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Unusual Electric Field Effects in Ndg 7Sro sMnO 3
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Enhanced electric fieldH) induced modulation of the resistance of epitaxial thin films of
Ndg ;SrosMnO3; has been observed. The results show several remarkable features: first, field-direction-
independent decrease of the resistance above the temperature at which the peak in resistivity Occurs
second, proportionality of the modulation £3; third, a reduction in the magnitude and field-direction-
independent reversal of the sign AR /R just belowT,; and fourth, a prompt time response at high
temperatures and a slower response figarThese results are consistent with a model of a polarization-
induced lattice distortion coupling with both spin and charge transport. [S0031-9007(96)00809-5]

PACS numbers: 75.70.Ak, 85.30.Tv

The observation of a colossal magnetoresistance (CMR)eld of 2.5 X 10* V/cm. Assuming a dielectric constant
effect in theR,— .M, MnO; (R = La, Nd, etc.,M = Sr, of about 20 for NSMO [21], this leads to a displacement
Ca, Ba, etc.) family of oxides has renewed research ofield at the NSMO interface=0.5 MV /cm. The dynamics
these materials because of their anticipated significant imef the effect was measured by a frequency mixing study
plications for science and technology [1-4]. There havenvolving use of two different frequencies for the channel
been several studies in the past on the structure-properturrent and the gate voltage bias, and monitoring the dif-
relationships in these perovskites and the results haverence frequency components of the output (representing
emphasized a possible connection between local stru@lectronic coupling in the channel) as a function of the
tural (Jahn-Teller type) distortions, magnetism, and transapplied gate bias frequency [22].
port therein [5—7], hinging upon the electronic states and We have studied four out of eight devices fabricated.
charge dynamics of the basic MrO-Mn** configura- These four devices met the criterion of the gate current
tion [8,9]. In particular, Milliset al.and other groups less than 1 nA under a 2 V bias. The modest working
[10-13] emphasize the importance of Jahn-Teller disdevice yield is explained by the difficulty of depositing a
tortions on the transport properties, as opposed to onlgood quality gate insulating layer on top of an ultrathin
double exchange mechanisms, underscoring the stror@VR film. In Fig. 1 are shown the results fd® vs
coupling of lattice dynamics and electronic transport inT for the NSMO system with zero, positive+2 V)
these systems. In a recent work Asamittial. [14] re- and negative(—1.5 V) bias applied to the gate. An
port magnetic field induced modification of the structuralelectrometer was used to measure the resistance of the
phase diagram in CMR materials though with a somewhathannel due to the high resistivity of this material. It
different composition. Thus, there is adequate precedenasay first be noted that the observed effect is significant (a
to suggest that in these manganites structural distortiorfew percent) considering the 35 nm film thickness used.
are influenced strongly by external fields, which then afFurther, above the temperature at which the resistivity
fect the transport properties. peak(T,) occurs, the resistance is suppressed irrespective

One interesting way to obtain new insight into the natureof the field direction, in clear contrast to the nature of the
of the transport is to perturb the system with an electricelectric field effect observed in high- superconductors.
field, fields of several MYcm being possible in simple Remarkably, there is a shift ifi, to lower temperatures.
field effect transport configurations. Electric field effectsThe magnitude of the effect is reduced significantly for the
have been studied in high- superconducting perovskites temperatures below, which clearly signifies a change in
[15-18], and most of these appear to be well explained byhe nature of the transport mechanism and its modulation.
field induced modulation of mobile carrier density. In Fig. 2(a) are shown the data for the electric field

The thin film multilayer under study was prepared modulation,—AR/R, as a function of temperature as well
by pulsed laser deposition yielding a 35 nm film ofas R vs T. It may be noted that, over a temperature
the CMR material Ng;Sry;sMnO; (NSMO) grown on range between 300 and 200 KAR/R is nearly constant;

a LaAlO5(100) substrate followed by a 400 nm film of however, below 200 K it shows a considerable increase,
SrTiO;3 (STO) dielectric and a thick layer oh situ de- down to a temperature of about 165 K. Below this
posited gold. The conditions used for the deposition otemperature (which is about 10-12 K abd¥g —AR/R
NSMO are given in Ref. [19], while those for the depo- exhibits a sharp drop, with a change in its sign a few
sition of dielectric STO along with the patterning proce-degrees belowr,. It is interesting that the temperature
dure are given in Refs. [17,20]. A potential differencedependence of-AR/R is similar to the temperature
of 1 V across the 400 nm thick dielectric will result in a dependence ofiR/dT, though the significance of this
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FIG. 1. RvsT for the gate voltages zero (solid line}2.0 V
(broken line), and—1.5 V (dotted line); the inset shows the

behavior neaff’, on an expanded scale.

