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Giant resistance switching in metal-insulator-manganite junctions: Evidence for Mott transition
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Heteroepitaxial Ce@80 nm) /L ¢LCa 33MN03(400 nm) film structures have been pulsed laser deposited on
LaAlO3(001) single crystals to fabricate two terminal resistance switching devices. Ag/Cg@Ca 3dMNO3
junctions exhibit reproducible switching between a high resistance $1&8) with insulating properties and
a semiconducting or metallic low resistance s{at@S) with resistance ratios up to 10Reversible electrical
switching is a polar effect achievable both in continuous sweeping mode and in the pulse regime. Successive
temperature crossover of electronic transport from the thermal activation of the deeplgwe320 meVj at
high temperatures to thermal activation of the shallow le€ls=40 me\) and finally at low temperatures to
the regime of temperature independent resistance, usually associated with quantum tunneling, has been found
for the insulating HRS. The temperature dependence of the LRS reveals a para-to-ferromagnetic phase transi-
tion in the Ly g/Cay 3gMIn0O; (LCMO) electrode afl,.=260 K and an anomaly at lower temperatured00 K
corresponding to the Curie temperature of the*Mdepleted part of the LCMO film. Current-voltage charac-
teristics in the LRS are highly nonlinear, and show negative differential conductiviC). We suggest that
the reversible resistance switching ocurrs due to the electric field induced nucleation of filament-type conduct-
ing valence-shifted Ce@lomains inside the insulating Ce@atrix. The abrupt insulator-to-metal transition is
the result of localization of #electronic states in Géions and the subsequent appearance of hole conductivity
in the oxygenp-bands. NDC at low temperatures is relied upon the interband scattering gfdaa@rs from
a low energy, high mobility valley into a high energy valley with low mobility.
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I. INTRODUCTION the insulator is a perovskifé=®> The memory effect was
explained within the Simmons-Verderber moéfelwhere
pwitching is due to storagéigh resistanceand releas@ow
fesistanci of charges in traps in the insulator. It was also
shown that the current density between the top and bottom

states in semiconductotdy ioule heating and cooling. Re- electrode is not uniform but concentrated in a feyv filamen-
Dy g g fary paths which are turned on and off during switchifg.

sistance switching due to a current controlled phase trans ; : ) . .
g p Although no insulating layer is used in Refs. 7-10, it has

tions was observed in crystalline @ and thin film sand- b h that o al it tact
wiches of polymer films show metastable switching due to. een shown that In certain metal-manganite contacts oxygen

: . oo . Is depleted from the manganite surface to form an oxidized
Jzor?lsee.rg:uﬂgie,\rﬂoﬁﬁséggi ;‘;\Vgcguﬁcmﬁz aéi% ottc))se(;\r/ggr_mmetal layer bet'we.en 'm'etal and mangaﬁ?té’his layer may

) " ’ thus act as an intrinsic insulating barrier. A degraded manga-
disorder transitions on the molecular scale was recently o\ face is indeed found in the manganite-based switch-
found in polymer complexesDespite these efforts an indus- " strycture in Ref. 11. Alternatively, the degraded surface
trially viable nonvolatile two-terminal device fulfilling layer may in itself serve as an insulating layer.
bistable voltage controlled switching was lacking. In our view, apart from their memory capabilities, all

In 2000, Liu et al. reported that RrC&3MnOs/  these structures thus involve oxide materials and have a

YBa,Cu;0;-5 heterostructures with Ag electrodes exhibited metal-insulator-oxide build-up. The physics of this class of
reversible, polarity dependent switching by application ofresistance random access mem@RAM) structures is not
short voltage pulses.Subsequent work showed that mostyet fully understood. Earlier switching devices as described
any perovskite could replace 2 iMnO; (PCMO), that above relied on different phase transitions, such as
multilevel switching was feasible and that conventionalamorphous-crystallineand order-disordeérOther resistance
CMOS technology could be used in fabricatio.The ac- change devices rely on, e.g., ferroelectricity. These physical
tual switching mechanism was later shown to be located owrigins of switching can be ruled out for this new class of
the Ag/PCMO interface, possibly due to ion migration, rul- structures due to the choice of materié@®nferroelectriy,
ing out the initial idea that this is a bulk PCMO efféét. due to the absence Gtnown) ordering phenomena, and due
Similar switching effects in Ag/manganite point contacts haso the polarity dependence which is not compatible with
been found by Tulineet al,*! where they speculated that joule heating. Since switching effects exits in contacts of
switching is due to a current driven phase separation in amery different area grain boundary effects are also ruled
oxygen depleted surface layer of the manganite. By introduceut
ing a doped insulating layer between the top metal and the A recent model for the polar switching and memory re-
conducting oxide, Beclet al. showed switching by pulsed, tention in RRAM devices was put forth by Rozenbeigal.
as well as by continuously applied voltage in junctions wherdn which it is assumed that the insulator contains metallic

