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In this paper, we report a room temperature resistive state switching with hysteresis, in a thin film of

GdMnO3 grown on NdGaO3 substrate. The switched states have a resistance ratio �103. The

Resistive switching with hysteresis in oxide materials

and multilayers has been investigated for some time in pur-

suit of a material that can make a Resistive Random Access

Memory (RRAM).1 The main feature of resistive switching

devices is that it has two resistive states of high resistance

state and low resistance state (HRS and LRS) with a particu-

lar threshold voltage VSET. The device switches from a HRS

to a LRS on increment of bias >VSET and returns back to

HRS (from LRS) at a reset bias of VRESET. If the SET and

RESET voltages have the same polarity, it is called unipolar

switching. The mechanism behind this kind of switching is

different for different materials and most noted is the forma-

tion of a conducting filament due to oxygen vacancy migra-

tion,1,2 phase separation in transition metal oxides,3,4 and

Schottky barrier effect in metal semiconductor metal devi-

ces.5 In general, switching with hysteresis has been observed

in manganites due to substantial mixed valency of Mn ions

(Mn3þ and Mn4þ) and the oxygen vacancy plays a crucial

role to control the valence state. Modifications of oxygen va-

cancy by the applied field has been proposed as the cause of

such switching.6,7 In undoped materials like SrTiO3 (that has

a fixed valency for the transition metal ion), the observed

resistive switching needs much larger threshold field and the

switching with memory (or hysteresis) was related to manip-

ulation of oxygen vacancies by the applied field.8 Thus, the

switching phenomena (with hysteresis) reported earlier has

predominantly an ionic origin.

In this paper, we report a bias driven switching of resis-

tive states in a thin film of GdMnO3 (GMO) at room temper-

ature. The switching is unipolar and bi-stable in nature. Such

a switching of resistance states in undoped manganite

GdMnO3 has not been reported. We show that it is likely to

arise from a bias driven percolation transition from a polar-

onic insulating state (HRS) to a metallic (LRS) state at a low

threshold voltage VSET� 2.5 V and at a low threshold field

E� 100 V/cm. The on-off ratio ( ION

IOFF
) of the switching is

nearly 103. The reverse transition to the HRS occurs for a

low VRESET� 0.25 V. The values of SET and RESET voltages

are very low compared to switching seen in other manganites

and oxides which in cases can even be tens of voltage or

more and with high electric field (103–105 V/cm).3,8–10 The

observed transition is proposed to be electronic in nature.

We explain the observed phenomena due to phase coexis-

tence of an insulating and metallic phase nucleated by

dynamic charge disproportionation that can occur in

undoped manganites due to charge transfer.10,11 We will

explain below that the switching occurs due to a field driven

percolative transition between the polaronic insulating and

the bad metallic state where the applied field changes the

mobile metallic fraction. Such an electronic transition with

hysteresis based on the proposed mechanism is a phenom-

enon that has not been observed before. This observation

gives the possibility to make a planar resistive switching de-

vice on GdMnO3 thin film (current in plane) with low opera-

tive bias.

GMO film with orthorhombic crystal structure was de-

posited on NdGaO3 (NGO) single crystal substrate (with

(001) orientation) by Radio Frequency (RF) magnetron sput-

tering using a mixed target made of stoichiometric mixture

of Gd2O3 and MnO2. The thickness of the film is nearly

10 nm as measured by the ellipsometry data. X-ray diffrac-

tion was done on the film to confirm the formation of the

orthorhombic phase.12 The AFM image of the film (in Fig.

1(a)) shows an island type growth with an average grain size

�30 nm. Energy Dispersive X-ray analysis (EDAX) of the

film shows that the Gd:Mn ratio is close to that expected

from a stoichiometric sample of GdMnO3.

Electrical measurement was done using four Au/Ti

metal pads of area 1 mm square with distance between pads

�250 lm. The temperature dependent resistivity (q) was

measured using a standard collinear four probe configuration

(shown in Fig. 1(b)) both in the HRS as well as in the LRS in

a cryogen free system using source meters. The bipolar

switching data are shown in Fig. 2(a), which show the meas-

ured I–V curves of the sample taken with the bias from �8 V
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switching is unipolar in nature, with a low set voltage <3 V, while the reset voltage <0.3 V. The

switching occurs between a high resistance polaronic insulating state and a low resistance metallic

state. The resistance state transition has been ascribed to an electronic mechanism that originates from

co-existing phases (created by charge disproportionation) that can undergo a percolative transition

enabled by the applied bias.
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to þ8 V at room temperature. The applied bias V is varied in

steps of 10 mV. It can be seen that at a certain bias (VSET)

the current through the sample switches nearly three orders

in magnitude from one tenth of a lA to one tenth of a mA.