300

gate dielectric STO, as reported earlier [17,20]. Once
again, proportionality taE? possibly reflects the role of
field induced strain or field-dipole interaction rather than
charge density modulation.

In the case of a similar metal oxide conductor such as the
cuprate superconductors, the field modulation of the resis-
tivity could be completely explained on the basis of charge
transfer effects. However, in the case of manganites the
data do not support a charge transfer mechanism. First,
the modulation is gate polarity independent, and second,
the field dependence is quadratic rather than linear as has
been seen for the cuprates. The peak resistivity of the film
is 3.50 cm, and at room temperature the value of about
0.2 Q) cm corresponds to a fairly resistive material having
a long screening length. In addition, the mobility of car-
riers in this type of materials is known to be quite low,
which also results in poor screening of an external electric
field [23]. Hence the electric field most likely penetrates

correspondence is not yet clear. The very low gate leakagée entire 35 nm thickness of the film whereby most of the

currents (under 1 nA) help to rule out thermal effects.

film is subjected to a considerable electric field.

In Fig. 2(b) is shown the dependence of the modulation One may attempt to explain the data as a possible
—AR/R on the value and direction of the applied field shift of the ferromagnetic transition temperature resulting
at a typical temperature of 210 K. Similar features arefrom a strain effect. The strain could arise from an
seen at other temperatures as well. This dependence helectric field induced electroelastic effect in the STO layer
a parabolig E?) nature with an apparent small asymmetry.which is then transmitted to the film below. There are
This asymmetry can be attributed to the properties of thexperimental results which argue against this possibility.
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FIG.2. (@ R vs T (the solid line) and—AR/R vs T for

the gate voltagest+2.0 V (solid squares) and-1.5 V (open

squares); (b) the dependenceRfR(0) on the gate voltage at
1

210 K.
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First, it has been shown that there are negligible electric
field effects in STO films prepared at lower temperatures
where the degree of crystallinity is not high enough. This
is characteristically true for films with dielectric constants
below 300 [20]. Second, using uniaxial compressive
pressure experiments the peak resistivity temperature is
upshifted at the rate of 4 }fGPa [24]. To explain

a downshift of 3—4 K would require a tensile stress
of the order of 1 GPa, too high to be realistic for
piezoelectric effects. Thus we have to conclude that the
effect observed arises from direct electric field interaction
with the manganite film. In fact, we present below
a scenario which does not involve any shift of the
ferromagnetic transition temperature.

Our current understanding of the transport in this
material suggests a two-component system consisting
of a paramagnetic semiconducting matrix shunted by a
ferromagnetic network [25]. Abové, the transport is
dominated by the matrix, but belofy, the conductivity is
dominated by the metallic ferromagnetic regions, where
the spins line up. A good correlation has been seen
with 7, and the ferromagnetic transition temperatiiye
The electric field would be expected to affect the matrix
and the ferromagnetic regions in different ways. At
temperatures well abov&,, the semiconducting nature
arises from the bond distortion of the MnRO-Mn**
which reduces the overlap of the highly directional
electronic orbitals of the oxygen and the Mn atoms [26].
This bond distortion arises primarily from the small radius
of the rare earth ion and the Curie temperature in these
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materials can in fact be tuned by varying the radius ofites [28]. Analogously, one could expect electroelastic
the rare earth ion [26]. Charge conduction occurs in thieffects in the CMR materials as well, and any resul-
phase by hopping transport between the’Mand Mrt*  tant bond reconfiguration is likely to affect the trans-
atoms via the O atom, with a characteristic barrier energyort properties. The applied field at the S/TMR
(typically ~100 meV). BelowT),, a ferromagnetic order interface(~0.5 MV /cm) is a reasonable fraction of the
sets in and a metallic behavior is observed due to arystal fields in typical solidé~10-100 MV /cm). Since
reduction in the spin-spin scattering. the Jahn-Teller distortion in the manganites arises from
The understanding of even the zero field transport irsuch crystal fields, one would expect a perturbation on
these materials is at an evolutionary stage, with proposethis distortion by an applied electric field producing elec-
models of both an activated energy process as well asoelastic effects in the CMR layer.
a simple variable range hopping model. The resistivity It is worth noting here that in all experiments involving
behavior of the material in the semiconducting region cara perturbation of the oxygen octahedra such as applying
be (and has been) [11,26] fitted by an activated form ohigh pressure [22], oxygen doping [27], cationic doping
the type [26], or a magnetic field, &, increase was accompanied
R(T) = Ryexp(®/kpT). (1) by aresistivity decrease and vice versa. The electric field
effectis a departure in this respect, since both the resistivity
andT, are reduced simultaneously. While the magnetic

