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Grain-boundary capacitance of La /CagMnO; films
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The capacitance of grain boundaries formed at step edges irChasMnO; films was measured using
impedance spectroscopy. The grain-boundary capacitance decreases with temperature and vanishes in the
paramagnetic phase. The grain-boundary region is modeled as an abrupt metal-semiconductor contact inducing
a depletion layer; the built in voltage is expected to be caused by chemical potential shifts due to differences
in the ferromagnetic order in the grains and the grain boundaries. This model indicates that the capacitance
vanishes with the second power of the difference between grain and grain-boundary magnetization; the data
indicate that the capacitance follows more closely the grain-boundary magnetization as determined from the
magnetoresistance.
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The magnetotransport properties of grain boundaries imndividual steps separated by a distance ofu2l; two sets
colossal magnetoresistanc€MR) manganites have been of substrates with steps alofi00] and[110] were studied.
under intense study in recent yearEhis interest arose from An atomic force microscopyAFM) image of two step edges
the observation of a large low-field magnetoresistance ins shown in Fig. 1. In this work two LCMO films with step
polycrystalline sample$.From magnetotransport, current- edges along100] and[110] and a reference sample without
voltage, and local magnetic measurements the following picstep edges were investigated. Film thickness was estimated
ture for grain-boundaryGB) transport processes emerged: from deposition time to 20 nrf100]), 25 nm([110]), and 40
since the double exchange mechanism responsible for metaim (epitaxia) with a typical error of 10%. The magnetiza-
lic conduction in the manganites depends sensitively on thon measured in an applied field of 0.1 T at 10 K was
Mn-O-Mn bond anglé, structural disorder near the GB ,,,M=0.6 T independent of film thickness within the error
weakens double exchange and leads to a strong increase ifits set by the thickness determination. The Curie tempera-
resistivity. The GB region acts as a barrier for spin-polarizedtyres of these films as determined from the inflection points
tunneling between adjacent grains; in weak magnetic fieldg the magnetization versus temperature curves are 190 K
the grains are aligned leading to the observed large resistange 00]), 216 K ([110]), and 230 K(epitaxia). The variation
drop. The tunneling process is generally inelastic proceedingh the Curie temperatures is due to the different film
via few Mn ions localized in the barriér thickness:®!* The films containing step edges show a con-

The microscopic nature of the GB region is not well un-siderable low field magnetoresistance due to GBs formed at
derstood so far. It has been assumed that the GB magnetizgre step edge$The frequency dependent resistance of the
tion is suppressed compared to the bulk magnetizdtm  samples was measured with a conventional four-probe tech-
magnetic force microscopy studies actually indicate differ-nique with in-line silver-paste contacts. There were ten step
ences between GB and grain magnetization; the Curie temedges between the voltage probes. Two-phase Lock-In detec-
perature near the GB, however, was found to be enhahcedijon was employed at measuring currents of.8 with fre-
Furukawd found a shift of the chemical potentialu as a  quencies in the range from 5 to 100 kHz. In order to elimi-
function of the magnetizatioM in double exchange systems. nate phase errors induced by the setup only amplitude data

Both, in the ferromagnetic and paramagnetic phase a scalingill be discussed here. Magnetization measurements were
A u/WecM? holds; W denotes the bandwidth and is estimatedperformed in a SQUID magnetometer.

to W=1 eV.2 If this result is applied to a GB, there is a
chemical potential shift between the GB regi@omth mag-
netizationM 4,) and the grainmagnetizatiorM,) given by
Ap/Wee(M5—M3,). This might induce a depletion layer in
the GB region; the corresponding space charges induce a
capacitance. Here the GB capacitance of, 1, sMnO;
(LCMO) films as obtained from impedance spectroscopy is
reported.

