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Nonlinear effects of current on transport in manganite films
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In films of Lay Ca, sMnO; at current densities above about*3/cm? a jump in resistance is found when
the average sample temperature is just below the temperature of the maximum derivative of Ohmic resistance
with respect to temperature. The jump is hysteretic as a function of current, temperature, and magnetic field.
The existence of the jump is consistent with simulated effects of nonuniform Joule heating. Local thermom-
eters based on noise features provide further evidence for the nonuniform heating. However, detailed compari-
son of the simulated Joule effects and the data show qualitative discrepancies, possibly due to strain-induced
mixed-phase texture.
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INTRODUCTION relatively little sensitivity to contacts or temperature drifts.
The total cross-sectional area through which the currents
Howed was 5< 1078 cn?, counting the two parallel paths.
rGold contact pads at a distance of 14 from the bridge
Were deposited using lift off. Thermal feedback effects are
sensitive to the type of bias used. Except where noted, the

The perovskite manganites have received heavy scrutin
as a result of their many unconventional behavigréarge
nonlinear transport effects of both signs are among the mo
intriguing reported effectd:*®* Many of these nonlinear ef-

fects have often been attributed to depinning transitions or t%iata shown here were taken with a constant curf@rhias
melting of charge orde(CO). Although Joule heating has In the other cases, the use of series resistors with batteries led

usually been considered as an obvious contributor to nonlint-0 a bias intermediate between constaand constant Volt-
ear transport, it has typically been rejected as a major con-

tributor to the interesting effects in manganites. agev.

In this paper we examine the effects of high current denbofr']r(ﬁﬁ "::oarl\ré)i/tié?wirrgri {rie%??acnkt Tv%dil,e?:\i/ff/r?getmhe;rgi
sities in Lg L& MnO; (LCMO) films. These effects in- Y P ' P !

clude a weakly hysteretic first-order transition. SimulationsThe sample is mounted on a copper cold finger, with the

based on realistic patterns of resistivily) vs temperature thermometer mounted roughly symmetrlcglly on t.he_ pther
(T) show that this effect can be semiquantitatively accounte |f:ie of the cqlq.f|ngerT was measured with an Si diode,
for b iall ina Joule heating. Wi o ith reproducibility of about 10 mK, although the absolute
or by spatially varying Joulé heating. Y€ présent noise meaéccuracy is not that good, so the precisioafgiven below
surements providing local thermometers confirming the SPa intended only for internal comparisons
tially inhomogeneous heating. However, we find major dis- '
crepancies between the simulations and the data. We attribute

these to effects of a mixed-phase texture maintained by strait %
1.5k

interactions. Such texture would create hot spots, which helf
trigger the transition at lower temperature than it would oth-
erwise occur, while the underlying interactions inhibit run-

away to a uniformly insulating state which would otherwise

occurt415

% 20k

EXPERIMENTAL METHODS

The samples are made from a low-strain laser-ablated film+ |
of optimally doped Lg/Ca 3MnO; on a 1-mm-thick sub-
strate of very nearly lattice-matched untwinng@01)
NdGaQ, (NGO), with a magnetic easy axis along the ortho-
rhombic[100] direction. The growth details are outlined in
Ref. 16. Atomic force microscopy demonstrated atomic step-
flow growth everywhere, indicating a coherently strained
film, with some terracing’

The film is grown to a 50-nm thickness and subsequently
patterned into a 3.7-mm-long bridge with hf+-wide wires FIG. 1. (Color onlineé Shows the sample bridge geometry, and
separated by a 60m gap, as shown in Fig. 1. The four- schematically indicates the measurement circuit, designed to elimi-
probe bridge pattern allowed for noise measurements withate any contact noise.
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FIG. 2. (Color onling Typical R vs cold fingerT taken at dif- FIG. 3. (Color onling R(T) (with some smoothingfor different
ferent currents on warming. | atH=0, taken on warming after cooling Bt 0. The currents are

