Nonlinear electrical transport through artificial grain-boundary junctions in La ¢ /CagsMnO4
epitaxial thin films

Mandar Paranjapg&,J. Mitra, and A. K. Raychauthri
Department of Physics, Indian Institute of Science, Bangalore 560 012, India

N. K. Todd, N. D. Mathur, and M. G. Blamire
Department of Materials Science and Metallurgy, Cambridge University, Cambridge CB2 3QZ, United Kingdom

We report investigation of non-linear electronic transport through artificial grain-boundary junctions made
on epitaxial films of Lg/Ca;sMnO; on bicrystal SrTiQ substrates. The experiments carried out over the
temperature range 4.2 K—300 K in magnetic field up to 3 T allow us to identify some of the conduction
mechanisms that may give rise to nonlinear transport in these grain boundary junctions. The nonlinear transport
is associated with multistep inelastic processes in the grain-boundary region, which is moderately affected by
the applied magnetic field. However the primary effect of the magnetic field is to enhance the zero-bias
conductancg Go=(dl/dV)y-¢]. The dominant voltage dependent contribution to the dynamic conductance
(G=dl/dV) comes from a term of the typ&*® at lower temperatures. Other voltage dependent contributions
to G, which are of higher order iW, appear only fof =75 K. In addition we found a contribution  arising
from a V?® term, which is likely to arise from the disordered region around the grain bouri@By. The
magnetoresistance in the GB depends on the bias used and it decreases at higher bias. The bias dependence is
found to be reduced as temperature is increased. We discuss the physical origins of the various contributions to
the nonlinear conduction.

[. INTRODUCTION ficial grain boundaries on epitaxial thin film using bicrystal
substraté;®1"*mechanically induced grain boundari®,

Electrical transport in rare-earth manganites showing coand spin-flip junction device’s. We will call such a device
lossal magnetoresistan€EMR) has been a topic of intense containing an artificial grain boundary a grain boundary
research in the last decade. In these materials the transpguiction (GBJ). The transport through the GBJ is generally
through the grain boundafysB) is different from that in the modeled as a junction where the GB is the barrier and the
bulk}~3 The two most prominent features in the GB trans-bulk of the film adjoining the GB are the two electrodes. The
port are as follows{a) The magnetoresistand®R) in the  two electrodes are spin-polarized metdls{(T;). The nature
GB was found to be more &@t<T. (T¢ is the ferromagnetic  of the transport is thus mainly dominated by the physical
transition temperature and the GB-MR decreasesTas nature of the barrier region, its width, and the junction that
— T from below) and (b) the low-field magnetoresistance the barrier forms with the spin-polarized electrodes. A num-
responséLFMR) is much pronounced in the GBs comparedber of mechanismsstrictly speaking scenaripdiave been
to that in the bulk of the crystallite. These two behaviors areproposed to explain the LFMR in the GB and its temperature
in sharp contrast to those observed in the bulk, where thdependence. Most of the proposed mechanisms are based on
(high-field MR peaks near the ferromagnetic transition tem-tunneling through the GB. Briefly, the mechanisms proposed
peratureT:. Also the MR in the bulk is much less at low are the spin-polarized tunneling via nonmagnetic
field. The LFMR in GB has been investigated extensivelyimpurity,}*~® tunneling via magnetic impuritff spin-
due to their potential technological applications following polarized inelastic tunneling through a spin-glass-like
the first GB device reported on LaCaMnO;,x~0.3 layer!®and magnetic polarization of the GB regitfRecent
(LCMO) films on SrTiQ, (STO substrates with bicrystal experiments proposed multistep impurity mediated transport
junction? The GB transport in CMR materials is generally through the GB:*?While most of the experiments on GBJ
probed through two types of experiments. The first method isnvestigated LFMR, the temperature dependence of LFMR,
to study transport in polycrystalline materials with monodis-and hysteresis behavior, there are recent investigations that
persed grains and well formed grain boundati&3®’This  have measured the nonlinear transport through the G&3-
method, however, needs a model to separate out the conttinear |-V) 121318
bution of the GB and the bulk. The second method is to In this investigation we address the question of nonlinear
study the transport in artificial GB created in an epitaxialtransport through such junctions and the effects of tempera-
film of the CMR oxide?8~13This method gives more defini- ture and magnetic field on them. We find the nonlinear junc-
tive results because the transport in the GB and that in thBon conductance through the GB, which arises from various
bulk of the film can be effectively separated. To probe theinelastic as well as elastic processes and dominates the trans-
nature of the transport through GB'’s in CMR oxides, manyport at finite bias. These are moderately affected by the ap-
research groups have carried out investigations on varioyslied magnetic field, whereas the zero-bias conductance is
systems such as tunnel junctiohstep edge junctionsarti-  enhanced by a large amount in a magnetic field.