Developing a two-terminal nonvolatile memory con-
trolled by voltage and current has been a long standing cha
lenge. Early research efforts focused on switching betwee
amorphoughigh resistanceand crystalling(low resistance
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domains of two distinct types: a number of smaller domains
close to the interfaces and a single large bulk dork&bur-
ing switching the occupation of the interface domains
changes and subsequently the tunneling rates in and out of
these domains changes. LaAlO,

To elucidate the roles of the conducting bottom layer and
the insulating barrier in the family of two-terminal RRAM R
devices we have fabricated and characterized novel metal/ O mEE T
oxide-insulator/oxide-conductor (MOC) three-layer e (40) ONEEEECOEE-O-O=m
Ag/CeO/ L ¢LCa 3MNO,/ LaAlO4(001) structures exhibit- meosmamamece ORO
ing reproducible switching between a low resistance state

(LRS) and a high resistance stadRS) with resistance ra- .°-5 SECOEEEENOCEEE®NE

CeO, 80 nm
Lay ¢;Cay 33MnQ; 400 nm

5 EEEEEEEOEEEES oo
SEEEEEEEEEENESSNEESR

. . . . . . [ ] EEEOEEEEEOEN | |
tios up to 18. By inserting a very thick insulating CeO 005 mwummmmOECEEEEsmE
layer, 80 nm, we have succeeded to differentiate between EEESEENOEONEEEEOD
interface and bulk effects in the insulator. o R s
Switching between the HRS and the LRS is obtained by A=16x10% om?
the application of a positive and negative threshold voltage, ¢ 1 Upper panel: Schematic side view of the GHGEEMO
or by repeated pQSItlve and negatwe .pulses for the HRS a ructure deposited on a LaAdCsubstrate with black indicating
the LRS, respectively. Hereafter positive voltage Correspondglver contacts. Lower panel: Schematic top view of contact matrix.

to a positive blas_ appllec_i to the top Ag electrode. The natu_r%pecific contacts are identified by number pairs where the first num-
of the low and high resistance statells probed by eXtenS'VB r is the vertical position in the matrix and the second number is
transpo_rt measurements as a function of temperature aQFTe horizontal position. Quality of dielectric barrier, i.e. {@at 10
magnetic field. Loss tang(_a'nt measurements show that thﬁ—iz, is indicated by the grey scale. Only results from measurements
LRS at room temperatur_e IS s_uccessfully mo_deled as a very, points with tans<<0.05 (black) are presented in this paper.

leaky capacitoflow-Ohmic resistor and capacitor connected

in paralle). The HRS on the other hand, behaves as a high

quality capacitor with highly resistive electrodes. Huge dif-

ferences in resistance and frequency behavior between HR@Sitions 19-67(:%-33'\/'”03 and CeQ_ were ablated using a
and LRS indicate that LCMO surface effects cannot account48 "M KrF excimer Lambda Physik-Compex-102 laser with

for switching in this case and that insulator transport is the? radiation energy density of 5 J/éna_pulse repetition rate
dominating mechanism. of 20 Hz and a substrate-to-target distance of 60 mm. The

Activated temperature dependence of the resistance in thgeposition onto the LaAlgi001) (LAO) single crystal was
HRS is found down te~100 K below which resistance does carried out at an oxygen pressure of 250 mTorr, with a sub-
not increase and quantum tunneling is the dominating transstrate temperature of 730 °C for LCMO and 750 °C for
port mechanism. In the LRS, double peaksRrvsT are  ceQ,. The structure was finally postannealedsitu at 400
found, corresponding to the Curie temperature of bulk, and &7orr oxygen for 10 min. Measured layer thicknesses were

4+ .
Mn™-depleted part of be/Ca)3MnO; (LCMO) film, re- o0 0 imately 400 nm and 80 nm for LCMO and GeO
spectively. Furthermore, below the ferromagnetic transition

temperature of bulk LCMO at-260 K, strongly magnetic respectively. . .
fieldpdependent nonlinearities in thy-charagt)éristic?s ap-  An 11x16 matrix of 0.4 mnx 0.4 mm silver top elec-
pear. The negative differential conductivityDC) suggests trodes separated by a 0.25 mm gap was evaporated onto the
that this is due to scattering of carriers from a low energy,CeQ; top layer and a 10 mmi 1 mm silver bottom electrode
high mobility valley to a high energy, low mobility valley in was evaporated onto the exposed LCNKge Fig. 1
the band structure of the conducting filaments. The structure was mounted on a 16 marh0 mm polycor

The mixed valence property of the insulating barrier issubstrate with thermally conducting paste and gold wires
thought to be crucial for the switching property of the MOC were attached with silver paifDu Pont 5504 to selected
junction. Current conducting filamentary paths are nucleatedontacts and to larger contact pads on the polycor substrate.
at the Ce@/LCMO cathode interface whereas a correspond-After heating the sample at 150 °C ferl5 min the silver
ing reverse voltage cures the insulating barrier convertingontacts were mechanically stable. The heating serves the
these filaments from the metallic to the insulating state. Weextra purpose of restoring junctions to the virgin state, i.e.
suggest that the electric field induced electron transport itlose to the HRS. Throughout this paper, the words contact
Ce(, is a hole conductivity in the oxygep-band which  and junction are used interchangeably to refer to the system
appears due to a valence shift in cerium from 4+ to 3+ re-of one silver contact and the column of COCMO di-
sulting in the localization of Ce fdstates. This model ex- rectly below. Contacts are labelég,x) with y(x) indicating
plains the polar character of the switching effect as well aghe vertical (horizonta) position in the contact matrix as
the magnetic nature of the conducting Gdilaments. shown in Fig. 1.

