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ABSTRACT

Most previous attempts on achieving electric-field manipulation of ferromagnetism in complex
oxides, such as Lag¢Sr933MnO; (LSMO), are based on electrostatically-induced charge carrier
changes through high—k dielectrics or ferroelectrics. Here the use of ferroelectric copolymer,
polyvinylidene fluoride with trifluoroethylene [P(VDF-TrFE)], as a gate electrode to
successfully modulate the ferromagnetism of LSMO thin film in a field-effect device geometry is
demonstrated. Specifically, through the application of low voltage pulse chains inadequate to
switch the electric dipoles of the copolymer, enhanced tunability of the oxide magnetic response
is obtained, compared to that induced by ferroelectric polarization. Such observations have been
attributed to electric-field-induced oxygen vacancy accumulation/depletion in the LSMO layer
upon the application of pulse chains, which is supported by element-specific characterization
techniques, including X-ray photoelectron spectroscopy and X-ray magnetic circular dichroism.
These techniques not only unveil the electrochemical nature of the mechanism but also establish
a direct correlation between the oxygen vacancies created and subsequent changes to the valence
states of Mn 1ons in LSMO. These demonstrations based on the pulsing strategy can be a viable
route equally applicable to other functional oxides for the construction of electric-field-

controlled magnetic devices.



1. INTRODUCTION

Doping is frequently adopted for manipulating the transport and magnetic properties of complex
oxides. '™ Recent efforts include, for instances, electrostatic gating of charge carriers at oxide
interfaces, across high—k dielectrics > ® or ferroelectrics. > Such electric-field-induced
modulation schemes permitted a change in the areal charge density below 10'* cm™. Electrolytes
or ionic liquids (IL) can achieve stronger modulation via the electric-double-layer (EDL) effect,
89 capable of an interfacial capacitance up to tens of pF-cm™ (a change of ~10'> cm™ in carrier
density). ° Such modulation has been shown to remain effective even with the gate voltage
retracted, '° which arises due to the redox reactions between IL and the channel layer. ' Yet,
this may necessitate a protective layer in some cases. '° The strong modulation effect by IL has
facilitated the observation of various exotic phenomena, such as tunable metal-insulator

13,17

transition in manganites, and modulation of superconductivity in two-dimensional layered

. 18, 19
materials.

Previous attempts on electric-field-induced magnetism modulation in perovskite manganites rely
on epitaxially-grown oxide ferroelectrics. " 20-23 Charge carriers at the ferroelectric/manganite
interfaces were manipulated through polarization switching, thus achieving changes in the
transport and magnetic behavior. This scheme, however, poses practical challenges for probing
the interfacial changes at the manganite layer upon ferroelectric reversal. Polyvinylidene fluoride
with trifluoroethylene [P(VDF-TrFE)], a typical ferroelectric copolymer, can be a promising
alternative in this regard due to its solubility in organic solvents. ** This therefore enables direct
access to the interfacial changes in the magnetic perovskite by conventional surface-sensitive

techniques. Besides, the copolymer exhibits other favorable features for realizing electric-field
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controlled devices, including low processing temperature (~140°C), chemical inertness and

high compatibility with various types of magnetic materials. **

Here, we report a pilot study on the use of P(VDF-TrFE) as a top gate dielectric for non-volatile,
electrical control of transport and magnetic properties in epitaxial Lag¢Sro33MnO; (LSMO)-
based field-effect-transistor (FET). Instead of using a large saturation voltage that can lead to

20-21 we demonstrate a low-voltage pulsing scheme by an applied voltage

dielectric breakdown,
lower than the threshold for ferroelectric switching and realize gradually modulated magnetism
in the LSMO active layer. Combining X-ray photoemission spectroscopy (XPS) and X-ray
magnetic circular dichroism (XMCD), we further establish the correlation between the
electrochemical nature of the pulsing process and the manganite surface magnetic moments, in

which oxygen vacancies created in the LSMO at its interface with the copolymer play a very

crucial role.
2. EXPERIMENTAL SECTION

2.1 Thin Film Growth
LSMO films (7.5 nm) were grown on STO (001) single-crystal substrates, by means of pulsed
laser deposition from a stoichiometric target at substrate temperature of 700°C and an oxygen

ambient of 150 mTorr. 23!