II. EXPERIMENT 20

—e—GBJ200
o 200 nm pristine film i
. 60

In this paper we report measurements done on GBJ's 15+
formed by artificial grain boundary in the epitaxial LCMO 3
thin films grown on symmetrical bicrystal STO substrates. 1
GBJ devices were made from patterned thin films of LCMO
grown by pulsed laser deposition on STO bicrystal substrates
(45° misorientation The details of the growth of the thin
films on the bicrystal substrates, their patterning to form de-
vices and measurement of their resistance have been de-
scribed previousl§::*We have studied two types of devices.
The first device is made from a 200-nm-thick film which is
strain relaxedGBJ200 and the second device is made from
a 40-nm film (GBJ4Q which is essentially strained due to
substrate. Details about their microstructure as well as their
LFMR response have been published previoti$lihese de-
vices show large MR450%) in a field as small as 20 mT.

In this study we have used a large Wheatstone bridge geom-
etry with 19 meanders crossing the grain boundary. The cur-
rent path is inclined at an angle of 12° with the grain bound- T(K)

ary. The symmetry of the bridge structure ensures that all

resistance contributions balance to zero except those arising FIG. 1. (&) Grain-boundary resistance as a function of tempera-
from the GB. However, deviation from perfect balance of theture for a 200-nm devicéopen circles along with resistivity of
arms of the Wheatstone bridge can lead to contribution fronfristine film (open squargsinset shows corrected resistance of the
bulk of the film close toTp, where resistivitypy,, reaches device(see text (b) MR at 5 T as a function of temperature for a
a peak. Thd -V measurements were carried out by paSSingZOO—nm devicgopen circley as v_veII as that of pristine film. Inset
direct current through current leatls andl — and measur- Shows corrected MR of the devidsee text

ing voltage drop across voltage leads andV— as a func-

tion of temperature and applied magnetic field. The outputance aflp to the resistance at 4.2 RReeak/Ry5 ) is ~8
resistance in this configuration Bgp/2 if the arms of the for GBJ200 and~3.5 for GBJ40. The corresponding values
bridge are properly balanced. An off-balance contributionfor the pristine epitaxial films are much larger. This clearly
(Roff), which contains contribution from the bulk of the brings out the role of GB in increasing resistance at lower
film, shows up closer td ¢, as will be shown later. Total
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Rgp contains contribution from the 19 meanders of the — @
bridge arm. The voltage drop across the arm \is 1200 4120
~19YV neander WhereV cangerlS the drop across each cross- |
ing. The maximum power dissipated was less than 1 mW at L T T T
the highest applied bias. The applied magnetic field was par- 3 8001 ) 180 §
allel to the GB if not otherwise stated. The resistaRc#R, < ¢
-V, and dynamic conductandés(=dl/dV) vs V] mea- © 400 J40 =
surements were done in a liquid-helium cryostat with a su- Je—GBJAOO g |
. . . -0—40 nm pristine film g
perconducting magnet in zero field andH=3 T as a func-
tion of temperature ranging from 4.2 K to 300 K. The 103- (b) °
magnet was warmed up to room temperature prior to each 1.°
run. 80 =2
2 00_F
IIl. RESULTS S 40-
Figures 1a) and Za) show resistance vs temperature for 20
the two GBJ's. In Fig. (a) we show resistance of GBJ200, 1. :;;‘;BHJ:“prisﬁne im
which has a value of nearly 18k and it peaks at 273 K 0'0 o0 200 300
(defined asTp). Tp is similar to that of the 200-nm pristine T (K)