50, 500, 700, 800, 850, and 9Q@, consecutively as labeled. The

c i de to th 1d pad ing 0.5 | urves were corrected for Joule heating via a single temperature-
onnection was made 1o the goid pads using U.o-mm goiﬂdependent coefficient'=AT/I°R. The curves were repeatable

wire. The Ie_ads Ieadlng_ out of the cryostat are wrappe rovided the sample had been thermally cycled with current re-
around bobbins several times near the heat exchanger to th%nﬂy. Failure to cycle within 12 h of taking data shifts tRET)
mally sink the leads to the heat exchanger. Thermally conge ~100 mK down inT. The 800, 850, and 90QA curves
ducting grease was used to mount the substrate onto a 4-Myeriap in the 260-264 K range. Upper inset: blowup of data, with-
thick copper block. This copper block was bolted tightly onout smoothing, near the jump. The dashed lines guide the eye be-
to the cold finger(with thermal grease A standard thermal tween data above and below the jump taken at the same current.
shield can was used in the flow through cryostat between thegower inset: blowup of derivatives of curves near 264 K. The three
sample region and the outer vacuum can, with no intentioneurves that nearly overlap are those at 800, 850, andu®00

ally introduced exchange gas. The chamber was pumped

continuously with a sorption pump. paramagnetic regimes seem unimportant here, although fur-
ther complications obviously must be considered in the tran-
RESULTS AND INITIAL ANALYSIS sition region.

The deviation from collapse occurs in the region of large

Typical R vs T curves, taken at differerit are given in  d?R/dT?, and is of the same sign @8R/dT?, crossing zero
Fig. 2 (T here refers to the cold fingerin this paper we in the vicinity of an inflection point neaf=261.7 K. Thus
consistently defink to be V/I. The metal-insulator transi- the simplest interpretation is that in this regime correction for
tion (measured at low currenis sharp and little shifted from the spatially averagedAT is inadequate, sinc® is also
the bulk transition temperatuiig; of approximately 260 K as  strongly sensitive to @preadin T. Since the center of the
found previously?1°and as expected from the good lattice sample will heat substantially more than the edges, this spa-
match (<0.1%) to the substrate. A narrow peak appears intial spread inAT will be comparable to the averagel. The
the low-frequency conductance noiseTat similar to previ-  next higher order term in the expansion giviRg) (at fixed
ous results? except that we find magnetic-field dependentsubstrate T) will then be a correction proportional to
noise forT at and below the noise peak rather than at and“d?R/dT2.
above it. Additional interesting features of the noise are dis- There is one striking qualitative deviation from any such
cussed in another work to appear in this journal. finite Taylor expansion fit to the nonlinearity. A jump Rivs

It appears from the shift of thB vs T curves at different T is seen below thd@ of the maximumdR/dT, with T, the
currents thati?R Joule heating is playing a role. The heat temperature of the jump, monotonically decreasing with cur-
dissipation of the sample can be measured directly by exanrentl. The jump is hysteretic iff, |, and magnetic fiel$H, as
ining theR at a constant cold finger temperature as a functionllustrated in Figs. 4 and 5T, is at the lowT end of the
of | well aboveTc. Here, in the paramagnetic regime, any regime where the first-order Joule correction fails. There is
change inR as a function of would be expected to be due no discontinuity in OhmidR as a function of true samplg,
entirely to Joule heating. We would then expect that plottingso a discontinuity inR vs substrateTl indicates a positive
R vs the actual sampl&, which exceeds th& of the sub- thermal feedback effect, if Joule heating is the source. Such
strate by an average incremelT=alR, would match the positive feedback can accentuate the failure of the m¥&n
low-1 R(T). This procedure does in fact work with a value correction by amplifying some inhomogeneities in the heat-
a=54 K/W, not far from expectations from anpriori cal- ing.
culation of simple heat conduction, described below. In fact Near a region of largelR/dT, a small increase i will
the R(T) taken at different collapse to a single curve in both increaseR substantially. Whether that then reduces or in-
the paramagnetic and ferromagnetic regimes, except in a rereases the local power dissipation depends on whether that
gion 258 K<T< 266 K, as shown in Fig. 3. Thus differ- local region is biased close to constant current density or
ences in thermal properties between the ferromagnetic antose to constant field, which depends on the geometry of the
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FIG. 4. (Color online (a) The hysteresis oR(T) is shown at