While ultrathin layers allow more prominent tunability, dead-layer (2
— 4 nm) are known to form in ultrathin films and would not show magnetism. ** The current
LSMO thickness is a compromise for preserving the magnetic properties while allowing sizable

tuning effects. The samples were post-annealed for 5 minutes in situ with 10 Torr of oxygen,

before they were cooled to room temperature at 10 K/min.

2.2 Device Fabrication



To prepare the FET-type devices, the LSMO layer was patterned into Hall bars (channel length
200 pm, channel width 20 pm) by photolithography and inductively coupled plasma etching. Ti
(15 nm)/Au (80 nm) electrodes were deposited by electron beam evaporation under a base
pressure of 5x10™ Pa. For the ferroelectric copolymer gates (~ 250 nm), P(VDF-TrFE) with 7:3
molar ratio of VDF and TrFE copolymers was dissolved in diethyl carbonate. The solution was
spin-coated and subsequently annealed at 120°C for two hours to achieve ferroelectric f phase. %>
2 AI(100 nm)/Au(30 nm) top gate electrodes were prepared by electron beam evaporation

through a stainless steel shadow mask.

2.3 Structural Characterization

X-ray diffraction (XRD) and X-ray reflectivity (XRR) measurements were conducted using a
high-resolution X-ray diffractometer with Cu-K, radiation (Rigaku, SmartLab). The thickness of
LSMO is determined using a pre-calibrated growth rate through the XRR measurement. X-ray
photoelectron spectroscopy (XPS) was performed with a Sengyang SKL-12 electron
spectrometer equipped with a VG CLAM 4 MCD electron energy analyzer and twin anode Mg
K, or Al K, radiation X-ray sources. The base pressure for the XPS measurement was 2x107
Torr. All binding energies in this work were calibrated to the C Is peak (284.6 eV). Cross-

sectional transmission electron microscopy (TEM) imaging was performed (JEOL, JEM-2100F).

2.4 X-ray Absorption (XA) and Magnetic Circular Dichroism (XMCD) Measurements

XA/XMCD spectra were collected at Mn L, 3 edge in total-electron-yield mode using circularly
polarized X-rays. The angle of incidence of the photon beam was set to 60° (grazing incidence)
with respect to the sample surface normal. After normalization to the incident beam intensity, the

XMCD was obtained as the difference between the two XAS measured with opposite



magnetization directions. Measurements were carried out at ~77 K at the Surface, Interface and

Nanostructure Science (SINS) beamline at the Singapore Synchrotron Light Source.

3. RESULTS AND DISCUSSION

3.1 Microstructural and Transport Behavior

Microstructural characterization and ferroelectric measurements have established the high
quality of LSMO films and ferroelectric nature of the copolymer films used for this work
(Figure S1, Supporting Information). The deposition of copolymer on LSMO layer did not
induce structural distortion (TEM image in Figure S1) and change of magnetic properties
(preserve of Tc regardless of treatments). To investigate resistance modulation, LSMO films
were patterned into the top-gate FET geometry (Figure 1(a)). ** Depending on the magnitude of
gate voltage (V,), pulse width and pulse number (Figure S2), a gradually modulated channel
resistance (R,,) was achieved by using chains of moderate V, pulses insufficient to switch the
gate ferroelectric polarization. This scheme opens up a potential pathway for robust multilevel

29, 35

memory applications, which is otherwise unlikely for devices operating with a large

saturation gate voltage that could lead to dielectric breakdown.