film grown on the same substrate. The resistivity of the pris-

tine film is shown in the same graph. In FigaPwe showR FIG. 2. (a) Grain-boundary resistance as a function of tempera-
vs T for GBJ40. This device is made from a thinner film, yyre for a 40-nm devicdopen circley along with resistivity of
which is essentially strained due to substrate. GBJ40 showsistine film (open squarésinset shows corrected resistance of the
resistance, afp, two orders higher than that of GBJ200. device(see text (b) MR at 5 T as a function of temperature for a
The resistance peaks around 198 K which is very cloSgto  40-nm device(open circle as well as that of pristine film. Inset
of the bare film, also shown in Fig(&. The ratio of resis- shows corrected MR of the devi¢eee text
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FIG. 3. () |-V curves of a 200-nm device
taken at various temperatures in a zero magnetic
field. (b) The normalized dynamic conductance
G/Gy vs V curves obtained from the curves
shown in(a).
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temperatures [<Tp). The resistance values of the GBJ’s creases as the temperature is increased. The corresponding
show peak nedfFp of the pristine films. As stated earlier this normalized dynamic conductance dat&/G, where G

is due to off-balance of the bridge. To approximately account=dl/dV) obtained by numerical differentiation of tHeV

for this we follow the following procedure. We writ& curves are shown in Fig.(B). The G/Gy-V curves are sym-
~Rept Refr, WhereRes1=ERpyik, Rpuik i the resistivity of  metric. The zero bias conductan&, [=G(V=0)] de-

the pristine film and is the scale factor which accounts for creases as a function of temperatureTascreases. Figures

the meanders off-balance. We then adfist a such away  4(a) and 4b) show the corresponding dataldt=3 T. The

that the observed value & is reproduced in the transition a5pjied magnetic field enhances the zero-bias conductance
region using values of the resistivities of the pristine films.gince the GB has a negative MR. The bias dependent part of
Similar procedure is followed for the MR. The corrected conductivity[ AG(V) =Gy — G,] does not change sub-

resistances of the GBJ's arising from the GB only are shown .-\ i . e
. - - . tantially in 3 T applied magnetic field at lower temperatures
in the insets of Figs. (&) and Za). The resistance of the GB (T<100yK). At r?igher terr?peratures there is a nlz)ticeable

is very similar to what is seen in polycrystalline pellets. . : .
In Iiligs. 1b) and 2b) we also sh%wythg MR as g function reduction ofAG(V). We quantify these in subsequent parts.

of temperaturd in a field of 5 T. The MR for the GBJ200 at The I_—V and dynan_wic_conductance curves, both in zero figld

5T is ~60% asT—0 and it decreases dsincreases up to nd in 3 T magnetic field for the sample GBJ40, are qualita-

220 K, eventually peaking &t» showing MR value of 71%. tlvely'smllar to 'that of GBJ200, alt.hough .they differ in

In the same graph we show the MR of the pristine figoo ~ quantitative details. However, to avoid duplicity we do not

nm) grown under the same condition. The MR in the film Show the data for the sample GBJ40.

peaks neaflp but is negligible below 150 K. GBJ40 shows  The GB-MR has an interesting bias dependence. To show