data in Fig. 3 is=108 meV. This activation energy is . _ ; o .
close to the published value for NSMO materials wi'[hf!e’ld Interacts W'Fh the spins In the system, the electric
field interacts with the induced polarization, and thus

different oxygen contents and with resistivity spanning . . .
i .. Jthe two types of interaction are fundamentally different
over 5 orders of magnitude [27]. Also shown are similar, .
' . ! X . in nature. However, pressure and elemental doping do
fits for the two different applied fields, shifted by a . . .
. affect the distortion of the oxygen octahedra directly, and
constant for clarity. o o )
. . . thus this difference is indeed puzzling. At temperatures
In Eqg. (1), ® denotes the semiconducting barrier, and . . .
below T,,, where the ferromagnetic ordering sets in and
Ry depends on the attempt frequency as well as th

X X the bond configuration is least distorted [29], the external
number of charge hopping sites. At any temperature - e
electric field causes a small resistivity increase presumably

AR/R = ARy/Ry + A® /ksT . (2)  implying an increase in the bond distortion.
At 200 K, for a gate bias of-1.5 and 2V, the bar- The above idea of the strong coupling between lattice
rier term is reduced by 24.3% and 26.6%, and the prefdisorder and transport in the system also implies a strong
actor in enhanced by 21.6% and 24.0%, respectivelycorrelation with the spins in the system. An implication
Using Eq. (2), the barrier reduction hence dominatesvould be that lattice dynamics ought to be significantly
over the hopping site reduction giving rise to a net dedifferent above and belowl’,. This is partly borne
crease of resistance of the order of about 3%, as seaut in the dynamical study of the system as described
in Fig. 2(a). The physics behind this most likely is re-below. In Fig. 4 are shown the results of a frequency
lated to the effect of polarization of the oxygen octahe-mixing study to examine the time response of the electric
dra, which in turn may affect the Mh-O-Mn** bond field effects. The results show the dependence of the
configuration. A recent report of a large magnetovol-modulation —AR/R on the driving gate frequency at
ume effect in LCMO suggests strong interplay betweentwo temperatures. The respective values GRC of the
magnetoelastic effects and transport in these mangamlevice configuration are also shown. It can be noted that
the response at 300 K is fast enough to be limited by
the RC time constant only, which itself is rather high
because of the high value of the channel resistance. At
the temperature of 173 K, which is above but né&gr
the response begins to drop at a frequency much lower
than the value of ARC at that temperature. Much above
T,, where there is negligible ferromagnetic interaction,
the lattice dynamics is fast. As one approacfigsthere
is a strong magnetic spin interaction which could slow
down the lattice dynamics, as has been observed for
magnetoelasticity in Jahn-Teller materials [30].
‘ L . In conclusion, we have observed remarkable features

3 35 40 45 50 55 60 in the transport properties of pulsed laser deposited

UT (10°K™) epitaxial thin films of N@ ;Sr,MnO; subjected to an

FIG. 3. A linear fit of INR vs /T at the gate voltages zero external elec_tric field. Specifically,_ the r_esis_tance is seen
(squares)+2.0 V (triangles), and—1.5 V (circles). The plots to decrease Independently of the field direction above the
are separated for clarity. temperature at which the peak in resistivity occ(ifs).

The actual value of® extracted from the fit to these
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