Temperature-dependent resistance (R—7) measurement was used to monitor the variation of
magnetism in LSMO. The trace peak in such measurement corresponds to the Curie temperature
(T¢) of the oxide, due to its origin from the metal-insulator transition. * As such, Figure 1(b)
shows the temperature-dependent R, of LSMO channel after applying +V, pulses at 300 K;
unless otherwise stated the magnitude of V, is kept at 10 V for all measurements shown later in
this paper. It is apparent that R,, shows an increasing trend, with its peak shifting gradually

towards lower temperatures for rising number of +V, pulse counts. The variation in 7¢ has been



derived from Figure 1(b) and plotted against the pulse counts (Figure 1(c)), indicating a reduced
Tc of LSMO channel from 280 K (before pulses applied) to 265 K (after 36k pulses).
Considering the concomitant increase in Ry, of the channel (inset of Figure 1(c)), we propose

hole depletion from the LSMO channel upon the application of +V, pulses as the source of

reduced T¢, which can be described by %p x ATﬂ, where p is the hole concentration in LSMO. °
Cc

Following this correlation, a shift of 7¢ by 15 K as in our experiment corresponds to a 7 %

variation of p (more discussion on the mechanism in latter sections).

Figure 2(a) shows the magnetoresistance (MR) of the LSMO channel at 20 K as a function of
+V, pulse counts, where MR is defined as (R.(B) — Rw(B=0))/R..(B=0)) and B is the external
magnetic field. The channel is seen to exhibit increasingly negative MR. For example, at B =
0.12 T, the MR without Vg is —0.65 %, and increases to —1.15 % with 36k +V, pulses (Figure
2(b)). We note that this observation shows good agreement with the magnetic degradation in the
LSMO as proposed above, which could lead to increase in spin-disorder sites and magnetic
inhomogeneities in the oxide channel. *° Smaller magnetic field were required to align these
spin-ordered sites in the weakly localized regime upon the increase in V, pulsing. Therefore, the

more negative MR is expected as in Figure 2(a).

3.2 Reversible Switching of Ry

The direction of resistance change is closely linked to the sign of Vg pulses. Figure 3 shows the
LSMO channel resistance corresponding to the sign change of V, from positive (i.e. gate
electrode at higher potential than drain electrode) to negative after 36k pulses. With +Vy, ARy
shows a continuous increase up to 45% of channel resistance before pulses (defined as R,), which

gradually returns to its initial value when the sign of Vg is reversed. The measurement also



indicates that more —Vy pulse counts are required to restore Ry back to R, (~36k pulses for +V,
versus 10° pulses for —Vy). Notably, the asymmetric switching behavior is reminiscent with that
obtained by IL gating. ** While such an asymmetric switching is previously attributed to oxygen
vacancies (V,) created upon +V, applied in a vacuum environment (<10™ Torr), we argue that
this is unlikely the sole mechanism in our case. The first reason is that, while a change of 45 %
was recorded in Figure 3, this value is probably not the limit for ARy, judging from its linearly
increasing trend. Besides, the asymmetric switching behavior can be observed as well under
ambient gas conditions, which we will elucidate later. Most importantly, both the T¢ and MR of

the LSMO channel follow the reversibility of the voltage modulation closely (Figure S3).

One should, however, distinguish the above modulation strategy from that based on polarization
switching in the ferroelectric polymer. According to our previous work, a saturating V, in the
order of £35 V was necessary to reverse the ferroelectric dipoles in the copolymer at 300 K
(Figure S1(b)). ** Moreover, such a single pulse led to a change of Ry, by 15%, yet without any
noticeable change in the 7¢. Here, the small screening depth of electric field in conductive
LSMO channel plays a role in these observations. For instance, based on the relation between the
Ap and AT¢ discussed previously, the modulation induced by small voltage pulses enables Ap as
large as 7%, while it is less than 0.1 % for ferroelectric switching in P(VDF-TrFE) triggered by

large gate voltages. **
3.3 Electrochemical Modulation of LSMO: A Simple Model

The magnetism of LSMO films depend heavily on the ratio of La*" and Sr’", leading to the

varying ratio of Mn>" and Mn*" valence states. >’ Apart from controlling the growth conditions of

38, 39

manganite films, electrostatic modulation of carrier concentration through ferroelectric



polarization has been previously reported. *****' Studies on the modulation by IL showed the
possible generation of V, by large V, due to its small formation enthalpy. > However, this
mechanism cannot fully account for the observations arising from low-V, pulse chains, including
asymmetric LSMO channel response between +/- V, pulses cycles, reversible control of AR, /R,

up to 45% and modulated A7¢ by 15 K (Figure S1(b)).