MR at 4.2 K of about 36% and remains more or less flat ughis we plot in Fig. 5, the conductance ratigy

to 140 K. MR shows a shallow peak aroufid (38%) and =G\(3 T)/G\(0 T) as a function of temperature for four

decreases on further increase in temperature. The MR of walues of the bias voltag¥~0, 0.2, 0.5, and 0.7 V for

pristine film is shown for comparison. It has broad peak neaGBJ200.£,>1 would imply negative MR. The field of 3 T

Tp but it is also negligible below 150 K. In insets of Figs. is much higher than the field of any hysteretic and aniso-

1(b) and Zb) we show the MR of the GBJ's after correcting tropic regime which in these devices is below 200 mT. It can

the off-balance signal. One can see that the GB MR is maxibe seen that as the bias is increasgdat a given tempera-

mum at the lowest temperature and decreases as temperattumee decreases significantly at low temperatures. At 4.8\K,

is increased. decreases as much as 25% at a bias value of 0.7 V compared
Figure 3a) showsl-V curves of GBJ200 in zero field at to that of the zero bias. However, the bias dependence de-

some representative temperatures. We show data in a terareases as the temperature increases. The bias dependence

perature rang& <Tp. AboveTp, |-V curves become linear. decreases substantially in the regidr=-75 K—100 K and

It is evident from the figure that the current-voltage characfor T>150 K the bias dependence &f is negligible. This

teristics are nonlinear in nature and the nonlinearity de-observation brings out the fact that contribution of nonlinear
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50010 FIG. 4. (a) 1-V curves of a 200-nm device at
various temperatures in 3 T magnetic field ap-
plied parallel to the grain boundarfb) The nor-
malized dynamic conductan€®/ G, vs V curves

obtained from the curves shown (a).
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FIG. 5. The conductance ratig,=Gy(3 T)/Gy(0 T) of a -
200-nm device as a function @ffor three values of the bias voltage 1.6 1
V=0, 0.2, 0.5, and 0.7 V. -
1.24 ot
conduction decreases as the temperature is increased. We
also note that the temperature dependenceépf[MR R

=(&—1)/&] is substantial fov =0 for T<100 K. In con- O 50 100 130 200 280 90
trast, &, for finite V has rather small temperature dependence
for T<75 K. ForT>100 K for all bias valuesé, has nearly
the same temperature dependence. This we feel is an impor- FIG. 6. The temperature dependence of the three parameters
tant observation from the view point of device application. I1tGy, «, andG,, in zero field andH=3 T for a 200-nm device. The

is seen that in the temperature range 75 K—100 K there is @set shows the temperature dependence of the paramétezero
distinct change in the transport mechanism through the deield andH=3 T for a 40-nm device.

vice. We see below that this is linked to a changeover of

conduction mechanism through the GB Bt+75 K as an In Fig. 6 we also show the temperature dependence of
additional channel for inelastic transport through the GBG0 G,, anda in a magnetic field of 3 T. As expectag, is
opens up. Similar decrease in GB-MR with increasing biag,phanced in the magnetic field and this is the negative MR

9 .
has also been seen befdfé”A GB device has to be oper- shown by the junction close to zero bias. However, there are

ated at a finite bias and a higher bias is desirable because tmﬁeresting changes i andG,,. For T<75 K, a(3 T) is

will reduce the noise in the device. However, a higher b'f"“'c’enhanced and it is significant at lower temperatures. It is

will (;e(;uce the MR. Thus an optimal choice of the bias 'Slarger than (0 T) in this temperature range. At 75 K there
heeded. is a crossover and(3 T) is slightly lower thana(0 T). a(3
T) also reaches a steady value=ei.7—1.8 at around 120 K.
IV. DISCUSSION The temperature and magnetic-field dependencesyof
a. The nature of nonlinearity—An empirical approach G« @nda seen in GBJ40 are similar to those of GBJ200

