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Interface stability in hybrid metal-oxide magnetic trilayer junctions
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We show that for hybrid oxide-metal trilayer junctions of fgbe, - SrTiO;-Lag ¢S 3MNO; and
Fe-SITiG-La, 6,51 3MN0O3, the sign and field dependence of junction magnetoresistance are sensitive to the
junction interface condition. Both positive and negative magnetoresistance can be obtained in either system,
depending on the state of the junction interface. For high biases above 0.5 V, junction resistance shows
time-dependent creep. The magnitude and direction of the creep depend on the magnitude and direction of the
applied bias, indicating reversible structural modification of the junction interface. For these junctions, the
interface chemistry, rather than fundamental band structures of the electrode materials, appears responsible for
the observed sign-change of junction magnetoresistance.

In spin-polarized tunneling junctions, a sign change offormed for the top ferromagnetic electrode. Electrical contact
junction magnetoresistand®R) is occasionally observed. to the top electrode was made through a self-aligned lift-off
For some junctions the sign of MR is shown to depend orwindow in an SiQ insulator layer that separates the top and
the bias voltage across the device, or on the choice of diffethottom electrodes. The SjQvas about 1000 A thick. This
ent combination of barrier and electrode$.For example,  faprication process has been discussed elsevihEne. high-
cobalt electrode with SrTigor Ce) gd-a0.3/01 gasbarrier and  est temperature the samples were exposed to during process-

Lag 751 MnO; base is shown to have positive MR at certaining was 90°C for an accumulated duration of less than
bias, and negative MR at other bias, while the same Structurey min. Junctions thus processed were wire-bonded to a
with AlO, barrier appears to have negative MR regardless of, 16 holder and mounted to a close-cycle refrigerator-
biasl2 Other junctions showing a bias-dependent sign rever

| include P I lectrod ‘ ¢ AIO cooled cold finger for measurements.
sa !ncg,u € rermalioy electrode on top o 2,08 S Junction MR was measured in a magnetic field applied
barrier; and junctions of the type K©,/SrTiO;/

) . arallel to the film surface. Field alignments are illustrated in
Lag -SiosMnO5.% It is suggestetf that the phenomenon is P g

caused by a change in the alignment of the majority anéiata plots shown below. The magnetic field was continu-

minority electronic density of states between the two elec—OUSIy swept during measurements at a frequency of

trodes at the junction interface. 0.077 Hz. In all measurements, the positive terminal denotes

Here we investigate this phenomenon in model systems &pe _base LSMO electrode. Thus a _posmve bias has current
COp gF € o~ SITiOs-Lag 6,57 3MNOs (CoFe-STO-LSMQ rovylng from LSMO through the barrler_to the top ferromz_ig-
and Fe-SrTi@-Lay ¢St sMnO; (Fe-STO-LSMQ. Our re- netic metal electrode. Electron_s flow in opposite direction.
sults show that for junctions with SrTiCbarriers, there is The bottom electrode, LSMO, is a 33% hole-doget/pe
another important factor contributing to the MR behavior of Metal. The transition-metal counter electrodes argy/pe.
the junction. The additional factor is the oxygen mobility- The barrier is SrTi@ which when fully oxygenated is a
related interface chemistry between the transition metal angemiconductor with a calculated band gap around 5.% eV.
SITiO;. Junction resistance shows a complex temperature depen-

Junctions for the study were fabricated from films depos-dence. Figure 1 is a typical resistance vs temperaR(ii,
ited on NdGaQ@(110) substrates. First an epitaxial layer of plot for each of the two types of junctions. For temperatures
Lag 6.5l 3dMN0O5, about 600 A thick, was deposited using below 50 K, junction resistance increases upon cooling. This
laser ablation at a nominal substrate temperature of 750 °C iis consistent in direction with a simple metal-insulator-metal
300 mTorr of oxygen. A thin layer of SrTi§) about 30 A tunneling picturé, although the magnitude of resistance
thick, is epitaxially deposited immediately after, under thechange appears large. This may suggest additional suppres-
same condition. The film was cooled to ambient in 1 atm ofsion of the effective tunneling density of state at low tem-
oxygen, and transferred to another vacuum system for depgerature, which is a common feature seen in trilayer junc-
sition of counter electrode. A plasma oxygen cleaning wagions involving manganite electrod@sthough not well
done immediately prior to counter-electrode depositionunderstood. The decrease R{T) for temperatures above
Counter electrodes of Fe or §gFe, .0, 100 A thick, were 250 K is probably related to thermal population of impurity
then sputter deposited. The film was capped by 100 A osites within the SrTi@ barrier. The rise of junction resis-
titanium, and removed from vacuum for processing. tance in the temperature range of 50 to 200 K is not well

Optical photolithography was used to pattern the junctionunderstood. Thedg(T) data were shown as a part of general
structure. The minimum junction feature was<1 um?, junction characterization. In this study, we focus only on the
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FIG. 1. The temperature dependence of junction resistance.