H=0. 1=860-880uA, set with a battery and series resistor, and

thus dependent oR. (b) The hysteresis oR(l) is shown atH=0
andT=260.35 K.
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For this sample the lowest current for which conditi@n
is met at anyT is =800 nA. That current is very close to the
minimum actually found to produce a jump, strongly sup-
porting the interpretation that the jumps are artifacts of cur-
rent heating. HoweveiT; is well below theT of maximum
dR/dT, at which Eq.(2) holds, so that it is essential to con-
sider inhomogeneity of the heating if a thermal explanation
is to hold.

Thermal instability should be accompanied by hysteresis.
The hysteretic properties can be used to study whether ther-
mal inhomogeneities or magnetic transitions, etc., are more
plausible explanations of the jump R

The bottom curve in Fig. 5 displays an ordind®ys H
curve at low current. Its hysteretic behaviorRstems from
ordinary magnetic hysteresis, with the abrupt drogrioc-
curring as the sample becomes single domain at the coercive
field He (e.g., Ref. 20 losing magnetic domain wall
resistancé’! The properties of this hysteretic jump should be
sensitive to any major change in the magnetic domains. As
the current is increased, a second hysteretic jump, the same
one that appears in th&(T) at H=0, first appears neat
=0 and then smoothly moves out beyohi} as| is in-
creased. The coercive field of the ordinary hysteretic magne-
toresistive jump has almost no dependencd ,oregardless
of whether it appears on the low or high side of the new
jump. The size of the ordinary hysteretic effect is very
slightly reduced in the higl-case. There is some effect of
current in rounding the curves just before the ordinary coer-
cive field is reached. Thus the hysteretic jump found at high
current occurs without any obvious major effects on most of

region as well as whether the sample overall is being operthe magnetic domains.

ated at constaritor constan¥. If the feedback is positive, a

R vs H was checked withH perpendicular to the current,

thermal runaway can create a discontinuous jump. Theéoth in and out of the film plane with no qualitative change

lowest-order self-consistent equation fBr starting at an
Ohmic valueR, in the presence of Joule heating at fiXeid

dR
R=Ry+ al’R—. 1
Rotal’Ro- (1)
No finite positive solution of Eq(1) for R exists when
dR
2—=1. 2
al = (2

in the current-induced jump’s behavior, other than a smear-
ing of the jump due to field inhomogeneity from demagneti-
zation effects wherH was perpendicular to the film. This
rules out any global reorientation of the magnetization as an
explanation of the jump.

The kinetics of the jump also help limit possible descrip-
tions. The jump occurs rapidly on the time scale of R{&)
measurements, taking less than 1 s. When a smallle@

Hz) current was superimposed on a dc current well into the

mately when the left-hand side of E@) is unity.
40~ : : : ;

1 |
=500 0 500
H (Oe)

FIG. 5. (Color onling R(H) hysteresis loops afrom bottomn)
=700, 735, 775, and 800A and T=260.69 K.

found at the jump, with magnitude close to what would be
expected from the dc transport measurements. Thus the
anomalous nonlinearity, including the jump, is not due to
gradual changes in the sample due to electromigration or
other slow effects.

The noise data provide further clear evidence indicating
the large thermal inhomogeneity created by the Joule heating
and the importance of the feedback in amplifying this effect.
Figure 6 shows noise data taken at several bias levels, using
the circuit shown in Fig. 1. The large noise peak ordinarily
found nearT; serves as a sort of crude local thermometer
because it arises when parts of the sample fluctuate between
metal and insulator, i.e., are close to their lo€al At high
current, the peak turns into a plateau, with the [Bvend
coinciding withT;. The combined noise and resistance data
make sense if a fraction of the sample is driverT toearT,
where it becomes noisy, but most of the sample remains well
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100k [ (@) mometer, allowing the local heating to be tracked. For this
particular site, the heating was about 1.5 times as large as
a i would be inferred from ther used to collaps&(T) near 260
& S0kf K. Since this fluctuator appeared at lowErand since the

thermal conductivity of NGO is a decreasing functiorifah
this range?? the heating seen by this fluctuator is actually a
factor of 2.0 times as large as would be foundAif were
uniform.

