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We show that the magnetic properties of a dilute semiconductor oxide can be altered in a reversible

and non-volatile manner by the application of an electric field. The selected ferromagnetic oxide

was manganese-substituted zinc oxide. Bipolar resistive memory switching was induced in the film

sandwiched between two metallic electrodes. The bistable switching of the resistive state was

accompanied by a bistable switching of the magnetic moment. The scalability of the system was

investigated by fabricating devices with lateral size down to 400 nm. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4865428]

The electrical control of the magnetic properties of a

material is a fascinating possibility. It has indeed been dem-

onstrated that large electric fields, applied through an insulat-

ing gate, can alter the magnetic properties of ferromagnetic

semiconductor films,1–4 as well as ferromagnetic metallic

films.5–8 In semiconductors, the effect relies on the capability

of the electric field to alter the distribution profile of the elec-

trical carriers, whereas in metallic films the electric field

alters the magnetocrystalline anisotropy at the surfaces of

the films. In both cases, the application of a large electric

field is required. Besides, when the voltage at the gate is

removed, the system returns in its original magnetic state.

However, it would be desirable to have a material that retains

the induced magnetic state when the electric field is

removed. In other words, the system should behave as a

memristor,9–11 in which the state variable is the magnetic

moment instead of, or in addition to, the resistance.

For this purpose, Mn-substituted ZnO (ZMO) provides a

unique opportunity to engineer such a system. This is

because, in this compound, magnetism is due to the forma-

tion of bound polarons,12,13 and therefore, the magnetic

moment is a function of the concentration of oxygen vacan-

cies, which provide the majority of the carriers. At the same

time, ZMO is known14 to show interface-type memristive

switching, which means oxygen vacancies can be uniformly

displaced under the action of an applied electric field.

Here, we demonstrate that a non-volatile electrical

switching of resistance and magnetic moment coexist in

memristive devices based on ZMO. The oxide films were

sandwiched between two metallic electrodes for electrical

connection. A bipolar electric field was used to switch the re-

sistance between two stable states. The magnetic characteri-

zation of large film-devices showed that different resistive

states correspond to different magnetic states.

The studied system consists of 2% Mn-substituted ZnO

films sandwiched between two Pt electrodes (Fig. 1(a)). The

trilayers were grown at room temperature, without breaking

vacuum, on Al2O3 h0001i crystal substrates by using a

pulsed KrF excimer laser (k¼ 248 nm) with a repetition rate

of 10 Hz and energy 300 mJ. The Pt films were grown in

high vacuum (10�5 millibar) whereas the oxide films were

grown in 0.4 millibar oxygen partial pressure. A complete

characterization of the oxide films has been published

elsewhere.15,16

We prepared both unpatterned Pt (100 nm)/MnZnO

(t nm)/Pt (200 nm) film-devices of size 5 mm2 and t¼ 120,

360, 600 nm and patterned devices with t¼ 120 nm and size

ranging from 0.4� 0.4 lm2 to 200� 200 lm2. Devices were

patterned out of Pt (100 nm)/MnZnO (120 nm)/Pt (20 nm)

trilayers by using standard lithographic processes.

Photolithography and electron beam lithography were

employed, respectively, for the fabrication of micron and

sub-micron devices. The devices were isolated one from

the other by sputter-deposited SiO2. A 200 nm-thick Pt

counter-electrode was deposited and defined by lift-off. The

devices could be independently biased. In the following, pos-

itive current means current flowing from the bottom to the

top Pt electrode.

Fig. 1 shows the typical electrical behavior of an unpat-

terned film-device with t¼ 120 nm. The as-prepared devices

showed a rectifying current-voltage (I–V) characteristic

(Fig. 1(b)), the polarity of which revealed that the electrical

behavior was dominated by a Schottky-like interface

between the bottom Pt and the ZMO. Atomic force micro-

scope measurements conducted on single Pt and Pt/ZMO

bilayers showed that the roughness at the bottom Pt/ZMO

interface was 0.4 nm, whereas the roughness at the top

ZMO/Pt interface was one order of magnitude larger. It is

well known17 that the formation of Schottky contacts at

metal/ZnO interfaces requires sharp interfaces. As the inter-

face roughness increases, so does the number of ZnO surface

defects due to surface termination. These surface defects

behave as electrically active sites in the depletion layer,

therefore reducing the barrier height. In agreement with thisa)Electronic mail: aruotolo@cityu.edu.hk
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scenario, in our system a Schottky-like barrier is formed at

the bottom interface with the top interface behaving as an

ohmic contact.