X-ray diffraction measurements on a structure identical to
Il. PROCESSING TECHNIQUE AND STRUCTURAL that used forllV-tests were performed to determine the crys-
CHARACTERIZATION talline quality and phase purity of the CeQCMO bilayer

The fabrication of the test structures was carried out acon LAO. The absence of any peaks excé€pdl) in the 6

cording to the outline below. Ceramic targets with the com—26 scan and rocking curve&w-scan$ with FWHMs of
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FIG. 2. X-ray diffraction patterns from Ce@LCMO/LAO whereR, cyo includes both bulk and interface resistance. For
structure showing thé—-26 scan(upper panel rocking curves of  small insulator resistance
(002 Bragg reflectionglower left panel, and ¢-scans(lower right
pane) of off-normal (113- and (103)-planes at the oblique geom- 27TfCRCeOZ <1, (2
etry: Osampi=53.55°, 57.64°, 58.43° @erector56.46°, 78.15°,
80.01° for Ce®, LCMO and LAO, respectively.

Y

the frequency dependent term in the nominator of (Epcan
be neglected, which is consistent with the behavior &an
« {712 found experimentally in the LRS.

In the HRS, the insulator resistance is large and &y.
with R cwo=1 kQ (estimatedy C=180 pF and Reeo,
=100 MQ predicts that tad should have a minimum at the

0.31° 1.46°, and 2.2° for LaAl§) LCMO, and CeQ, re-
spectively, as shown in Fig. 2, indicate an exclusivaxis
orientation of the Ce@LCMO bhilayer. Some crystalline

clusters exist in residual silver paste as evident from the lov\l;requency,

intensity Ag111) peak. With optimization of deposition pa- \m

rameters the epitaxy could be much improved but that was fin= ~ 3 kHz (3)
not the goal of the present study. Due to the small lattice 2mRceq,C

mismatch between the face diagonal of the LCMO cubic cellynich is close to the observed value in Fig. 3.

and the side of Ce©(0.26%) it is expected that the two A crude estimate of the relative dielectric constanbf
layers grow with a side-on-diagonal orientation. This predi-,e CeQ can be obtained by approximating our junctions as
cation is confirmed by the coincidence of reflection peaks "barallel plate capacitors with areA=1.6-10% cn? and
the ¢-scan of LCMO and LAQ(103 planes and Ce(113  thickness of the dielectrictceo, =80 nm.  Using  the

?Iane;s(Figl; 2. lTh?’ fg_urffld sym”me;[r_y ar;d abtser;ce of addi- asymptotic form of Eq(1) at Eq.(2) and measured values of
ional peaxs aiso Indicate excetient in-plane texture. the resistance of the junction in the LRS we obta}i®

In addition to x-ray diffract.ic.)n the i_nsulati_ng quality of =4-9. In the HRS theapacitance is measured directly by
the CeQ layer has been quantified by dielectric SPECtroscopyy . | cR-meter and™RS=10-11 is found. with a weak loga-
r 1

of the Ag/CeQ/LCMO capacitors(see Fig. 3 Low tand rithmic frequency dependence. These values are in agree-

indicates low dielectric losses and if current transport acrosg§ ant with previous measurements on high quality Q&D
the insulator is determined by defect density one can USBIms under similar condition&

tanlé as a qharacteristic of dielectric quallity.. The rgtio of Consequently, the behavior in both the HRS and the LRS
resistances |n.HRS and LRS decrease; V‘."th mcreasm@_ @Nare consistent with the equivalent circuit model where
and no r?wnchmg occurs apovia Ce”a"; Ilrgt. Good S]f"”tCh'switching changezRCeoz dramatically. Small differences in
Ing, with resistance ratios in the range 300, occurs for the dielectric constants, and henCe in the HRS and the

the contacts with tan<<0.05 marked with a black color in X L
Fig. 1. Figure 3 shows the frequency dispersion ofdan LRS could be related to a higher defect density in the LRS.

the HRS and the LRS. Modeling our system by the equiva-

L . . . I1l. SWITCHING
lent circuit consisting of one resistd® cyo connected in
series to a parallel connected capacitai@end resistor Using a Keithley 2004 Sourcemeter, 2-point
Receo, gives the frequency dependence IV-characteristics between selected top contacts and the
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Voltage V (V) resistance states denoted HRS and LRS should not be re-
-4 -2 0 2 4 garded as two distinct discrete levels since a continuum of
resistance states from the extreme HRS to the extreme LRS
exist. This is why such a wide range of switching ratios is
possible. In this paper, the HRS and LRS will denote two
states with qualitatively different temperature dependence
and low temperature properties with switching resistance ra-
tios above 18

There are two asymmetries in thé-characteristics of a
typical junction. First, the switching to and from the LRS is
generally not symmetric with the general tendency being that
the initial switch to the LRS requires lower voltage than the
switch to the HRS. Second, as evident from Fig. 4, it seems
that there also exists a difference between the positive and
negative branches of the two states. The initjbsitive
branch HRS has got higher resistance as compared with the
second(negative branchHRS.