A closer look at theR(T) curves(corrected for average

g heating at highl reveal a second feature, near 264 K, shown
= in detail in the inset of Fig. 4. This feature is neither discon-
tinuous nor substantially hysteretic. It appears to reach a lim-
iting form at the highest values.
T (K)
FIG. 6. (Color onling (a) R(T) at three different driving condi- THERMAL MODELING
tions: (24 V at bottom, 72 V, and 96 V at tgpn series with a 21.5
kQ resistor.(b) Normalized noise magnitudey’In 2= sample vol- The full nonlinear effect of the Joule heating is nontrivial

ume times voltage noise power from 24-47 Hz divided by squaredo calculate, because the nonuniform heating leads to non-
sample voltagevs T under those three conditions. The curves with yniform current densityl. Therefore we used numerical cal-
abrupt steps in noise power correspond to those with abrupt steps glation to find self-consistent, p, and T spatial distribu-

R at the same temperatures. The noise data have been smoothgghs for a slab of homogeneous material of roughly the same
over about 0.5 K. T has not been corrected for Joule hediremd  dimensions as the sample. The simulation first calculates
vy taken at 12 V were virtually identical to those at 24 V. J(r) from p(r), using standard techniqu&sNext the local

N . _ 2N s )
below T¢, as seen iR. At high current, aRR increases by power dissipation density¥(r)=p(r)J(r) is used to find

about 5% right at the jump, the normalized noise magnitudér(r) via the stapdard three-dimensior(aD) h_eat diffusion
increases by about a factor of 4, although that only represenfduation, described below. Then the experimental values of
about 2% of the maximum normalized noise magnitude. Fof(T), obtained from the low-data, are used to get a new
example, in the highest-current trace of Fig. 6, it appears that(r)- This procedure is iterated until convergence.

atT; some of the sample must havd ancrease of about 15 10 simplify the simulation, several important approxima-
K to reach the noisy regime, although froRione can see tions were made. First, the current distribution is modeled in

that most of the sample does not. a two-dimensional geometry. This is justified because the

In one casdsee Fig. 7 the Boltzmann factor of an indi- Sample is thin enough for thermal differences in the out of
vidual fluctuating two-state system was tracked \and, at Plane direction to be insignificant. Second, in calculating
low I, vs T. This Boltzmann factor serves as a local ther-T(r), the wire is again treated as a 2D heat source, with all
the thermal conduction occurring in the 3D NGO substrate.
This approximation is particularly well justified since the
thermal conductivity of NGQRef. 29 is about eight times
larger than that of the thin LCMQ@Ref. 24. The T depen-
dence of the thermal conductivity is ignored because of the
narrow range ofT involved. Finally, the NGO is usually
treated as a semi-infinite slab, which is crudely justified be-
cause its thickness is comparable to the sample length. The
baseT is assumed to occur at an infinite distance from the
sample. We also tried modeling the finite thickness of the
NGO substrate by considering the coldfinger metal as a
fixed-T layer at a finite distance from the sample, using the
method of images, as for a conducting plane in the electro-
static analog. This modification had only minor efféabout
100 mK shift inT;) on the calculated nonlinear effects, con-
firming that the simpler semi-infinite slab model used in the

FIG. 7. (Color online The dependence of the Boltzmann factor CaICUI&.ltlonS shown would suffice. Introducmg Consmnt_
for an individual switcher is shown vs actuBl(near 200 K taken heat sinks to fepresent the gold contact pads in the simula-
at low | and vsT as calculated from Joule heating at differént tionS had negligible effect. _
using the bulke found at around 260 K. The actual dependence of 1€ 3D heat flow equation then looks exactly like an elec-
the Boltzmann factor on current can be fit if the loedk about 1.5  trostatics equation withV(r) playing the role of charge den-
times larger, or roughly 2.0 times larger than the balkhould be  sity and theAT(r) being similar to the potential, i.e., the
near 200 K. heating goes inversely with the distance from the source:
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FIG. 9. (Color online The simulated hysteresis ¥sis shown at
a simulated current of 1600A.