The Vy-induced electrochemical reaction within the LSMO layer can be described as

+V,
Mn*t =5 Mnit, + Mn3t+V2" + 0,, ' * suggesting the creation of oxygen vacancies ¥, and

35,43

4+ 3+ . . . . .
thus Mn™ to Mn”" conversion. Figure 4 visualizes these processes. Our model contains two

LSMO interfaces, one in direct contact with P(VDF-TrFE), and the other with the STO substrate

and thus unaffected by V. **%

With +V, pulses, n-type carriers in the form of ¥, are created and
gradually migrate to the inner film from the LSMO/P(VDF-TtFE) interface. The V, diffusion
could then alter the LSMO properties in two ways. First, because of the p-type nature of LSMO,
the accumulated ¥V, induces additional resistance and drives the metallic channel into an
insulating phase. V, also leads to modulated 7 and MR ratio due to suppressed double exchange
between Mn*" and Mn®". Similar to electric field-control in LSMO through IL gating, '’ +V,
pulse chains induce decreased 7T, while higher 7¢ and lower MR ratio are expected for -V, due

to hole accumulation in the form of annihilated V,, which enhances ferromagnetic coupling

—+ + . . . .
between Mn’" and Mn*" ions and suppresses magnetic scattering sites. B

Our model in Figure 4 is essentially electrochemical in nature rather than an electrostatic one. In
practice, these have been distinguished from each other by comparing the V, dependence of
AR,./R, in either oxygen-rich or vacuum environments (Figure S4). These results provide

evidence of the electrochemical origin of our experimental observations, thus validating our

10



model in Figure 4. Our results also are in line with Ref. ' that showed the electric field-induced

reversible migration of V, annihilation/formation in Lag sSrg sCoO;.«x with IL gating.

3.4 Element-specific chemical and magnetic characterization of LSMO modulation

Figure 5(a) shows the Mn 2p XPS core-level spectra of pristine and +V,-pulsed (36k) samples.
Prior to the measurements, the copolymer gate dielectric and its top Al electrode were removed
altogether in acetone after voltage pulsing. The Mn 2p;/,, peak of pristine sample is at 641.7 eV,
but shifts towards a lower binding energy by 0.5+0.1 eV after gated with 36k +V, pulses.
Quantitative peak fitting (Figure 5(b) and (c)) suggests a 41% decrease of the Mn*"/(Mn® +Mn*")
ratio !’ from 0.39+0.02 to 0.23+0.02, indicating a partial conversion of Mn*" to Mn®" upon the

+V, pulses.

XA/XMCD measurements have been performed at 77 K to probe the magnetic responses of
LSMO/P(VDE-TrFE) pulsed with V, of opposite polarities, as shown in Figure 6(a) and 6(b).
The spectral shapes (blue solid lines) are consistent with the previous work. *® Closer inspection
reveals a lower XMCD intensity for the +V,-pulsed sample compared with the -Vg-pulsed one,
which suggests a suppressed magnetic signal in the former. This is consistent with the observed
lower T¢ in the +V,-pulsed sample as elaborated earlier. Using the XMCD sum rules analysis, 47

4 we estimate the ratio

m, 1
mg+mr 3—4.5(5)’

(M

where m; and m; are the orbital and spin moments, respectively. p is the integral of the dichroic
signal of the L; peak alone and g is the integrated dichroism over both the L; and L, edges. *° my
corresponds to the magnetic spin dipole moment, arising from the anisotropy of the atomic

charge distribution. °' Here the incident X-ray angle of 60° is close to the magic angle (~55°),