The state carrying low current is the HRS while that carrying

high current is the LRS. We will show below that the

observed switching occurs between two stable states where

the HRS state shows an activated transport as in an insulator

while the LRS state is a metallic state although having high

resistivity with a value around the Mott limit.13

The voltage at which the system switches from the HRS

to LRS is called here as SET bias (VþSET for positive cycle

and V�SET for negative cycle) and VþSET� 2.5 V (shown in

Fig. 2(a)). The system remains in this state up to the highest

bias applied (þ8 V). The switching from HRS to LRS is

extremely sharp and occurs within one step of the applied

bias (10 mV). When the bias is reduced again back to zero,

the sample state stays in the LRS state for V � VþSET and

switches back to the HRS state at a much smaller bias of

�0.25 V (which we call VþRESET).

Due to the symmetric nature of the electrodes, the

switching is symmetric and similar resistive jump is also

observed in the negative bias cycle at a defined bias which

we mark as V�SET where the absolute values of V�SET is

close to that of VþSET. On reducing the negative bias to zero,

the LRS state is retained and transition to the HRS occurs at

much smaller bias (V�RESET) which also has similar absolute

value close to VþRESET.

The observed switching that occurs between the two re-

sistance states are very sharp as noted before. It is also uni-

polar switching as the polarity of the SET and RESET biases

are same and the resistance jump occurs symmetrically in

both positive and negative bias. Importantly, the resistive

state switching maintains a substantial hysteresis in the I–V
curves between the VSET and VRESET, because the two biases

VSET and VRESET are well separated (VSET/VRESET� 10).

The large difference between the two resistive states

(RHRS/RLRS� 103) is maintained almost over the whole bias

window between VSET and VRESET. Even at a bias just above

VRESET, the ratio RHRS/RLRS stays high. We have repeated

I–V measurement over many cycles and each time we get the

two state transition which establishes the reproducibility of

the switching phenomena. Between cycle to cycle there is

some wandering of the biases VSET and VRESET by 60.75 V

and 60.05 V, respectively. However, the cycle to cycle won-

dering is random and it does not cause a problem in fixing a

suitable READ voltage between the window of SET and

RESET voltages.

The observed switching phenomena have a number of

features that make it extremely attractive as a memory de-

vice. These are: (a) Low values of VSET and VRESET, (b) large

window of bias over which the hysteresis occurs, (c) low

value of VRESET that allows for a low READ bias, (d) a rather

high RHRS/RLRS ratio, (e) sharpness of the transition, and (f) a

simple device structure. We also find that time of transition

is limited by the instrumental resolution and is probably

much faster than the instrumental limited time of 300 ms.

The two resistance states have different characteristics

dependence on bias (see Fig. 2(b)). The HRS state shows an

ohmic conduction with negligible non-linearity (I / V).

However, the LRS state though ohmic has a non-linear char-

acteristics (I / Vn with n� 1.4). This non-linearity does not

arise from heating. This is because as we will show below,

the LRS has a metallic dependence of resistance (R) on tem-

perature (T) where R increases with T. If heating would have

been the cause of non-linearity, n should be <1. The non-

linearity may arise due to phase co-existence of two electron-

ically distinct phases with different resistivities where the

relative ratio can change with bias.10

The bistable nature of the two states was established by

the following experiment where we showed that the system

stability is determined only by the biases (VSET and VRESET)

and not by the dwell time as is shown in Fig. 3. We measured

the current as a function of time with different applied biases

FIG. 1. (a) Surface topography of the GdMnO3 film taken by AFM. (b) The

schematic diagram for 4-probe resistivity measurement. Two inner probes

measure the voltage VS and we applied bias (V) at the two end probes.

Resistance is calculated dividing VS by series current I.

FIG. 2. (a) I–V curve of the GdMnO3 film with positive and negative bias;

blue arrows showing the SET voltage and green arrows showing the RESET

voltage. (b) Power dependence of the I–V curve.