Since switching is polarity dependent and the junction is
not symmetric one would not expect switching to be com-
107 o’ pletely symmetric. Differences between positive and nega-
$ tive threshold voltages can be related on the built-in electri-
: cal fields both at the Ag-Cefand CeQ-LCMO interfaces.

109 2 2 % 2 ) The second asymmetry is only apparent since the HRS in
Voltage V (V) the negative branch of Fig. 4 is not the same as the HRS in
the positive branch. No asymmetry is visible if we simply

FIG. 4. IV-characteristicgupper paneland logl| vsV (lower ~ probe the LRS or HRS by sweeping the voltage from zero to
pane) of contact(6,1) at room temperature with arrows indicating voltages well below the positive and negative switching
the direction of the sweep. thresholds as shown in Fig. 5. The lower resistance of the

negative branch HRS is due to the first asymmetry as ex-
larger ground contact were recordedvisitage control mode ~ Plained above. Applying a larger negative voltage would re-
Positive voltage corresponds to a positive bias applied on thgUlt in @ negative branch HRS closer to the positive branch
top electrode. Starting from a high resistance sefeS) the ) o
voltage was swept and at some threshold value, typically a 10 reach stable LRS and HRS suitable for probing it is
few volts, the resistance decreased sharply, by several ordefiore convenient to use short voltage pulses to switch the
of magnitude as illustrated in Fig. 4. Further sweeping tounction rather than the “continuous sweep” described above.

even higher voltages further decreases the resistance but rfoylSing allows for higher voltages to be used without the risk
as dramatic as close to the switching voltage. of destroying the contact. Pulsed current was supplied by an
Sweeping the voltage back to negative voltages the lowY TECH-1010-C pulse generator forming rectangular
resistance statd RS) is stable until the negative threshold Pulses with amplitudes in the range 1-10 V and with typical
voltage is overcome, whereby the resistance increase¥idths 100 ns—10 ms. A general observation is that switching
sharply. Further increasing the negative bias can further inS€€ms to be related to the total charge so that with lower
crease resistance but at too high negative voltages the stru¢oltages, wider pulses or a larger number of pulses are
ture will break down and switching properties are lost. Then€€ded. The magnitude and duration of the pulses are how-
negative switching voltage is related to the maximum posi£Ver not critical parameters for switching to ocurr. By apply-
tive voltage that was reached when switching to the LRS. N9 several pulses in series the structure was switched and
There is no switching if the threshold voltage is not over-1V-characteristics could be measured as shown in Fig. 5. The

come, thus thdV-characteristics have reversible character,PoSitive and negative branches are perfectly symmetric and

Note also that switching from the HRS to the LR®Bly the differential resistanc’R:d_V/dI at zero bias for th_ejunc-

occurs when positive bias is applied to the top electrode.tion (11,0 was about 36 N in the HRS and 1.4 R in the

Similarly, switching from the LRS to the HRS only occurs LRS, @ difference of more than four orders of magnitude.

when negative bias is applied to the top electrode. Thid "€ voltage dependence which is almost Ohmic at room

means that théV-curve shown in Fig. 4 cannot be repro- €mperature, can be fitted to

duced when sweeping the voltage in the opposite direction of Vv Vv \2

the arrows. Based on these observations electrical switching (V)= —<1 + (v) ) (4)

in Ag/CeG,/ Ly gLa 3MNO; junctions must be classified as 0

a reversible polar effect in both the HRS and the LRS but the nonlinearity is larger in
The above described continuous and reproducible resighe HRS,V5R5/VERS=1.6, so the voltage dependence is not

tance switching is qualitatively the same in all contacts withuniversal. For low voltages Eq4) follows the current-

possible resistance ratios ranging from 1 to 100 000. Theoltage relation ascertained by Simmons and VerdeYber:

Current / (mA)

Current |1 (A)
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FIG. 5. IV-characteristicfupper paneland logl| vs V (lower FIG. 6. Upper paneltV-characteristics in HRS of conta(,1).

pane) of the HRS(circles and the LRSsquarepof contact(11,0 | ower panel: Enlargement of boxed portion in upper panel.

at room temperature after using pulsed current to switch the contact.

