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Resistive random access memory based on the resistive switching phenomenon is emerging as a strong
candidate for next generation non-volatile memory. So far, the resistive switching effect has been observed
in many transition metal oxides, including strongly correlated ones, such as, cuprate superconductors,
colossal magnetoresistant manganites and Mott insulators. However, up to now, no clear evidence of the
possible relevance of strong correlation effects in the mechanism of resistive switching has been reported.
Here, we study Pr ;Cay ;MnOj3, which shows bipolar resistive switching. Performing micro-spectroscopic
studies on its bare surface we are able to track the systematic electronic structure changes in both, the low
and high resistance state. We find that a large change in the electronic conductance is due to field-induced
oxygen vacancies, which drives a Mott metal-insulator transition at the surface. Our study demonstrates that
strong correlation effects may be incorporated to the realm of the emerging oxide electronics.

esistive random access memory (ReRAM) is considered a promising candidate for next generation non-

volatile memory due to its simple metal/insulator/metal (MIM) structure, fast read/write speed, and

possibility of realizing cross-point array structures. So far, a variety of resistive switching characteristics
were observed in MIM structures using a transition metal oxide as dielectric, and various mechanisms were
suggested'”. Among the many candidate materials for ReRAM, the strongly correlated electron system
Pr,,Cag3MnO; (PCMO), that belongs to the family of perovskite manganites R; _A,MnO; (R = rare-earth
metal; A = divalent element), has received a great deal of attention. The reason is that, despite its complex
stoichiometry, it shows bipolar resistive switching (RS) without the need of a “forming process”, in contrast to the
simpler binary transition metal oxide systems. In fact, PCMO has been continuously studied for applications of
ReRAM since the initial discovery of the resistive switching phenomenon'. In transition metal oxides, the extra
holes/electrons are doped at either the transition metal or the oxygen atom, depending on whether the oxide has
an early or late transition metal'®"'. In PCMO, Pr and Ca outer electrons are transferred to the oxygen atom to
complete the O 2p shell. Therefore, excess holes/electrons are primarily located in Mn 3d by Ca*" doping, which
thus controls the Mn 3d filling. The schematic electronic structure that emerges for the compound series
Pr;Ca,MnOs is that the Mn 3d e, band is singly occupied, with one electron per site, for x= 0, and is
progressively depleted with the increase of the Ca concentration x, with complete depletion for x= 1. The band
picture is therefore consistent with the fact that both end members are insulators (Mott-charge-transfer or band
insulators, respectively for x= 0 or 1). One might naively expect metallic states for the intermediate compounds,
however they actually are correlated semiconductors. While they have activated resistivity, they also show
anomalous behavior such as, for instance, large (negative) magnetoresistance'”. The full understanding of the
electronic structure and conduction properties of PCMO remains a challenging problem of strongly correlated
systems'> ',

The phenomenology of the observed resistive switching characteristics of oxides for ReRAM applications is
currently classified as of unipolar or bipolar type'”. In the former, the origin of the mechanism is discussed in
terms of a “filament model”"*, where a thin metallic filament is created by soft dielectric breakdown and then
burnt like a fuse. On the other hand, in the bipolar case the effect is associated to an interface and various possible
mechanisms have been suggested, such as a redox of top electrode (TE)', change of Schottky-like barrier with
electrochemical migration®, redox of Metal-O-Metal conduction chain’, Mott Hubbard metal-insulator trans-
ition (MIT)’, etc. These mechanisms were proposed following a variety of experimental observations, such as the
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relationship between oxygen vacancy concentration and high-low
resistance ratio Ry/Ry, electrode-element dependence, and depend-
ence of I-V characteristics with polarity>>'”~'*. Recently, a model that
incorporates many of these features has been proposed, and numer-
ical simulations were found in good qualitative agreement with
experiments®. Despite this progress, direct evidence of the eventual
role of strong correlation effects remained unclear. In this work we
provide compelling evidence of the accumulation and depletion of
oxygen vacancies as the driving mechanism of resistive switching by
direct observation of the spectroscopic changes at the bare surface of
PCMO in its high and low resistance states. Moreover, we also show
that a large change in the electronic conductance is achieved by
tuning the system to a Mott transition through hole doping control.
This is done by means of voltage-induced migration of oxygen
vacancies at the bare surface of the manganite.