(V � VþSET to V>VþSET). For instance, for biases below

VþSET (e.g., 0.1, 0.5, and 1 V), the current remains constant

over the duration of measurements and shows no drift or

resistive switching. It shows that the HRS is stable as long as

V<VþSET. When we apply a switching voltage (VþSET

which is marked by blue arrow in Fig. 3) at t� 100 s (before

the bias was at V<VSET), the current immediately shows a

jump by nearly 3 orders to LRS. As long as the bias is not

changed back to below VþRESET, the LRS state is maintained

and it is independent of time. Thus, the LRS like the HRS

state is also a stable state.

In certain cases of switching in oxides, particularly where

it happens at a much higher bias in excess of tens of voltage

or even more, Joule heating could be a factor to reckon with.

In our experiment, we rule out the effect of Joule heating as

the resistance in the switched state does not show any drift.10

The power at the time of switching is 250 lW (see Fig. 2(a)).

The maximum temperature rise DT was estimated to be

�2.5 K, which was calculated using the thermal boundary re-

sistance between the substrate and the thermal bath. The tem-

perature rise DT is thus too small to be of any relevance.

The observed resistive state transition occurs between a

metallic (LRS) and insulating (HRS) sate. We established

this by directly measuring the temperature dependence of re-

sistivity (q). The collinear 4-probe arrangements (see Fig.

1(b)) allow us to measure q in the two resistance states as a

function of T. The data taken on the HRS state as well as the

LRS state are shown in Fig. 4. Where we show the resistivity

q as a function of T measured with a bias of 1 V which is

<VþSET. The resistance increases on cooling and reaches a

compliance limited range below 180 K (The noise in the data

is due to the compliance limit). The temperature dependence

of q for the HRS state is activated as is expected in an insula-

tor. The switching occurs at room temperature and around it

only. In the same graph, we show the temperature depend-

ence of (q) measured down to 40 K in the LRS state that has

been created at room temperature by applying a bias of

V>VþSET. The data taken with a bias of 6 V are shown in

Fig. 4. It can be seen that in the LRS the q-T curve is similar

to that of a high resistive metal with dq
dT > 0. The shallow T

dependence of q in the LRS is not discernable in Fig. 4 that

has a log scale for the y-axis. q–T data establish that two

bistable states are qualitatively different; one being a metal

(bad though it is) while the other is an insulator. From Fig. 4,

we find that the difference in q between LRS and HRS is

nearly three order at room temperature and it increase to

nearly 5 order at low temperature which is extremely large.

To find out the nature of the transport in the insulating

HRS, we fit the q–T with adiabatic polaronic model

q ¼ q0HT exp
Ea

jBT

� �
; (1)

where q0H is related to the hopping frequency, length, and

dimensionality and Ea is the activation energy. The data are

shown in Fig. 5(a). The activation energy Ea� 230 meV

which is comparable to previously reported rare earth man-

ganites.14 Temperature dependent resistivity in HRS is due

to site to site hopping of eg conduction electron in Mn3þ as

one expects in undoped manganites.

FIG. 3. Time dependent current measurement with different biases.

FIG. 4. q–T measurement with different biases showing the temperature de-

pendent resistivities in the two states.

FIG. 5. (a) Adiabatic polaronic fit to q–T curve in HRS. (b) Linear fit to q–T
curve in LRS.



From Fig. 5(b), we show q as a function of T in the LRS

state which shows a metallic behaviour. Though dq
dT is posi-

tive but the change in Dq is not very large between 300 K

and 50 K which is similar to that found in many highly resis-

tive metallic oxides.15 We fitted the q–T curve with

q ¼ q0L þ ATm; (2)

where q0L is the residual resistivity. The power m was found

to be �1 from fit to the data, as one would expect in a metal.

q0L� 60 m X cm in the LRS and is comparable to but greater

than that generally found in metallic oxide films.15 From

Figs. 5(a) and 5(b), it is clear that the two states between

which the transition occurs are distinct electronically as the

HRS is a polaronic insulator state while LRS is a metallic

one. On the application of switching voltage (VSET), there is

an insulator to metal transition mediated by the electric field.

The switching in the present investigation has been seen

in a planar configuration of electrodes where the current is in

plane (CIP) of the film and the electrodes play no role in the

observed switching phenomena. The measurement of the 4-

probe resistivity establishes that the switched states that

show insulting/metallic behavior are in the bulk of the film

and are not in electrode region. (The voltage electrodes were

separated from the current electrodes by at least 250 lm.)