Solid lines are fits to I(V)=V/Ry(1+(V/Vp)?) with RSRS  grow at low temperatures. THabsence oftemperature de-
=35.62) MQ,ViR5=2.67V, and R;°=1.4283) kQ, Vg*°  pendence indicates that this is the Fowler-Nordheim regime

=4.39 V. of quantum tunneling as typical for insulator transport at low
temperatures.
1V —V Previous measurements on C¢6i have shown the acti-
O H / .
(V)= —EEO sin VGV : (5  vation character of electron transport for temperatures above
v 0

~200 K with an activation energy in the range 200-400
meV?2%-22 and temperature independent tunneling at lower
temperature$? Our results for the Cemanganite system

IV. THE HIGH RESISTANCE STATE thus deviate from previous results on metal/oxide/
semiconductoMQOS) structures in the temperature range

§5-250 K. Note that this corresponds to temperatures below

S%mple wa?_ Va”gd btetw?d;n 15Kand 30? KAwh|Ie using tTﬁhe para-to-ferromagnetic transition of LCMO, possibly indi-
above mentioned Setup 1by-measurements. A sequence o .cating effects of spin-polarization from to the ferromagnetic
IV-characteristics at different temperatures is presented i ottom electrode

Fig. 6. Figure 7 shows differential resistance as a function o The stable defects in Ce@xpected to increase leakage

temperature and current in the HRS. Differential reSiStanC%urrents in the HRS are mainly doubly charged oxygen ion
dv/dl derived fromIV-measurements are henceforth de-, - ias with C¥-ions2° Pure tetravalent 802" is non-

noted b_yR while measured reslstanwl is denoted byR. magnetic and the weak paramagnetism exhibited in real
The resistance followed an activated temperature dependengsmples is ascribed to a low concentration of such impuri-

E, ties. A larger ionic radius of Cé (1.13 A compared to 0.97
R o eXP<k—> (6) A for Ce**) works also in the same direction, compensating
s : . .
the free volume emptied by volatile oxygen. Later we will
between 250 K and 75 K, with the activation enerfgy  bring additional arguments showing that the valence shift in
=40 meV, as indicated by the Arrhenius plot in Fig. 7. ThisCeO, may supply carriers to form a narrow conducting band
corresponds to thermal activation of shallow trapped chargend thus influence the transport properties in the insulating
levels in the Ce® film. At higher temperatures, although barrier.
only two data points are available, we firie}, =320 meV
thus indicating crossover of the thermal activation process V. THE LOW RESISTANCE STATE
from the shallow to deep levels in Ce@elow 75 K-100 K To determine whether the junctions are magnetically ac-
the resistance deviates from activation behavior and ends tive at room temperaturd/-characteristics were traced under

Using a closed cycle cryostat the temperature of th
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FIG. 7. Upper panel: Temperature dependence of differential Temperature T (K)
resistancek =dV/dl at different bias in the HRS of conta@,1) as o _
derived fromIV -measurementgéFig. 6). Lower panel: Arrhenius FIG. 8. Temperature and magnetic field dependence of resis-

plot of differential resistancéasymptotic atl —0) vs temperature tance in LRS measured gonstant current mod contact(11,15.
(circles. The upper solid line is a linear least squares fitRo ~ Upper panel: Resistance &t 10 uA in a few different LRS and
«exp(Ey/ (kgT)), with the resultE,=40 meV, for data in the range Magnetic field dependence for states label&dand (2). Lower
of 75 K to 250 K. Fitting the same function to the data points atPanel: Magnetoresistance ldt=6 kOe measured with=10 xA in
T=250 K andT=300 K yields the lower solid line, and the ob- the states1) and(2). Inset: Resistance vs magnetic field measured
tained activation energ, =320 meV is equal to previous recorded at 100pA and 80 K in state(2).
values for bulk Ce@in this temperature range.
constant for the selected contact, as it should be, the magni-
tude, shape and positiof of the second peak varies with
applied magnetic field. Magnetic measurements were pefsoltage history. Resistance as a function of magnetic field
formed in an Oxford Instruments cryostat, down to 77 K, inmeasured at temperatures below this second peak shows the
a Varian electromagnet capable of magnetic fiéldsp to 20  standard CMR behavior associated with LCMO below the
kOe. The sample could be rotated to align the fieldn- paramagnetic-to-ferromagnetic transiti@ee inset of lower
plane and out-of-plane with respect to the film surface. Napanel of Fig. 8. Significant magnetoresistance measured be-
significant effects of the magnetic field exist at room tem-low T (thus far away from the “bulk™,), as shown in the
perature, regardless of orientatidmot shown. Neither lower panel of Fig. 8, also suggests tfigf corresponds to a
switching thresholds nor the resistance are affected, ruling@ra-to-ferromagnetic transition in the oxygen depleted part
out the possibility that spin-polarization or other magneticOf LCMO surface layer.
effects are the paramount reason for the switching phenom- Electron-beam induced current measurements performed
enon. by Rosselket al. clearly showed that switching in the RRAM
At low temperatures a number of new features in the | Rsstructures is due to the ac@ivation and deacf[ivatipn of f_iIa—
of the Ag/CeQ/LCMO junction appear. The temperature menFarywcurrent' paths within the otherwise '|nsulat|ng
dependence of the resistance in the LRS was measured ppedium:> Asserting that such paths are responsible for the