In this study we switch the resistance of the fabricated device using
a tungsten tip as a TE in direct contact with the exposed PCMO
surface in air, as shown in Fig. 1(a). This enables the subsequent
spectroscopic study of electronic structure changes at the bare sur-
face®*.

Results

Resistive switching characteristics. The I-V characteristic shown in
Fig. 1(b) reveals the resistive switching effect with sudden set and
reset resistive changes induced at voltages of +3.4 V and —3.3 V,
respectively. The role of oxygen vacancies may be to either affect the
height and/or width of the barrier, or to control the carrier
concentration. For instance, in p-type oxide semiconductors,
oxygen vacancies are considered to be acceptor scavengers.
Therefore, a decrease in oxygen vacancy concentration at the
interfaces under positive voltage may cause the depletion layer to
narrow in PCMO, resulting in a decrease in the contact resistance,
leading to counterclockwise I-V characteristics. In this study, the x =
0.3 in Pr;_,Ca,MnO; sample is in fact classified a p-type oxide
semiconductor with a Mn*>*"** mixed-valence state. However, as
shown in Fig. 1(b), a clockwise switching was observed. This type
of I-V characteristics in p-type PCMO was previously reported in a
number of studies'®**?**, and was interpreted as due to a redox
reaction at the TE. In those systems, under a positive voltage, the
TE takes oxygen from the PCMO surface due to the larger free energy
of the oxidation reaction of the metal. Under the opposite voltage, the
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reaction is reversed, and the oxidized electrode gives the oxygen ions
back to the PCMO surface, leading to the clockwise effect as observed
here, consistent with the relatively high oxidation free energy of the
W tip. Here we shall perform the spectroscopic study of the surface in
both resistive states, to investigate the effect of the redox reaction on
the electronic structure of the PCMO. An important aspect of our
experimental method is that it accesses the intrinsic changes in the
PCMO, while it completely avoids the influence of eventual changes
in the TE*"**.

Electronic structure of PCMO. In order to facilitate the analysis of
the spectra, Fig. 2(a) shows the schematic energy splitting for the Mn
4+ and 3+ ions. The five 3d states split into three t,, states and two e,
states by ligand field theory in the formation of Mn*"-O octahedron.
Furthermore, each energy state splits into majority (T) and minority
(1) spin, due to strong Hund’s coupling J.x. In the case of Mn*"-O
octahedron, one would have a single electron occupying the egf
doublet, thus leading to a metallic state. However, strong onsite
Coulomb interactions favor the localization of those electrons. The
ensuing entropic cost of the single electron in the doubly degenerate
Mn 3d e, state, provokes the further splitting of the levels into Mn
3d e'g and e%; via a Jahn-Teller (JT) distortion of the octahedron.
Thus, the end compound atx = 0, PrMnO; (PMO) should have fully
occupied Mn 3d €', orbitals, realizing a Mott insulator state with a
correlation gap driven by Coulomb repulsion and JT distortion
(Fig. 2(b)). To assist our discussion, we show in Fig. 2(b) a
schematic representation of the electronic structure of PCMO and
PMO*~*". However, this diagram is only approximate, since spin,
orbital, charge and lattice degrees of freedom are active in
manganites, hence the precise determination of their electronic
structure remains a formidable problem of strongly correlated
physics'>'*. The Mott insulator states of early or late transition
metal oxides are often classified as Mott-Hubbard or charge
transfer insulators. Mn is, however, an intermediate case, and the
top of the O 2p and Mn 3d e'; bands overlap in energy and are
strongly hybridized. Upon chemical doping the Mott insulator, as
in Pry,Cay 3MnOs, there is a mixed valance state Mn**/Mn*" where
the holes are doped into both, the O 2p and Mn 3d e'; bands.
However, due to strong interactions, these holes do not yield a
metallic state but a correlated semiconductor, with a vanishing
density of states at the Fermi energy, possibly due to orbital or
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Figure 1| A scheme of sample preparation and the resistive switching behavior. (a) Scheme of sample preparation for measurement. HRS and LRS
regions of 2 mm X 2 mm were defined on the PCMO surface of a single sample using Cu tape. A W tip was used to switch 500 points densely distributed
in the HRS region. The diameter of the tip was around 5 pm. The HRS region was switched to high resistance after the 1 and 2 sweep in the I-V

characteristic, while the LRS region has already a low resistance in the initial state. (b) I-V characteristic of PCMO/Pt structure in a DC voltage sweep of =