11



where the contribution from my can be safely neglected, *>* and accordingly the orbital-to-spin

moment ratio (%) of Mn can be approximated using Equation 1 as well.
S

As summarized in Table 1, (%) ratio of the pristine sample is very low, due to the effect of
S
orbital quenching. >* The application of +V, leads to an increase in the (%) ratio, which may
S

arise from the evolution of V, in LSMO (for +Vq gating) or displaced oxygen atoms from the
designated sites in the unit cells (for -V gating).”* >* Density functional theory (DFT) calculation
of LSMO/STO heterostructure *® revealed that ¥, results in an elongated octahedral along z

direction, thus increasing m; by suppressing the orbital quenching effect. *° Meanwhile, we

notice that the increasing degree of the (%) ratio in +V, sample is different from that in -V,
S

sample. This could be related to the changes in the Mn®>*/Mn"*" ratio due to the presence of V,.
Through +V, pulsing, the increase in V, lowers the concentration of Mn*" in LSMO lattice, in
turn resulting in the drop of m,. > While through -V, pulsing, V, are gradually eliminated albeit
in a somewhat disordered manner compared with as-grown films, thus giving rise to an increase

n mg.
3.5 Discussion

The results in Figure S4, Figure 5 and Figure 6 provide strong support for the hypothesis of V,
formation and annihilation as the origin of modulated LSMO properties. Application of
successive +V, pulses through the ferroelectric copolymer effectively drives oxygen out of the
LSMO channel and creates V,, accompanied by a valence transition of Mn*" to Mn®". In contrast
with  Mn*"-O-Mn*"  which favors ferromagnetic coupling, Mn’"-O-Mn’" leads to

antiferromagnetic interaction. An increase in Mn’"-O-Mn’" coupling would result in the

12



suppressed magnetism of LSMO, as reflected from the reduced 7 and enhanced MR at 20 K.
Transport and magnetic modulation in the LSMO channel through low-V, pulsing across the
P(VDF-TrFE) gate was presented in this work, and ¥, generation/annihilation were observed.
The LSMO channel behavior was due to electrochemical reactions, and this should be
distinguished from that arising from the electrostatic effect due to ferroelectric polarization
reversal in the copolymer dielectric. *"*°” There are various reports on the use of ferroelectric
gate dielectric for providing stable remanent polarization and achieving electrostatic switching of
magnetism in transistor-type devices. ****® However, such devices are vulnerable to dielectric
breakdown during the application of large saturation voltages. Such issues can be avoided by
using the low-voltage pulse switching demonstrated in this work, which provides an alternative

route for reliable, robust and efficient magnetism modulation in magnetic oxides.

The present study has focused on the demonstration of the pulsing effect with P(VDF-TrFE) as
the gate dielectric. It would be of interest to understand if the technique can be extended to other
gating materials; we have tried replacing P(VDF-TrFE) by poly(methyl methacrylate) (PMMA),
and no modulation of T¢ nor resistance in the LSMO channel was observed after 20k +V, pulsing
cycles. We speculate that materials with high dielectric constants would be more well-suited for
the effect. Besides, oxygen or ionic porosity in the gate dielectric would allow the transport of
oxygen across the gate dielectric/LSMO interface, facilitating the formation and annihilation of

the oxygen vacancies in the channel layer.
4. CONCLUSION

To conclude, we fully characterized the reversible modulation of 7c and MR in LSMO thin

films, through the application of moderate gate voltage pulse chains. XPS and XMCD results

13



suggested that the electric-field-induced modulation of magnetism were governed by creation
and annihilation of ¥V, in LSMO channel, rather than electrostatic accumulation and depletion of
charge carriers. This V,, modulation through low-voltage-pulsing method demonstrated the robust
and reversible manipulation of transport and magnetism, providing a robust route to enhance the
tunability of correlated oxide materials through control of V.. This could be beneficial to develop

novel electronic devices concepts.

14
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Figure 1. (a) Schematic diagram of LSMO field-effect device. (b) R-T measurement for sample
undergone various +Vy pulse chains. (c) Tc of LSMO channel as a function of +V, pulses (main

figure) and Ry at 300 K (inset).
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magnified view of MR loop after the application of 36k +V, pulses. (b) MR ratio (at 20 K) and

R, (at 300 K)) as a function of +V, pulse cycle.
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Figure 5. (a) Mn 2p XPS spectra of LSMO film at pristine state and after +V, pulsing for 36k

cycles. (b) and (c) show the multiple peak fitting of the XPS spectra for gated (b) and pristine (c)

samples.
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Table 1. % ratio of pristine and +/- Vg-pulsed samples, as measured at the grazing incidence of
S
X-ray.
Pristine +V, -V

m
L/mg 0.04 0.39 0.20
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