constant current modia the low current regime as shown in ransport through the insulator we conclude tfigis the
the upper panel of Fig. 8 for one contact in different low effective Curie temperature of the LCMO surface region

resistance states obtained after different switching voltage\é’here the current paths meets the LCMO. The magnetoresis-

were applied. In addition to the resistance peak associatd@"Ce ratio defined as

with the ferromagnetic transition in the interior of LCMO AR R(H)
film at T=260 K, there is a second peak observed at a lower = R = % -
temperaturel.,. Qualitatively, all contacts in the LRS have
this double peak feature in thT-characteristics. Whil&,is  shown in the lower panel of Fig. 8 supports this claim with a

(7
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FIG. 9. IV-characteristics in LRS of contatt0,12 at low tem- Voltage V (V)

peratures. Upper pandN-characteristics at temperatures well be-

low the para-to-ferromagnetic transition. The given temperatures, FIG. 10. Upper paneliV-characteristics in LRS of contact

from top to bottom, correspond to the order of curves when moving6,14 for in-plane fieldsH,=0 (filled squares and H,=20 kOe

in the direction of the arrow. Middle panel: Differential conduc- (open squargs Middle panel: Differential conductanodl/dV as

tance as calculated froV -curves in upper panel. Lower panel: calculated from IV -curves in upper panel. Lower panel:

Differential conductance for higher temperatures where nonlinearitV-characteristics in a LRS of conta@,14) with larger zero bias

ties are not as pronounced. resistance. Insets show magnified portions of boxed portions detail-
ing the hysteretic behavior.

broadened second MR peak due to a distributiom.g$, and
some fine structure due to competing current paths. lower panels of Fig. 10 However, the region with a negative
IV-characteristics in the LRS are highly nonlinear for dl/dV is always present in the LRS at low temperatures. As
temperatures below the ferromagnetic transition Tat the effects are not observed in LCMO films the insulating
=260 K. It is important to note that there is no qualitative layer and/or the degraded surface layer is pivotal in obtaining
change in thelV-characteristics when passing through thethe NDC effect. Similar anomalies in tH¥-characteristics
second anomaly &k, except for the absolute magnitude of have also been found in Ag/manganite point contact
the conductivity. The differential conductanét/dV in the  junctions?
LRS as calculated froV-characteristics is shown in Fig. 9. It was mentioned that there were no magnetic effects at
IV-characteristics, recorded gonstant voltage modeshow  room temperature in either the HRS or the LRS. At low
the presence of three different transport mechanisms. Fdemperatures a magnetic field still does not affect the HRS
small voltages the differential resistance is very low, stablevhereas the LRS exhibit two features: at 20 kOe there is a
and gradually increases with increasing voltage. At a certai®V=Vypc(H) —Vypc(0)=0.1-0.3 V  shift of the NDC
voltage Vypc=0.5 V, there is a transition from the stable anomaly to higher voltages as well as an increase in conduc-
low resistance state to a more noisy high resistance statévity, i.e., negative magnetoresistance, typical of CMR ma-
Between these two states there is a region with NDC whosterials. It seems also that the application of a magnetic field
magnitude has a local extremum\4{pc. Hysteresis regions eliminates the lability boundarie@ysteresis of the NDC-
may appear when sweeping voltage up and down close teffect as shown in the lower panel of Fig. 10.
this region and in certain cases this hysteresis may be very As the specific feature¥/ypc(H) of the [V-anomalies are
large as shown in the lower panel of Fig. 10. Sweeping thestrongly dependent on voltage history it is relied upon the
voltage to values above the threshold voltages changes zecorrent path within the insulator and LCMO surface layer,
bias resistance, the exact shape of ¥iecharacteristic and and not upon the bulk LCMO. The activation voltagés,c
the exact position of the anomaliésompare the upper and are too large to correspond to any elementary excitggan,
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magnons in LCMQ®?* and local overheating effects due to multivalleyed band structur®;*! we do not know the band

highly resistive grain boundaries in the manganite, as obstructure of the valence shifted conducting filaments which

served by Todcet al,?® can be excluded by the following remains to be explored.

arguments. The shift of Vypc with magnetic field can be attributed to
A resistance increase due to local overheating of LCMOMagnetic effects in CeOThe onset of NDC is determined

would correspond to moving towards highdr in the by a critical amount of the Joule heat