After an irreversible forming step, which occurs at

�10 V in reverse bias, the I–V curve becomes hysteretic

(Fig. 1(c)), with a change of resistance between the two

states as high as 830%. When a reverse threshold current is

reached, the I–V shows a negative differential resistance, a

typical feature of ionic memristors,18–24 and its resistance

decreases with increasing current. When a forward threshold

current is reached the system switches sharply from a low

resistive state (LRS) to a high resistive state (HRS). The hys-

teresis is stable over repeated sweeps.

Electroresistive switching in oxide semiconductors can

have different physical origins. In order to identify the domi-

nant physical mechanism behind the resistive switching in

our devices, we first compared the hysteretic I–V curves of

film devices with different thicknesses of the semiconducting

film (Fig. 2). The threshold voltage increases with the film

thickness but not the switching threshold current. This sug-

gests that the effect is confined near the Schottky interface

and increasing the film thickness only increases the series re-

sistance. In order to understand whether the effect is uniform

under the interface, we fixed the film thickness at 120 nm

and patterned devices of size ranging from 0.4� 0.4 lm2 to

200� 200 lm2. The typical I–V characteristic of the pat-

terned devices was very similar in shape to that measured in

extended films (Fig. 3 inset). The log-log plot of the device

static resistance as a function of the area (Fig. 3) shows a

typical ohmic relationship, with a linear negative slope. This

behavior confirms that the effect is uniform under the inter-

face and it is not due to the formation of nano-filaments. In

fact, since nano-filaments provide a short path for the cur-

rent, the resistance of filamentary-type memristors is weakly

dependent on the device size.25 Let us point out that the inset

of Fig. 3 shows five consecutive sweeps of the I–V. Like in

the case of unpatterned film devices, patterned devices show

no appreciable degradation of the electrical properties over

hundreds of consecutive sweeps.

FIG. 1. (a) Schematic representation of the studied system; (b) The as-grown I–V characteristic of a 5 mm2-wide, 120 nm-thick Zn0.98Mn0.02O film device; (c)

Bipolar d.c. I–V switching operation of the same film device. The inset shows the current dependence of the resistance change ratio, as calculated from the

bipolar switching loop.

FIG. 2. Resistive switching of devices with different Zn0.98Mn0.02O

thicknesses.

FIG. 3. Area-dependent resistance in the two states. The resistance was

measured at a bias current of J¼ 1 A/cm2. Inset shows five consecutive

sweeps of the I–V curve of a 75� 75 lm2 device patterned out from a

120 nm thick Zn0.98Mn0.02O.
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The capability of the devices to retain the resistive state

allows one to disconnect the sample from the electrical cir-

cuit and measure the magnetization loop of unpatterned film-

devices in a magnetometer. We first measured the full mag-

netization loop of the samples at room temperature in the

two states (Fig. 4). The shown hysteresis loops were

extracted from those recorded by subtracting the measured

linear contribution of the substrate.

Each substrate contained only one 5 mm2 device. The

loop was first measured at room temperature (Fig. 4(a))

when the sample was in the HRS. Subsequently, the sample

was set in the LRS. The electrical circuit was disconnected

and the magnetization loop was measured again. We found a

reduction of the magnetic moment by 40% in samples with a

thickness of ZMO of 120 nm. In order to verify the revers-

ibility of the magnetic switching, the sample was connected

again to the electrical circuit to reset it in the HRS. Indeed

the original magnetic moment could be totally recovered. A

reversible switching of the resistive state corresponds to a re-

versible switch of the magnetic state. The measurement was

repeated at low temperature and in films with different thick-

ness. In Fig. 4(b) we report the magnetization without nor-

malizing to the volume to better show that the change of

magnetic moment at saturation ðDMSÞ is independent on the

film thickness, thus confirming that the effect is confined to a

specific thickness below the Schottky interface, in agreement

with the behavior shown in Fig. 2.