102.0
behavior of low-temperature junction magnetoresistance a 1%

13 K as a function of magnetic field and bias current. 134
The base electrodBR at 13 K was measured to be be- 133
tween 30 and 6@). It assures that junction resistance stay 1l (b) ’ ©)
well above 1Ry, which is necessary for preventing cur- g e e g B e, g0
rent distribution-induced false measurement of junctiong ;;,
resistanc® and especially junction MR.This condition is
not satisfied for junctions presented in Ref. 1. It could con- | - 20.16
tribute to an enhanced reading of junction MR.
For this study we define the sign of magnetoresistance tc I
be the same aBR(H)—R(0)]/R(H), where R(H) is the w8y (d) 2| () 2568 1o
resistance value at3.5 kOe, andR(0) is that in the low- % 2 0 2 2 =% 2 0 2 4
field region. The magnitude of MR is determined from the H (kOe)
minimum and maximum resistance value in RgH) sweep
within =3.5 kOe. AlIR(H) curves shown are 10-trace av-
eraged results. For an Fe-STO-LSMO junction, a negativ
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FIG. 3. Another Fe-STO-LSMO junction on the same chip, only
200 um away from the one discussed before, showing positive MR
&t low bias. This junction is about ten times more resistive than the
one discussed in Fig. 2. Upper panel shows MR bntcharacter-
istics. Lower panels show representative shapeR(®1) at bias
currents of1 and £25 uA, respectively.

MR is observed at all bias voltages up to 1 V, as illustrated
in Fig. 2. For another junction on the same chip, just 200
é‘ away, a positive MR is observed with a strong asymmetric
Nt bias-dependence, as shown in Fig. 3. For a CoFe-STO-
LSMO junction, a negative MR is initially observed in both
bias directions at low voltage. Upon biasing up to close to 1
V, junction resistance irreversibly increased by a factor of
S — 103 20'. F.rom then on, _the MR changed sign for negative biases.
- & -~ Second pass This is shown in Fig. 4.
0 T P v T These observations show that junction MR depends sen-
= A oo % 0 sitively on junction preparation and measurement history,
V(V) which relates to junction interface condition. Choice of elec-
FIG. 2. An Fe-STO-LSMO junction with negative MR. Left tr_ode mater_ial alone is insufficient to determine even its
axis: MR as a function of bias voltage. Right axis: I-V characteris-.SIQH._Data In Figs. 2_‘,1 Sho"Y that bOFh Fe- and Fe.CO_t.)ased
unctions can have MR’s of either positive or negative signs,

tics of the junction. Solid symbols represent first sweep of biad di h ific i . diti d
current. Open symbols, second sweep. To observe the consequer%%pen Ing on the specific junction condition and measure-

of high current stress on junction properties, bias sweeps were dof@€nt history. _ o -

with increasingamplitudeof bias current, alternating between for-  Importantly, spin-dependent tunneling is only sensitive to
ward and backward biasing. A slight increase in junction resistancéh€ magnetic state several monolayers into the electrode
and MR is seen after the junction has experienced a high bias cuffom the tunneling interfac®:™* Any interface transition re-
rent, as evidenced by the differenceliV and MR curve. Upper ~ gion, such as an interface oxide layer between the transition
inset: theR(H) curve during the first pass. Lower inset: junction metal and the SrTi® barrier, will significantly affect the
geometry and the direction of applied field, numbers represent dispin-transport characteristics of the junction. Also, in such a
mensions inum. situation the magnetic moment at the junction interface may