RT-curve associated with bulk LCMO. The influence of

Joule heat on an Ag/LCMO/LAO film structure identical to OW=InpcVnpeTes (8)

the device under study, except for the absence of a,CeQ

accumulated in the electronic subsystem, whefeis the

isolating barrier, was investigated. We found that at a re'energy relaxation timé2 As shown in Fig. 10, in a magnetic

leased electrical Joqlg heat of 40 n{We same range of heat fa1q H=20 kOe the NDC-effect occurs at higher curréza
observed at the posmoq of _the NDC in Fig.)ldhd at 78 K, 1A compared to 17 mA atH=0) and higher voltage
the temperature o]‘ the film increases only about 0.8-1 K Q(/NDC(H)_VNDC(O):O-‘?’ V. We suggest that the additional
course, we consider some average temperature deviatiopyle heat in the form of Eq8) is required to compensate
while locally such an increase could be higher for a fastor an effective Zeeman energy shifiyv= B, in magnetic
voltage scan. But the acquisition time between points, fromyf Ce** core states in the conducting filaments. Comparing
100 ms to 3000 ms, is nonetheless 2-3 orders of magnitud@e Zeeman energy with the increase in delivered heat, using
higher than the relaxation time for manganite film-to-the typical energy relaxation timea-=10"'%s we conclude
substrate heat exchange as shown by Lisauskad?® So, that about 8-10 Bohr magnetons, corresponding to
even if some fast effects in our structures exist we cannoB-10Ce** ions with localizedf-electrons, form the conduct-
detect them with the technique that was used. ing channel in the Ag/Cefl L& 3MNO5 junction. Al-

We also consider the/-curves shown in Fig. 10 in detail. though this is a very crude estimate, withnot even known
As mentioned above the relaxation is fast compared to théo one order of magnitude, this corresponds to a single fila-
acquisition time and we may consider any heat delivered inténent with the lateral size 0.2m, in agreement with earlier
the heterostructure to spread rapidly. If NDC is triggered byobservations?
a critical amount of Joule heat in the LCMO we should ex-  Tulinaet al, in experiments with the direct Ag-manganite
pect the peak values of NDC to occur at the same level oP0int contacts, did not observe any magnetic field depen-
heating. However the peak occurs at 20 mW of applied elecdence of the conductance up to 40 kSahis fact is in line
trical power at zero magnetic fielti=0) and 34 mw a4 With both models proposed above if eithé) the bulk
=20 kOe. Furthermore, since the delivered heat in voltageCMO resistance is negligable in comparison with the junc-
control mode can be written @&=\V2/R, the shift with mag- tion resistance ofii), _the nu_mber of “_hot” magnetic carriers
netic field due to the negative magnetoresistance of Lcman the much thinner insulating layer is too small to visualize
should be in the opposite direction than what is observed. the effect.

On the basis of these considerations, local overheating of !N the LRS, the L_Cll\/IO botFom_eIectrohde and it’s.njagnfe—
LCMO can be excluded and an explanation of their origin, oresistance is certainly contributing to the conductivity of a

relying on overheating in CeQs suggested below. '_botto_m electrode gn_d thus complic_ating the analysis _of the
Negative resistance in IV semiconductors with junction characteristics. By patterning the GAQ@MO bi-

n-doping have been known since the discovery of the GuntYer With very narrow and thin LCMO channels, and thus
effect in GaAs and InP in 1965, and is now well introducing athree-terminal devicesuch effects can be re-

duced. However the CefL.CMO interface and LCMO sur-
Jace region would still be included and these are the regions
| Where the most serious deviations from bulk LCMO behav-
ior will occur.

understood® The negative resistance found in these com
pounds is an effect of the band structure which exhibits
conduction band with a low energy, high mobility central
valley and a high energy, low mobility side valley. At zero
bias only the low energy valley is populated but as the elec-

trical field is increased above some critical value carriers will VI. CONCLUSIONS
transfer to the low mobility valley leading to negative con-
ductivity. The differential resistivity of such a material will Extensive transport measurements on Ag/geO

thus start positive, and then tend to negative values as the, g/Ca, 3MnO; heterostructures, a member of a new class
field passes the critical value and will eventually becomeof two-terminal resistance switching devices, have revealed a
positive again as carriers are transferred to other high mobilrumber of novel features that shed light on the physics of
ity regions. Note that the NDC effect described above isthese structures. Giant switching resistance ratios achievable
valid for both electrons and holé$. in these structures, and the capacitive nature of the HRS,

Asserting that CeQconducting filaments fulfill the re- show that switching is achieved within the insulating barrier
quirement of high- and low mobility oxygep-band valleys and not in the manganite. Temperature dependence of resis-
in the Brillouin zone separated by a fraction of an eV, we carntance further reveals that the conductive paths are semicon-
rely our observation of the NDC phenomenon on the “hotducting or metallic as compared to the insulating HRS. Re-
holes” effect outlined above. Although the band structures osistance switching is thus an electric field induced metal-
CeO, CeQ, and CgO3; are known and do indeed exhibit insulator transition in the insulating medium.
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We propose that switching in the RRAM devices is due tomixed valence property of the cerium ions. The role of the
a shift in the valence state of a particular cation in the insu<€lectrical field is thus to initiate the process of oxygen mi-
lator, and that such a shift nucleates at one interface angration by nucleating a domain of valence shifted sites.
propagates through the thickness of the insulator creating When the opposite voltage is applied the reverse oxygen
conduction path. This can be regarded as a Mott metalmigration from CeQ@ to LCMO shifts the valence of the
insulator transition induced by a critical density of additionalinitial domain back to the original stable configuration and
carriers added by doping. In our case the cation with mixedhis propagates along the conduction path, effectively turning
valence is C&/Ce* with the tetravalent state representing it Off. o
pure insulating nonmagnetic Ce@nd the trivalent state the  The above explanation is supported by a number of facts:
paramagnetic “acceptor” dopants. the occurrence of the switching phenomeinog |n6mater|als