The bias dependence of the dynamic conducta@egV)  and are not plotted. Particularly the valuesooin zero field

taken at differenfT andH are fitted to the empirical expres- @S Well as in 3 T are similar for both devices. This is shown
sion in the inset of Fig. 6. In GBJ4Qy is somewhat larger than

that in GBJ200 and the field dependence is less pronounced.
G(V,T)=Guo(T)+AG(V,T)=Gyx(T)+G,(T)|V|*. (1) Asin GBJ200,a(3 T) is larger thana(0 T) at lowerT and
after a crossover at=50 K stays lower tharx(0 T). At
Equation(1) is a two-parameter relation that quantifies thehigher temperatureT>125 K) botha values reach a con-
nonlinearity through the exponent and G,, which is a  stant value close to 2.
measure of the weight of the nonlinear transpéif., a, and In Fig. 7, (0 T) obtained in two other investigatiotfs®
Gy are all functions ofT and H. In Fig. 6 we show the are plotted with that obtained in this investigati¢8o far we
temperature dependence of the three parameters as a functisave not come across any published reports wheaedG,,
of Tfor H=0 T andH=3 T for GBJ200.G, andG, de-  have been obtained in a magnetic figlfhe investigation in
crease andv increases monotonically with increasifgin Ref. 9 was done on lggCa iMnO3z/LaAlO; devices but the
zero field. The temperature dependencerdh H=0 T has GBJ was a step array junction in contrast to the bicrystal
a number of distinct featureste<<1 at the lowestl and in-  junctions used in our investigation. The investigation in Ref.
creases steadily asincreases, reaching the value-efL.8 at 18 was done on LgBa; 39MnO5/SrTiO;, with GBJ made
around 100 K. It saturates t81.8—1.9 above 100 K. on bicrystal substrate. Though the three GBJ’s are different,

T(K)



weaker than the zero-bias conductar@®g. It is a zero-
temperature theory and does not include any aspect of spin-

2.0 polarized transport. This effect is not affected by magnetic
164 field unless the barrier is significantly modified by the field.
’ In case the electrodes of a tunneling junction are disor-
dered the conductance gets a characteristic dependence on
1.2+ voltage given &2
3
08 o GBJ200 G(V.T)=Go(T)+GogT)|V|* 3
—0— GBJ40
0.4 —m—Khare et al The characteristic dependence is a manifestation of
—A-Ziese etal electron-electron interaction in weakly localized disordered
0.0 +——-—-aFG-rT—-s——-p——1 solids?! This coefficieniG, sis a strong function of tempera-
0 50 100 150 2000 250 300 ture T and it decreases rapidly &sis increased. This has
T (K) been experimentally seen in disordered metallic alloys as

well as in disordered metallic oxid&sat low temperatures
?T< 10 K). In this case the junction transport has weak de-
pendence on the magnetic field to the extent that the quan-
tum corrections are suppressed by the magnetic field. Pres-
ence of this term would mean that the region around the
Sjunction is disordered and it is different from the bulk of the

FIG. 7. A comparison of the temperature dependence of th
parametera in zero field for both devices along with Ziese al.
(Ref. 9 and Khareet al. (Ref. 18.

one can see certain common trends in all of ther{Q T)
seen in all the three investigations show two distinct regimes.. . .
At lower temperaturesT<100 K) «(0 T) starts increasing film. We discuss th'§ ?g‘?r- . .

steadily with temperature. At higher temperatures in our A model by Julliee™ is widely used in the context of

junction, @ reaches a steady value close to 1.8—2Tat spin-polarized transport through magnetic tunnel junction.