-MR (%)
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122 FIG. 5. At high bias currents, junction resistance show signifi-
104 cant creep. The direction of resistance creep depends on polarity of
425 3.15 the bias current, the rate of creep increases with increasing magni-
(e) +0.2mA tude of the bias current.
% el switching process, as well as the presence of inhomogeneous
& e current paths across the junction barrier. This is because the
4.15 shape ofR(H) is determined by the average behavior of
relative alignment of magnetic moments of the top and bot-
+0375mA 13.580 tom electrodes at the points of junction interface that contrib-
1022 e ute to the spin-dependent transport.
- Inhomogeneous transport and barrier inhomogeneity are
( ) N ' also implicated by the observation ofbéas dependenctor
1021 g shape ofR(H) as shown in Figs. 3 and 4. This can be un-
10pa 1859 derstood in light of multiple current paths that sample differ-
2220 ent local magnetic states. The weight of each path to the
> 85.8 overall R(H) shape could vary as a function of bias, thus
sl causing different shapes &{(H) at different bias.
el B % 85.7 Barrier inhomogeneity certainly exists over a macroscopic
218t (h) (1) N : . .
length scale of several microns. Junction resistances were

4-32-101234 432-101234 seen to scatter over two orders of magnitude, both for room
H (kOe) temperature resistance and for low-temperatt®4 K) re-
sistance.

FIG. 4. A CoFe-STO-LSMO junction showing a bias-induced

! ) A natural consequence of inhomogeneous junction con-
reversal of the sign of MR(@ MR vs bias voltage and-V char-

- R ) o duction is locally concentrated current flow. The average
acteristics. Inset. junction geometry and field directiéh\—(g) current density for measurements presented in Figs. 2—4 is

show theR(H) behavior at successively higher bias current. At a 2 oo
bias current of—375 A (f), junction MR reversed its sign, the on the order of 1@_)A/cm , the local current density involved
could be much higher.

low-bias junction resistance increased by a factor of 20. This For i - der hiah bi . b
change of junction characteristics is irreversible, as shown by sub- or Junqt'ons .un er ,'g las, a resistance creep was ob-
sequent measurements at a reduced bias currentl6fuA in (h) served. Prior to irreversible change at the damage threshold,

and (i). The drift in ()—(i) is related to junction resistance-creep JUnction resistance creeps reversibly to higher or lower
that is discussed below. value, depending on the direction of the bias current. This
phenomenon is summarized in Fig. 5. The junction studied

assume a very different orientation than those of the elechere is 6x2 um in size. Thus the areal-averaged current
trodes on average. density applied, at 70@A, is around 5.& 10° A/lcm?. The

Experimentally, the general shape R{H) observed in creep increases resistance when electrons are flowing from
our junctions show a significant high-field slope, indicatingSTO to the top metal electrode, and it decreases junction
the presence of unsaturated magnetic moments at the juncesistance when electrons are flowing into STO from the top
tion interface. This points to a junction interface with differ- electrode. The creep rate increases as bias current is in-
ent magnetic characteristics from that of the native electrodecreased in magnitude. Application of a static magnetic field

The shape oR(H) is complex, especially for junctions up to 3 kOe does not affect the resistance creep rate. This is
with strongl -V asymmetry and reversal of MR’s, such as thequalitatively similar to what was observed in superconduct-
ones shown in Fig. 4. This could indicate a complex domairing tunneling junctions with an indium-oxide barrgr'3
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One possible cause for junction resistance creep here the magnetic properties of this intermediate layer would de-
oxygen electromigration. It is known that oxygen atoms aregiermine the behavior of a junction’'s MR.
quite mobile in perovskite-type compounds. In the cuperate In summary, our observations suggest the presence of an
which is a close cousin of SrTiCand LSMO, electromigra- unstable junction interface between Srfi@nd transition-
tion has been observed systematicafifDxygen migration ~Mmetal electrodes such as Co and CoFe. A variation of this
was also viewed as a leading cause of junction resistandgterface will profoundly change a junction’s MR character-
creep in the case of superconducting junctions with InO istics. This factolr should pe Faken into account when one
barriers'® In our case, electromigration might cause a revers@{€Mpts to obtain a quantitative understanding of the mag-
ible oxidation of the top ferromagnetic metal electrode, creN€toresistance in magnetic tunneling junctions.
ating an interface layer with altered magnetic properties be- The authors wish to thank Bill Gallagher’s group for help
tween the electrode and the SrEi®arrier. It is likely that  during sample preparation.
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