4 V and compliance current of 100 mA (top).
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Figure 2 | A scheme of Mn 3d electronic structure and Pr,, ;Cay ;MnO; band structure of LRS and HRS. (a) The scheme of the Mn 3d electronic
structure of Mn’*-O*~ and Mn**-O’~ octahedron. The crystal field splitting (10 Dq) separates t,, from e levels. In the Mn’*-O’~ octahedron, JT
distortion further lifts the degeneracy of the e, levels. (b) A schematic of the density of states of the Mott-Hubbard insulator HRS Pr, ;Cap sMnOj3 (the
band splitting is induced by strong correlation effects) with a gap (as would be expected for the "parent compound" PrMnOj3), and the hole-doped
correlated semiconductor LRS Prj ;Cay sMnO3;. The shaded (unshaded) part corresponds to the occupied (empty) density of states measured in the UPS
(NEXAFS) spectrum. (c) The UPS data of the LRS and HRS. (d) The NEXAFS data of the LRS and HRS.

charge short-ranged order, or some other type of spatial correlations
(Fig. 2(b))***.

Ultraviolet photoelectron spectroscopy and near edge x-ray
absorption fine structure of HRS and LRS on PCMO surface.
Figure 2 (c) and (d) respectively show ultraviolet photoelectron
spectroscopy (UPS) (valence band), and O 1s near edge x-ray
absorption fine structure (NEXAFS) data of the LRS and HRS of
PCMO. The UPS spectrum of the initial LRS reveals a bandwidth
of approximately 10 eV, and the valence bands were labeled as a, b, ¢
and d. They are respectively associated with contributions from:
hybridization states of Mn 3d - O 2p (a), O 2p non-bonding states
(b), Mn t,T and Pr 4f states (c), and Mn 3d e'g] states (d)***.
Interestingly, after inducing the resistive change by electric pulsing,
the UPS signal of the resulting HRS reveals significant changes. The
spectrum shows a notable decrease in the intensity of the O 2p band
(b) and an upward energy shift of the edge E, ie to lower binding
energy, of ~0.35 eV (indicated by an arrow). Both changes are
consistent with the increase of oxygen vacancies by a voltage-
induced reduction, a reduced bond-binding energy from the
missing O coordination, and an increase of the occupation of e',T
states (Fig. 2(b)). On the other hand, the NEXAFS data corresponds

to the absorption associated to the dipole-allowed transition where
an O 1s electron is excited to unoccupied O 2p orbitals (Fig. 2(d)).
The signal results from the hybridization of the O 2p orbitals with
Mn, Pr and Ca. We assume that the XAS spectrum within the energy
range of 526 to 535 eV is dominated by Mn 3d character, while the
higher-energy region, above 535 eV, is associated to bands with Pr
and Ca character’. In the initial LRS, the O 1s NEXAFS shows a
prominent absorption peak (A), ascribed to the partially empty (hole
doped) e'¢T, and also to the fully empty t,,| and e?;] bands (with t,¢|
states being the main contribution). In addition, there is an
absorption peak of the Mn 3d e's| + €% band around 533 eV***.
The comparison with the corresponding spectra measured in the
HRS reveals interesting changes. The most prominent are the
virtual disappearance of the feature A and the increase of the
spectral weight of peak B. They are also consistent with the
increase in the concentration of oxygen vacancies on the surface of
the HRS. Doping by oxygen vacancies can be effectively considered to
reduce the nominal hole doping of the system, as electrons are
"released" by the missing oxygen ion. In fact, those electrons go to
fill-up the lower-energy empty states of the hole doped PCMO, which
are mainly the Mn 3d e', just above the Fermi energy, therefore
producing the decrease of the absorption peak (A). The second
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surprising feature revealed by the HRS data is the increase in the
intensity of the peak B. These features can be associated to the on-
site Coulomb interaction U due to double occupation. In fact, we note
that the decrease of the absorption peak A appears to be rather large
to be solely due to the change in occupation (ie the electronic filling-
up) of e',1 (and also €’,T and t,,]) states (see Fig. 2a, b and d). On the
other hand, the significant increase in the intensity of peak B can be
interpreted as due to the Coulomb shift of the t,4| band with weight
transferred from A, ie is associated to the Mott gap opening
phenomenon®>. Moreover, the change in Mn 3d occupation is
confirmed by Mn L-edge absorption (See Fig. S1 of on-line
supplementary information). The Mn-L; and Mn-L, peaks shift to
lower energy (due to chemical shift of Mn 2p) and the intensity ratio
I(L3)/I(L,) increase, consistent with a decrease of the hole carrier
concentration by reduction. The intensity ratio of Mn-L; and Mn-
L, indicates a valence state distribution of Mn ion in manganese
oxides.