etry or other such corrections to the simulatiofEhey are
not, for example, affected by inclusion of a thermal conduc-
tor plane beneath the finite substrate or by inclusion of con-
tact effects. There is a small quantitative discrepancy in that
the simulations require largérto trigger the first order jump
than found experimentally. The most obvious discrepancy is

Resistance (Q)

that the simulation gives too big a junips in Fig. 8, with
too much hysteresigFig. 9), when the average heating is
adjusted to be comparable to experimental values. When the
experimental current is raised to about 1.3 times the mini-
270 mum current required to make a jump, the net jumgRiis
only 4% of the maximuniR. The corresponding figure for the
simulations exceeds 50%. Furthermore, the valuR of the

FIG. 8. (Color onling (a) Simulations ofR vs substratd, using  more insulating side of the transition, just abovg is a
the experimental Ohmi&(T) curve, are shown at different simu- strongly increasing function of | in the simulation, but a
lated currents(b) Rescaling of the same curves after correcfing weakly decreasingfunction of | in the experiment. In addi-
for Joule heating via a term proportional I€R. The white gap in  tion, the feature ifR(T) experimentally found at high current
the midst of the curves is the experimental [bWR{T). near the maximum irR is absent in the simulations. The
simulations show a near-collapse to a single curve, when
corrected for average heating with a fixed coefficient, in con-
trast to the experimental data which appear to shift from one
collapsed curve at low to another at high.

A clue as to the origin of the discrepancies is found for the
wherek is the thermal conductivity of the NGO. The diffu- single-fluctuator heating data, which came out to be twice
sion kernel 1/2rr rather than 1/4r arises because the heat the average heating in the example described above. The
diffusion occurs only through half of the 3D environment. In simulations show inhomogeneous heating, as in Fig. 10, but
discretizing the integral in Eq(3) on a square lattice, we the maximum of the heating in the simulations is only 1.09
include a heating term for each point from its own area in-as large as the average value, since most of the inhomogene-
crement, for which one cannot divide by a distance of zeraty appears as narrow cool regions along the edge. Thus the
but rather can use the analytic integral obtained by treatingnhanced Joule heating of this individual region is further
the W(r) as uniform over a single lattice square. strong evidence of the inhomogeneity of the current density

This simple simulation gives not only Joule heating ofin the metallic regime, previously shown by the large effects
about the right magnitude but also an increase in the maxief small fluctuators ofR.142526The obvious qualitative fea-
mumdR/dT (whereT is that of the base, i.e., cold fingeas  ture missing from the simulations is this pre-existing gross
expected from feedback. A dramatic first-order jump appearsnhomogeneity of the resistivity, present even at low cur-
as shown in Fig. 8. Thus a simple Joule heating modelrents.
whose only input from the interesting material properties is  This inhomogeneity will lead to hot spots, triggering the
R(T), reproduces much of the qualitative behavior found. resistive jump at lowe andl than would otherwise occur.

Nevertheless there are some discrepancies between t&nce all four arms of the sample nevertheless switch resis-
simulation results and the experimental data which do notive states in a concerted jump, despite inevitable minor ir-
seem likely to be resolvable by minor adjustments to geomregularities and nonuniformities in lithography and materials,

. | . | . |
250 255 260 265
(b) T (K)

: ) o 3

=2 )
F=r"|

27K
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+3 +4 45 tion. Similar phenomena should also be seen in other mate-

rials displaying a sharp change in resistance with tempera-

ture. For example, hysteretic jumps in theV curves of

+5.5

el superconducting wiré3 may have similar origins. The phe-
nomena found from solving transport models to which the
only inputs are realistip(T) functions and realistic thermal
flow equations are already quite rich, including hysteresis.
Such phenomena arise from sharp featureslRAdT, and
thus are likely to be most prominent in the “best” samples,
perhaps giving a false impression that other physical effects

52 um

are required.

