pulses to the oxygen vacancy formation/annihilation in
AF-LSMO thin films. The strong spin-lattice correlation in
LSMO would therefore suggest that electrochemical process
can modulate the magnetism of AF-LSMO. However, it is
difficult to probe the magnetic properties of antiferromagnets
directly. Alternatively, the exchange bias method was
deployed by preparing a 5-nm FM-LSMO layer underneath a
15-nm AF-LSMO thin film. Thinner AF-LSMO layers were
attempted but proved incapable to pin the bottom FM-LSMO
layer.

Transport measurements of the FM-LSMO/AF-LSMO
samples were measured in Hall bar geometries (Fig. 1(c)),
with the magnetic field applied parallel to the sample surface
along the current direction. Fig. 3(a) displays the R-T plot of
the bilayer structure. A clear metal-insulator transition at 273
K can be seen, indicating the resistance at low temperatures is
dominated by the bottom FM-LSMO layer.

To confirm the existence of exchange bias effect, MR [MR
= (Rp-R)/R(] curves of pristine sample were measured at
20 K after field cooling (FC) in +5k Oe and -5k Oe (Fig. 3(b)).
Here, we define Hc as the MR peak position in the negative
magnetic field and Hcg as the MR peak position in the positive
magnetic field. The exchange bias field (Hgg) and coercivity
(Hc) can be calculated by Hgg = (Hcr + He)/2 and He = (Her
- Hc)/2. Cooling the sample in a positive field results in a
negative shift of the MR and vice versa, which is consistent
with the conventional negative exchange bias effect [44]. On
the other hand, the MR curves show a more significant
asymmetric behavior compared with our previous work using
magnetometry [45]. This asymmetric behavior is a very
common phenomenon in exchange bias system due to the
coherent rotation and domain wall propagation during two
directional magnetic field sweeping [46], [47].

While our goal is to modulate the magnetic property of AF-
LSMO thin film, any change in the bottom FM-LSMO layer
may complicate the interpretation of results. We have
previously demonstrated that pulse modulation of FM-LSMO
[31, 32] can alter its resistance, MR value at high field and
Curie temperature (T¢). The RT curves of pristine state, stage |
and stage Il are shown in Fig. 4(a); note that for stage Il of
bilayer sample, 1.15 million pulses were applied, considering
the asymmetric pulsing behavior on R-T plots of 7-nm AF-
LSMO thin film as well as increased thickness of the top AF-
LSMO layer. Despite the increased pulse number, the low-
temperature resistance, MR value at high field and T show
negligible change, suggesting the voltage-pulse effect has
minimal impact on the bottom FM-LSMO layer.

The 20-K MR curves for pristine, stage | and stage Il are
plotted as the inset of Fig. 4(a). The extracted Hgz and Hc are
shown in Fig. 4(b). The positive pulses can reduce the H¢ and
suppress the Hgg, while the negative pulses can only slightly
reverse them back. To confirm the validity of this voltage-
pulse effect on He and Hgg, more data points (solid black)
with smaller step are shown in Fig. 4(b). This observation

strongly suggests that low-voltage pulses can change the
magnetic property of AF-LSMO thin film.

The pulse effect on the magnetic properties of AF-LSMO
could be understood by two possible mechanisms. Firstly, as
demonstrated by XPS data, oxygen vacancy creation
(annihilation) could reduce (increase) the Mn*/(Mn**+Mn*")
ratio in AF-LSMO, thus suppressing (enhancing) the
superexchange-dominated antiferromagnetism in AF-LSMO
and leading to the decrease (increase) of Hgg and Hc.

Another factor is lattice distortion or spin disorder caused
by oxygen vacancies. A simple illustration is shown in Fig.
4(c). For the pristine state, both the FM-LSMO and AF-LSMO
spins are well-ordered after establishing the exchange bias
effect. For stage I, some oxygen ions are randomly driven out
of the top AF-LSMO layer, leaving oxygen vacancies in the
lattice structure. After establishing exchange bias effect, these
lattice defects may lead to local spin disorders in the top AF-
LSMO layer, thus suppressing the pinning effect and reducing
the Heg and Hc. While for stage I, only part of these spin
disorder can be recovered. The detailed mechanism using low-
voltage pulses to tune exchange bias effect in FM-LSMO/AF-
LSMO structure need to be further studied.

IV. CONCLUSION

In summary, high-quality epitaxial AF-LSMO thin films
were grown by PLD method. Both the electrical transport and
magnetic properties of AF-LSMO thin films can be controlled
by low-voltage pulses in field effect devices with ferroelectric
P(VDF-TrFE) copolymer as the dielectric. By analyzing the
low-voltage pulse effect on XPS results, oxygen vacancy
creation/annihilation in AF-LSMO thin films are confirmed to
result from the low-voltage pulses. This work would pave a

new way for exploring electric field control of
antiferromagnetic spintronics.
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Fig. 2. XPS spectra of 7-nm AF-LSMO for pristine, stage | and stage Il. (a)
Mn 2p core-level spectra. (b) O 1s core-level spectra.

TABLE | Binding energies of Mn 2ps,, Mn* ratio, Ol and Oll ratio of
pristine, stage | and stage 11

Stage | Pristine Stage Il
Binding energy of 641.3+0.1 6415+0.1 6416 £0.1
Mn 2p3/2 (EV)
Mn** (%) 62.64+1.8 64.2+2.3 75.02+2.9
Ol (%) 46.03+24 43.65+29 52.47 £ 3.5
Oll (%) 20.98 + 2.7 16.46 + 3.1 3.52+3.7
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Fig. 3. (a) R-T plot of the bilayer device in pristine state. (d) MR curves of
the bilayer device for pristine state at 20 K for +5k Oe and -5k Oe FC.
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Fig. 4. (a) RT plots of AF-LSMO/FM-LSMO bilayer at different pulsing
states. Inset: MR curves of different pulsing states at 20K. (b) The evolution
of extracted Hc and Hgg at 20K. Note that more data points (solid black) are
also recorded during the pulsing process. (c) Schematic illustration showing
the relation between oxygen vacancy and spin disorder in the AF-LSMO
layer.
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