As we just argued, the systematic changes observed in the spectra
of resistive switched PCMO are consistent with a voltage induced
surface reduction, that is, with the increase in the concentration of
oxygen vacancies in the HRS. This reduction implies a decrease in the
nominal hole-doping concentration, x= 0.3. So a question that
emerges is whether this decrease in the doping level may be large
enough to drive the system to the Mott-Hubbard insulator state,
which should occur for Prq;Cag3MnQO;-y, with y = 0.15, and the
consequent opening of the correlation gap A. As we shall see next, the
distribution of oxygen vacancies will be very inhomogeneous in the
HRS. This may enable the system to locally achieve the level of
concentration of oxygen vacancies (~0.15/3 = 0.05, ie 5%) that
are required to reach the Mott state.

Spectromicroscopy and NEXAFS observation: Mott gap opening.
It is well established that the RS phenomena are spatially
inhomogeneous; therefore, to address the previous question we
turn to an experiment aimed at exploring the spatial distribution of
resistive switched regions on the sample surface. We individually
switched 500 points on the surface of the sample as shown in
Fig. 1(a), and subsequently performed a spectromicroscopy (SPEM)
study by micro-beam NEXAFS at the locally switched regions. This is
also an important crosscheck of the NEXAFS data shown in Fig. 2, as
the HRS may contain spurious spectral contributions of the LRS due
to the larger spot size. The SPEM image was obtained by measuring

@)

2006200

- 20

e e T R A S o A e o ot g
2 & & B 10 12 14 15 18 20 22 24 J6 28 20 32 34 3¢ 33 &0
e —————————————————

the spatial distribution of absorption of the horizontally polarized
beam. The energy of the incident beam in the SPEM measurement
was tuned at 529 eV to obtain a map of the distribution of the HRS
and the LRS regions. The spatial resolution of the SPEM (ie, the size
of the spot) was about 500 nm X 300 nm. As shown in the Fig. 3(a),
the image of the sample reveals significant spatial inhomogeneity.
The dark regions, with observed typical sizes of about 2~5 pm,
indicate the HRS and therefore should correspond to higher
concentration of oxygen vacancies. Figure 3 displays the full
spectrum of O 1s NEXAFS obtained with the micro beam at two
different locations, a spot inside the dark region (HRS) and one inside
the bright region (LRS). As may be expected, the spectra measured
within the dark and bright regions show good overall agreement with
the respective HRS and LRS NEXAFS data of Fig. 2(d). We also
observed, nevertheless, a significant difference in the location of the
conduction band edges of the HRS and LRS of Fig. 3(b) with respect
to Fig. 2(d). While in the latter case both band edges occur at about
the same energy (528 eV), in the former case the HRS band edge is
shifted around 0.7 eV upwards with respect to that of the LRS. The
difference stems from the fact that with the local SPEM measurement
we obtain the pure NEXAFS spectral contribution of solely the HRS,
without "mixing" with the LRS. The shift corresponds to the
observation of the clean Mott gap that we discussed before. As a
further consistency check of our data, we used the NEXAFS spectra
of Fig. 3(b) to simulate the HRS data of Fig. 2(d) as a linear
combination of the two “pure” spectra (See Fig. S2 of on-line
supplementary information).