The observed switching in the GdMnO3 film between

two bi-stable states (one insulator and other metal) is of qual-

itatively different nature than the switching observed before

in oxides including manganites, as discussed before. In the

present investigation as we will argue below, it appears that

the resistance state switching originates from an electronic

origin where the bi-stability is ensured by the existence of an

inherent electronic phase separation in undoped manganites

that may arise due to charge disproportionation. Existence of

such charge disproportionation in undoped manganites has

been proposed theoretically12and was found to be the origin

of electric field driven destabilization of the insulating state

in nominally pure LaMnO3.

It is noted that GdMnO3, even if it is substantially hole

doped, does not show a metallic state unlike LaMnO3, which

on optimal hole doping (i.e., creation of adequate Mn4þ)

leads to a metallic ferromagnetic state. This is due to the nar-

row band width in GdMnO3 that originates from relatively

smaller ionic size of Gd ions. Thus, the observation of a sta-

ble metallic state in pure GdMnO3 created by a field is truly

fascinating.

We propose the following scenario as a model for the

bistable resistive state switching where the transition

between the metallic and insulating states is described as a

percolative transition between two coexisting phases. These

phases (insulating and bad metallic) co-exist due to dynamic

charge disproportionation effect in: Mn3þþMn3þ!
Mn4þþMn2þ which is proposed previously by many

researches.11,16 Mn2þ – Mn4þ makes an electron-hole pair

(E-H droplets) and the effect of electric field is to de-pin this

pair and increase the mobile metallic fraction (Mn4þ) which

destabilise the pure polaronic insulating state. The observed

switching in GdMnO3 to the metallic state is enabled by the

mobile metallic fraction (f) which can have an activated field

dependence10

f ðEÞ ¼ CðTÞexp
�E0

E

� �
; (3)

where E0 is the threshold field for depinning of the E-H drop-

lets and the constant C(T) contains any temperature depend-

ent effects. E is the field that arises from the applied bias.

The applied field can increase the mobile (metallic) fraction

f such that it goes through a percolation transition. This can

be evaluated using a two-phase model

qobs ¼
qinsqm

ð1� f Þqm þ fqins

; (4)

where qins and qm are the resistivities in HRS and LRS,

respectively, at 300 K (shown in Fig. 5).

The variation of f with the electric field (E) has been

obtained by using the I–V curve (Fig. 2(a)) and is shown in

Fig. 6. Since qins and qm are known experimentally, f can be

determined from the fit as a function of E. The fraction f
below the threshold field (E� 100 V/cm) is low but above

the threshold (determined by VSET), it shows an activated

behavior with the applied field E. The fit to the f vs. E data to

the activated behavior is shown in the Fig. 6.

The experimental evidence observed shows a dilute me-

tallic phase in GdMnO3 which is the depinned E-H droplets

was found in hexagonal GdMnO3 thin film grown in low O2

pressure by XPS study.17 In this case, the E-H droplet is stoi-

chiometry driven due to oxygen pressure. In our case,

GdMnO3 has an orthorhombic structure and the existence of

such E-H droplets due to oxygen stoichiometry is also possi-

ble. But this is distinct from E-H droplet formation by charge

disproportionation.11 The charge disproportionation in man-

ganites arises from charge transfer instabilities and such E-H

droplet formed can have a metastable structure due to

electron-lattice relaxation. This can lead to existence of a

two level system which in turn can give rise to bi-stability

between the two distinct resistive states.

In conclusion, we have observed a bias driven insulator-

metal transition (with hysteresis) at room temperature in a thin

film of GdMnO3, which leads to a resistive state transition.

The observed resistive switching transition is bi-stable in na-

ture and occurs with a low threshold voltage Vth� 2.5 V. The

on-off ratio ( ION

IOFF
) of the switching is nearly 103. The resistivity

in the HRS state shows conventional polaronic insulating

FIG. 6. Fraction f vs. electric field E in increasing and decreasing field

sequence. f vs. E fitted with an activated dependence on E.



behavior while resistivity shows bad metallic behavior in LRS

state. The observed transition is electronic in nature. We pro-

posed to explain the observed phenomena due to phase coex-

istence of an insulating and metallic phase nucleated by

dynamic charge disproportionation effect. The transition

occurs due to a field driven percolative transition between the

polaronic insulating and the bad metallic state, where the

applied field changes the mobile metallic fraction.

The observation of this phenomena in undoped

GdMnO3 at room temperature with rather low values of

both VSET and VRESET and high ION

IOFF
opens up the possibility

to make a simple switching device using standard

micro-fabrication tools.
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