It is interesting to consider also the sorts of nonlinear
effects which can arise whetR/dT< 0, as is found for ex-
ample in CO manganites8 Any small cross section of a
sample will be under something close to constant current

FIG. 10. (Color onling Calculated constant-heating contours are bias, regardless of how the sample overall is biased, because
shown for a bas@ of 258 K and a current of 1600A, taken on  the small cross section is in series with longer sections.
simulated warming in the hysteretic regidhincrease contours are  WhendR/dT<0, the feedback effects would promote non-
labeled in K. Note the different scales for the current directionuniformity across the sample, since a region of higivould
(horizonta) and width(vertica), used to enhance visibility. pull in more current and heat further. This effect should be

considered as a possible cause or contributor to the formation
it is clear that they are linked cooperatively by the long-of filamentary conduction under strong current bias.
range heat diffusion. It is difficult to go through prior papers on nonlinear ef-

More importantly, the actual film has some mechanismfects in manganites to determine what role is played by Joule
limiting the runaway conversion to the semiconductingheating, in part because data on the thermal environment is
phase, unlike the simulations. The simulations consider onlpften not described in detail. Certainly many prior works cite
one type of effective interaction between different regions geffects, such as long-term memory persisting after current is
due to heat diffusion. There appears to be another, anticoopwitched off®1°which cannot possibly be explained by Joule
erative, interaction preventing the runaway. Strain interacheating. In other casé$ derivatives of resistivity with re-
tions due to the constraint imposed by the substrate havgpect to base temperature seem inconsistent with simple
been previously suggested to provide just such an anticoopoule explanations. In one casenisotropy together with
erative effect* They should have a limited range, since thecharacteristic tunneling nonlinearities indicate non-Joule
substrate clamping should tend to cut them off on distancé&onlinearities. Sometimes the combination of the form of the
scales comparable to the sample thickiiésBven in the nonlinearity and the associated transport noise suggests a
absence of such constraints, it has been proposed that stralapinning effecg Often, however, it is unclear from the pub-
interactions can promote mixed-phase textures in the predished data whether Joule effects, especially allowing for
ence of disordel® nonuniformity, might play a significant role in nonlinearities.

The collapse of the experimental higHeR(T) curves While material-specific inputs other thafiT) may indeed
upon correction for averagsT suggests that there is a well- be necessary for a detailed description, e.g., to capture the
defined phase texture in the state formed at Highhe re-  distinction between our measured and simulated hysteresis
producible feature found near the upper end of the transitiogurves, they are not trivial to identify. Identifying really in-
region when the current is high enough to make a jump at théeresting physicée.g., depinning phenomenaay be harder
lower end of the region may represent the collapse of thathan has been generally recognized. In our manganite
texture as the sample becomes nearly all paramagnetic. sample, the interesting physics—the phase texture and the

Since all the arms of the sample remain in balance acros®le of strain in making the phase change in neighboring
the resistive jump, such texture must be on a scale muctegions anticooperativé!>—appears to limit the dramatic
smaller than the sample size. On the other hand, since th&onlinear effects which would be present in a simpler sys-
ordinary magnetoresistive hysteresis is only moderately aftem.
fected by the resistive jump, the texture change appears to be
on scales at least comparable to those of the magnetic do- ACKNOWLEDGMENTS
mains and other discrete switching regions, i.e., some thou- This work was funded by NSF Grant No. DMR 02-40644
sands of unit cells in volum&28 Otherwise, the change at and by the UK EPSRC and Royal Society, and used facilities
T, would be expected to show up more dramatically in theof the Center for Microanalysis of Materials, University of
properties of the magnetic domains which give rise to thellinois, which is partially supported by the U.S. Department
ordinary hysteresis. of Energy under Grant No. DEFG02-91-ER45439. We thank
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It appears that the hysteretic resistance jump seen in ouwranja for crucial advice steering us away from a mistaken
thin film sample stems from the sharp metal-insulator transiinterpretation.
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