Discussion

The spectroscopic study done directly on the bare surface of PCMO
allowed us to demonstrate that strong correlation effects are involved
in resistive switching phenomena of this compound. Importantly,
they can be of high leverage value in enhancing the switching effect,
as observed in the sharp transitions of the [-V curves, with conduc-
tance jumps of more than an order of magnitude. As suggested by the
analysis of our data, the transition may be due to the electric field-
induced doping-control of a Mott insulator. It is important to dis-
tinguish that our doping mechanism is different low-temperature
electrostatic-doping done in field effect transistor devices with a
transition metal oxide channel®. Here the induced doping is
achieved at room temperature, is non-volatile and approximately
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Figure 3 | SPEctroMicroscopy image and O 1s NEXAFS on LRS and HRS region. (a) The imaged PCMO surface by a micro-beam scan with incident
energy of 529 eV. The pixel sizeis 1 pm X 1 um. (b) The NEXAFS data of O 1s absorption at a spot in the dark region (HRS), and at a spot in the bright
region (LRS). For reliable local area measurement, the range of energy was limited to 15 eV due to a depth of focus.
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reversible. In fact, we have checked that switching the system back to
the LRS gives a NEXAFS spectrum that is qualitatively similar to the
initial one, however the recovery is not fully complete due to a degra-
dation effect (See Fig. S3 of on-line supplementary information). This
shortcoming is quite generally observed in resistive switching phe-
nomena, and represents a potential technological problem for even-
tual practical applications.

Several exciting questions still remain open, for instance, whether
the reduced HRS may be an orbitally or magnetically ordered state, or
if it is mainly dominated by disorder. However, perhaps the most
pressing issue ahead is to find out whether strong correlation effects
in resistive switching of correlated transition metal oxides is a generic
feature; and, in that case, whether it may be controlled and exploited
to open the route for new exciting strongly correlated oxide elec-
tronic devices.

Methods

The sample consisted in 240 nm thick film of PCMO with preferred orientation
(112)/(020) fabricated by rf magnetron sputtering on a Pt(111)/Ti/SiO,/Si substrate.
The background pressure in the sputter chamber was lower than 1.0 X 107 torr, and
the deposition conditions of power, substrate temperature, deposition pressure, and
Ar::0, ratio were 100 W, 500°C, 1 mtorr, and 4::1, respectively. The film thickness
and the phase formation and crystallinity were confirmed by scanning electron
microscopy (SEM: JSM-600F, JEOL) and X-ray diffractometry (XRD, D/MAX-2000,
Rigaku) with Cu K,, radiation, respectively. The resistance switching behavior of the
PCMO film was measured using a two-probe measurement system with an Agilent
B1500A semiconductor device analyzer. All measurements were performed at room
temperature.

The experimental setup is shown in Fig. 1(a). After switching the PCMO film in air,
it was investigated using O 1s NEXAFS and UPS (He I radiation of 21.22 eV) in the
ultra high vacuum chamber of the 8A2 beam line at Pohang Accelerator Laboratory.
The NEXAFS of the PCMO film within the switched region were measured with
horizontally polarized photons at a normal incidence. The measurement of UPS was
performed with an incident angle of 45° and normal emission to the surface. The size
of the photon beam was under 500 pum, and it was aimed at the switched region with a
CCD camera and a manipulator.

The SPEM experiment was performed on the 8A1 beam-line at the Pohang light
source. Monochromatized x-rays were focused with a Fresnel zone plate. The SPEM
image was obtained by measuring the spatial distribution of absorption of the hori-
zontally polarized beam. The energy of the incident beam in the SPEM measurement
was 529 eV to detect the local HRS region. O 1s NEXAFS of the detected HRS region
was measured by focused x-ray beam. The flux of the beam was about 10° photons s/,
and the spatial resolution of the SPEM (e, the size of the spot) was about 500 nm X
300 nm.
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