Our system bears remarkable resemblance with the

voltage-gated devices proposed by other authors1–4 to con-

trol magnetism in magnetic semiconductors, except non-

volatility is added. Similarly to other semiconductors,

magnetism in ZMO is carrier mediated.12,13 A depletion of

the carriers along the film thickness results in a reduction of

the magnetic interaction. If the dominant carriers are oxygen

vacancies, changing the distribution of the oxygen vacancies

results in a change of the magnetic order. In the case of

ZMO, coercivity and remanence are always very small and,

therefore, hard to estimate in very thin films. The confine-

ment of the effect over a specific thickness below the inter-

face hinders us from making a comparison between the

values of these parameters in the two states, leaving the mag-

netic moment as the only reliable parameter to describe the

magnetic order.

Besides non-volatility, another difference between our sys-

tem and those previously proposed is that in our case the effect

seems to be confined to a specific thickness below the Schottky

interface. In similar systems, it has been demonstrated21,22 that

the effect is confined over the length-scale of the space-charge

region (depletion layer) of the Schottky diode, where most of

the electric field falls. The width (W) of the depletion layer can

be estimated by assuming valid the textbook Schottky diode

model. In a Schottky diode26 W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�VB0=qN

p
, with VB0 the

built-in potential and N the carrier concentration. VB0 and N can

be estimated by measuring the capacitance vs voltage (C–V) in

reverse bias:21,26 1=C2 ¼ 2ðVB0 � VÞ=q�N. By assuming a

dielectric constant27 � ¼ 8:6�0, we estimated WHRS¼ 50 nm

and WLRS¼ 4 nm, corresponding to built-in potentials

VB0,LRS¼ 0.5 V and VB0,HRS¼ 0.7 V, and carrier concentrations

NHRS¼ 2� 1017 cm�3 and NLRS¼ 3� 1019 cm�3 in the low

and high resistive states, respectively. In the film-device with

oxide thickness t¼ 120 nm, the relative change in width of the

depletion layer is DW=t ¼ ðWHRS �WLRSÞ=t � WHRS=
t ¼ 40%, in agreement with the change of magnetic moment.

This makes us conclude that when switching to the LRS, only

the oxygen vacancies in the layer of width WHRS are displaced

and accumulate under the Schottky interface (which becomes

quasi-ohmic), leaving a layer of width WHRS–WLRS highly resis-

tive and paramagnetic. Since magnetism in this compound is

due to formation of bound magnetic polarons,13 i.e., ferromag-

netic alignment between Mn2þ ions is mediated by oxygen

vacancies, depleting this layer of vacancies is equivalent to

destroy ferromagnetic order.

Let us finally point out that the presence of the unaf-

fected layer is unavoidable since a neutral region must

FIG. 4. (a) Magnetization versus in-plane applied field of a 120 nm-thick, 5 mm2-wide film device at T¼ 300 K in both resistive states. (b) The same film de-

vice measured at T¼ 1.8 K and compared with a 380 nm-thick film device. The magnetization was not normalized to the volume to show the confinement of

the effect over the same width, regardless the film thickness.
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necessarily exist in a Schottky diode between the space-

charge region and the ohmic contact.26 This unaffected

region will always contribute with a magnetic background,

as well as a series resistance.

In conclusion, we have induces bipolar resistive memory

switching in Schottky contacts to Mn-doped ZnO films.

Switching the system in the low resistance state is equivalent

to deplete the space-charge region of the diode of oxygen

vacancies, which are the dominant carriers. Since ferromag-

netism in this compound is carrier-mediated, a non-volatile

switching of the resistive state coexists with a non-volatile

switching of the magnetic moment in the depletion layer of

the diode.
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