The electronic configuration of the Ce-ion in a close crys—W'thﬁ_Tl'X’EOI valence cations such as Ce, er Pr? and
talline environment is a cornerstone issue of the propose!n; ltlh2e3 prefereggeiom using a clozrﬁligtmg oxide such as
model. Cerium sits in the first place in the row of the rare-LCMO,= YBCO,”*= or SrRu@,*>"*">as the bottom
earth elements. Thef&hell starts to be filled just from the €lectrode thus ensuring Kee oxygen migration through this
58Ce atom and there is a strong competition between thiterface; the oxygeriMn®™) depleted surface layer of the
4f-,5d-, and &-electronic states. As a result, the potential LCMO bottom electrode; the observation that during pulsed

well for 4f-states in Ce is very shallow and is sensitive toSWitching the product of pulse heighind pulse duratioat,
small changes in the crystalline field. i.e., charge, determines the resistance change, which is con-
Ca, Ba, Pb should substitute 13 to achieve the Mfi-to- ~ defect density in the LRS as inferred from capacitive mea-

Mn3* ratio required for ferromagnetic orderirgpw resis- ~ Surements. o

tance state In CeO, we believe a similiar “doping” with Let us estimate the threshold switching voltage, as the last
trivalent Ce can be achieved with the application of an elec&rgument in the favor of the Mot transition in the insulating
tric field. In both LCMO and Ce@oxygen vacancies, which barrier. For this we use the well known experimental fact that
are always present in the equilibrium concentration, will dis-the pure Ce metal experiences a high-voluméo a low-

turb the local valence state. The actual switching mechanisfolume « isostructuralfcc) phase transition at a pressure of

lence and oxygen vacancies and is detailed below. nature and to be associated with the movement of a sHarp 4

At the CeQ-LCMO interface due to the local fluctuation level from belo_w to above the Fermi level, or equivalently,
of electrical field oxygen ions can migrate through the transthe delocalization of a#core electrori>*® o
parent interface from the oxide cathode to the insulator and AS stated above, the conductivity in the LRS is induced
further to the anode. In the manganite, the appearance & @ valence shift due to the movement of localized
oxygen vacancies leads to the local reduction reactior#f-€lectrons from two neighboring Ce ions to the oxygen
Mn#*-to- Mn®* and results in the local suppression of the P-State. This spatial charge transfer creates the local dipole
ferromagnetic state, lowering the critical temperature and inffoment m=2ed..c where the interatomic distance is
creasing local resistivity. As for the Ce@sulator, there isa dce-0=2.34 A. The corresponding Stark energy &V
narrow empty Ce band in the gap between the valence and™ 9PEV where 6P=mnce.o.ceiS the polarization induced by
conducting band® When oxygen atoms move diffusively the valence shiftE is the electric field, anthce.o.ceNee/ 2
towards the anode, the formation of the oxygen vacancies 1-3'16'20”1_3 IS thE{ concentration of Ce-O-Ce .Complexes
facilitate simultaneous condensation of two electrons into lo{aS obtained from diffraction dataSuch a reorganization of
calized f-level traps on two Ce aton#é.Therefore, oxygen the Ce-O-Ce neighborhood can occur if the charactertic
electromigration might result in the formation of complexesWill €xceed some critical valuéW. To make a rough esti-
comprising of one oxygen vacancy and two*Ciens. Trans- ~ Mate .of .thebWC Iet. us assume, rather arbitrarily, that the
formation of the Ce fivalence states into the localized core- lectric field acts similarly to hydrostatic pressure smashing
like electrons occur due to the reorganization of the nearedf Ce core electrons to the delocalized states as described for
oxygen neighborhood. In CeDCe 4 electrons leave the Ce metal above. This elastic energy can be estimated as the
host atoms and are hybridized into thébands of O atoms. WOrk SW=p4V produced byp=7 kbar pressure to make a
In C&*0%", they come back to the Ce atoms, localized in 9V/V=16% volume decrease@xperimental daja Equaliz-
states and leave holes in the oxygeband. Such a valence INg these two energies gives an approximation for the elec-
shift of the cerium oxide will propagate and self-assembldfic switching field
itself under the applied electric field through the insulator p(SVIV)
until a conductive percolation path of neighboring*Csites E=—7—
is created and an abrubt metal-insulator phase transition oc- €de-dce
curs when some critical density of valence shifted sites islose to the experimentally determined value of about
reached. Once created such a path is stable and reflects #hé//80 nm=500 kV/cm shown in Fig. 4.

~1 MV/cm, (9
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