~125-150 K. In the junctions of Refs. 9 and 18 there is arfiowever, this model does not include contributions from in-

additional plateau ak~1.2—1.3(50 K<T< 200 K) before it elastic tunneling. In this model the tunneling resistance be-

reaches the limiting slope of nearly 2 at higher temperaturegWeen two ferromagnetic metal layers separated by a thin

T>200 K. We interpret this behavior as due to distinct trans_msulatlng barrier depends on the relative orientation of the

port mechanisms that operate in the GBJ. We discuss the?rgeagpi[;f:trlgg dgng etgger?tlgﬁtroan_t\s,vp;?cupr?éirtlzrﬁggz Igngig?
mechanisms in the following section. It is likely that all the yer. y ’

) ) each spin direction. The two-current model assumes that the
mechanisms occur simultaneously although one of then) : . . .

. . . two spin species of electrons tunnel elastically. This model
wins over the others in a given temperature range. However.

the relative weight of the different mechanisms, the exacp'ves us a way to calcglate the_ relgtlve current in the Spin
channels and thus obtain an estimation of the degree of spin

values ofa(0 T), and the exact temperature ranges where the olarization. The model has been extended to include inelas-

crossovers occur .Wi" depend on the details pf the physic ic contribution to explain the reduction of the GB-MR at
nature of the junctions as well as on the materials which havﬁigher biag?

been used to make the junction.
b. Models of GB transportn this section we briefly high- . Glazman a_md Matveéﬁ‘/(GM) prppos_ed a theory fqr mul—.
tistep tunneling for conduction in disordered solid. This

light the salient features of the transport mechanisms th% has b developed for inelasti i
could explain the nonlinedrV curves seen in the GBJ. The eory has been developed for inelastic tunneling across
. %morphous films and not for junctions with a barrier in the

models have k_)een_developed n the context of transport, e ntional sense. However, given the fact that the GB is a
through tunnel junctions or junctions comprising two metal-. . P .
junction whose “barrier” thicknessl (typically = few na-

lic electrodes with a barrier separating them. The appllcabllnometers or moieis much wider than that in conventional

ity of these theories is based on the basic assumption that the I ” o
GBJ can be thought of as junction with metallic electrodestunm:"I junctions @~1-10 nm), the applicability of the GM

. ) X : ~model may be justified. This particular issue will be dis-
with a barrier separating them. The expected behavior W"Qqussed later on. The GM model has given a generalized ex-

depend on the physical nature of the electrodes, the barrier,reSSion for voltage dependent dvnamic conductance. In our
and the presence or absence of scattering in the barrier res 9 P y .

gions. In general, the tunneling through a junction with rect_experlments e¥kgT is saisfied for most parts qf tHe\(
angular energy barrier gives rise to a parabolic dependenc%urves’ except the range very close to the zero-bias region. In
of G on V at low voltages such thit suqh a case the m_odel gives a voltage dependent conductance
which one can write &8
G(V)=Gy+G,| V|2 2
G(V) =G+ Gagd V|"*+ Gsd V[*?+ - - -, (4)
In this equation the transport is an elastic process and the
voltage dependence arises from the voltage dependence where the first termG, includes the elastic tunneling and
the tunneling barrier transmission probability. The coefficienttunneling via single-impurity stef5,; is the contribution by
G, depends on parameters related to the energy barrier. Ustunneling via two impurity states. The tunneling involving
ally the contribution of the voltage dependent term is muchmore impurity sites will have higher-order terms. The coef-
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ficients depend on the radius of the localized states, their (2) Predominant exponent for the nonlinear term is close
density, and the barrier thickneds to 1.7-1.9 over most of the temperature range Tor

A recent theor}? specifically addresses the question of >125 K. We will see below that this arises because of a
inelastic spin-flip scattering in magnetic junctions. It calcu-contribution from a term with higher poweN(, n>2).
lates the contribution of bulk magnons as well as antiferro-This term makes substantial contribution foe75 K and
magnetic surface magnons at the junction regions betweethe relative contribution from this term increasesTais in-
two dissimilar magnetic materials. The contribution due tocreased. However, at low temperaturds<s0 K) there are
the bulk magnons gives rise to a nonlinear dynamic conduceontributions from other process with voltage dependence

tance in the low-bias region, V™ with m<1. These contributions decrease &ss in-
creased.
G(V)=Gy+ Gy V|*7?, (5) (3) The effect of magnetic field is to enhance the zero-bias

term Gy predominantly. Also, the other terms that give rise to
with the temperature dependence of the MR which decreasefonlinear transport are affected by the magnetic field though
asT increases at low temperatures. The contribution due tgeakly.
surface magnons gives rise to a bias dependent conductivity |n view of the discussions in the preceding section we
propose that the nonlinear contributidiG(V,T,H) consists
G(V)=Go+G,| V% (6)  of contributions from three processes, all of which occur in
parallel and we write this as
In this case the nonlinearity of the transport arises from
the spin-flip process. As a result, application of magnetic ~ G(V,H,T)=Gg+ GggV|®5+ G, V|**+ Gs,4 V|®2, (7)
field which suppresses the spin-flip scattering will signifi-
cantly suppress the nonlinear transport. In this section wahere the zero-bias conductan@g consists of two parts.
briefly summarized the models available to understand th&ne part is the elastic tunneling giving rise to the GB-MR
nature of nonlinear transport in GBJ. In the following sectionand another part is the contribution of the tunneling through
we use these models to analyze the measurements done @rsingle impurity site as envisaged in the GM model. The
the GBJs. The change of the nonlinear terms of the junctioSo s term is due to the disorder effect as expressed in&g.
transport in a magnetic field can be used as a tool to chec®4/z andGs, are the contributions from two- and three-step
the presence of spin-dependent processes in these junctioigineling, respectively, of the GM modidee Eq.(4)]. The
that cause the nonlinear transport. higher-order terms are neglected due to increasingly smaller
c. Analysis of GB transport data application of the mod- contribution. The predominant dependence of the field is
els. Most of the investigations on GBJ address the issue ofrom the G, term. In view of the absence of large depen-
LFMR and its dependence on temperature. However, somaence of the voltage dependent part on the magnetic field we
of the past investigations looked into the particular issue oflid not include any spin-dependent contributions as envis-
nonlinear transport. The investigations by Zeisal>'°and  aged in Eqs(5) and (6).
Khareet al!8, as stated earlier, analyzed the data using the We fit the observe@-V data(both forH=0 and 3 7 to
empirical relation given in Eq(1). The effect of applied Ed.(7) over the whole voltage range and at all temperatures
magnetic field was not investigated. Similar GBJ sampled4.2 K to Tp). One can obtain excellent fit with fit error
have been investigated by Klegt al** and Hdeneret al’> < +0.5%. The fit parameters, namely, the te@p and the
who explained their data using the GM theory. From thecoefficientsGq 5, G453, andGg, are shown in Fig. 8 for both
empirical analysis done in Sec. IV a and Fig. 6, one can not&BJ's inH=0 andH=3 T. The dominant term in this re-
the following. gion is evidentlyGg, which contains the elastic term as well
(1) The nonlinear termAG(V) arises due to contributions the single step tunneling. The contribution of ¥&°term in
from a number of processes. Eq. (7), although very small compared to tli&, and G,3



terms, is needed to improve the quality of the fit close to thecant disorder which contributes to th&-° term in the tun-
zero bias region particularly at low temperatures. This terrmeling process at low temperatures. We also note that the
is also needed to explain the appearancexsfl at low inelastic process coming from multistep tunneling, giving
temperatures as shown in Fig. 6. However, it decreases verjse to the nonlinear transport, has much suppressed the de-
rapidly asT increases and becomes negligible Tor 40 K. pendence on magnetic field compared@g. The field de-
Interestingly this term is suppressed by the magnetic fielgpendence is expected to come from the spin-induced
and is absent foH=3 T data for both samples. This ex- alignment/polarization of these impurity/scattering centers
plains the enhancement of the observedt low tempera- that give rise to a multistep process. Absence of a strong-
tures in a magnetic fieltsee Fig. 6. field dependence will imply that either most of these steps
The main nonlinear contribution at low temperaturesare nonmagnetic or they have random spin orientation locked
comes from thev# term, which arises from the multistep in space by local anisotropy.
tunneling. This term is significant at lower temperaturés (A comparison between the GBJ's made on the two films
<50 K). It decreases rapidly above 75 K. It shows broadshows that though they show qualitatively similar behavior
peak around~25 K for both GBJ200 and GBJ40. The co- there are significant quantitative differences. The relative
efficientG,3 is enhanced moderately in the magnetic field atcontribution of the nonlinear terms is definitely much larger
low temperatures, implying that the impurities involved in for GBJ40 compared to that of GBJ200. The magnetic field
the multiple-step tunneling can be magnetic. The coefficienglso has a relatively stronger dependence on GBJ40. The
G5, is almost negligible forT<75 K but assumes a finite difference in the two devices is mainly to the extent of in-
value beyond that and dominates at higheThe|V|52term  trinsic strain in thenf® GBJ40 is made from the uniformly
comes from a process involving three steps. This being &trained film, whereas GBJ200 is made from strain relaxed
higher-order process will involve higher-energy procesdilm. We would expect that as a result of the strain in the film
which we believe is operative when the temperature is inof GBJ40, the region around the GB is more affected by the
creased. The change in the nonlinear transport seen in tt&rain and provides more sites for multiple-step tunneling in
temperature range aroufid=50 K—75 K is due to crossover comparison to the same region in GBJ200.
of the relative contributions of these two terms. The contri-
butio_n of_this tgrm m_akesz—>2 atT>125 K. We conclqde V. CONCLUSION
that in this device spin-dependent processes do contribute to
the nonlinear conduction through the GB but the substantial To summarize our findings, we have studied nonlinear
effect of the magnetic field is due to the zero-bias term. Theelectrical transport through artificial grain-boundary devices
nonlinear transportwhich has a much weaker magnetic-field made of Lg/Ca MnO; grown on bicrystal SrTiQ@ sub-
dependendgearises from a multistep process as envisaged irstrate by pulsed laser ablation. We specifically investigated
the GM theory with a contribution arising from the disor- the dynamic conductance vs applied bias over the tempera-
dered region around the GB. We are in general agreemeitgre range 4.2 K—300 K and in a magnetic field up to 3 T.
with the observations and conclusions offetweret al?for ~ The primary magnetic-field dependence is on the zero-bias
the data taken & =0 T. The applicability of the GM model conductance, which is strongly enhanced by the magnetic
and contribution of the/%° term in theG(V) data point to  field. We find that the nonlinear transport is dominated
certain characteristics of the GB. It is not a sharp tunnemainly by two processes. The processes are moderately af-
junction, as in most artificially fabricated magnetic tunnelfected by the magnetic field. From the analysis of the non-
junctions (MTJ’s). One would expect no or much weaker linear transport we suggest that the transport through the GB
inelastic scattering in a sharp junction. This will make theis not only affected by the physical junction but also by a
GM model inapplicable. Thus the applicability of the GM finite length of the film around the GB that has different
model would clearly signify that the GB junction is very properties from the bulk.
different from the MTJ. Here the junction has a width
> mean free path of electron. In this context we refer to Soh
et al?® Using micro-x-ray probe they showed that the region
around the GB has a different lattice constant from the bulk A.K.R. wants to acknowledge DST for a sponsored
of the film, and this change occurs in the scale of a micromeproject. M.P. and J.M. want to acknowledge CSIR for finan-
ter. One would therefore argue that the electronic transpoutial support. The work was carried out under UK-India Joint
through the GB will be affected by this layer significantly. Science and Technology Program. Part of this work was
This modified region around the GB is likely to have signifi- funded by the EPSRC of the UK and the Royal Society.
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