LCMO films were fabricated on virgin and patterned
LaAlO; substrates by pulsed laser deposition from a sto-
ichiometric polycrystalline target. Substrate temperature was 10
700 °C and oxygen partial pressure 100 mTorr. Substrate size
is 5X5 mn?. Step edges were fabricated on some of the
substrates prior to deposition using conventional photoli- FIG. 1. AFM image of two step edges on a LaAlGubstrate.
thography and subsequent chemically assisted ion-bear®rain boundaries might nucleate near the edges, such that there are
etching"? Step heights were between 100 and 200 nm withwo grain boundaries per step edge.
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FIG. 2. Measured resistance amplitude of the LCMO film with 8 Jo2
[110] step edges as a function of frequency at various temperatures. RN |
The solid lines were obtained using equivalent circuit analysis. 0 . “’.‘”"0‘ 0.0
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Figure 2 shows raw amplitude data obtained on the
LCMO sample with[110] step edges for various tempera-
tures. The data show a strong decrease with frequency above g, 4. (a) Resistance andb) capacitance of the LCMO
about 1 kHz indicating capacitive effects. The capacitanc&amples studied. The wire capacitance of 2.8 nF was subtracted. For
arises from both sample and wiring. Since the grain resisthe step edgesRy, andCy,/n are shown, whereas the total mea-
tance is much smaller than the GB resistahtiee measured  sured resistance and capacitance of the epitaxial film are presented.
frequency dependence is analyzed within an equivalent cirn (b) the normalized magnetization as measured in a SQUID mag-
cuit as shown in Fig. 3n denotes twice the number of step netometer in a field of 100 mT is shown for the step-edge samples
edges between the voltage contaBlg, and Cg,, the GB  (right scale, solid ling110], dashed ling100]). M, denotes the
resistance, and capacitance, respectively, @pcthe cable magnetization at 0 K.
capacitance. The impedance of this circuit is given by

Temperature T (K)

values of the GB resistance and capacitance are shown in
_ NRyp (1) Fig. 4. There are several features in these data to be noticed.
1+iwnRyy(Cyp/n+Cy) (1) the GB resistance is indeed considerably higher than the
with the angular frequency=2=f. The cable capacitance resistance O.f the epitaxial fiIr_n, especially in the low tem-
C,=2.8 nF was determined by measurements of the freperature regime2) T_he capacitance measured over the_step
guency response of ohmic standard resistors and was su%‘—jges decrease; W'.th temperature. The comparison W'th the
tracted from the data. The modulus of Ef)) was used to fit reduced magnetization shows that 'ghe capacitance va}mshes
the data obtained on the LCMO samples; the fitted curves atl%]elow the Qurlg temperature as def!ned by the \./anlshlng.of
shown in Fig. 2 agree well with the experimental data. Mea-, < magnetization. However, there is a slight difference in
surements as a function of frequency in the range 5Hz the Curie temperatures of th_e two step-edge samples which is
<100 kHz were performed every 5 K between 80 and 30 anifested in both magnetization and capacitance curves.

. : his indicates the relation of the capacitance to ferromag-
K. Each dataset was analyzed using §9.and the resulting netic order.(3) An additional capacitance is also measured

for the epitaxial film at low temperatures. Since the capaci-

R ; .
L tance measured over the step edges is clearly larger than this
_ — spurious capacitance, one might conclude that the former is
induced by grain boundaries. With the film cross-sect#on
n
C.

=5 mmxXd, d being the film thickness, and the number of

GBs n=20 between the voltage contacts, aO} a typical

areal GB resistanc®;,A=5x10"* Q cn? and a capaci-

tance per are@€,/A=2.5X 10’ nF/cn? are obtained. These

I estimates are lower and upper bounds, respectively, since not

|| every step edge must act as a high resistance(lRxB. 12

c and since the effective area might be increased due to inter-

facial roughness. The areal resistance obtained here is well in
FIG. 3. Equivalent circuit used for the analysis of the impedancethe range of previously reported valuesThe RC time con-

data. stant isT=10 us. This is large compared to the crossover
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frequency of about 80 MHz estimated by Yattsal. from an metal | depletion semiconductor
analysis of transport data on {a,Y,CaMnO, layer
polycrystalst® There are no capacitance data for CMR man-
ganites available in the literature. The capacitance of semi-
conducting BaTiQ showing the positive temperature coeffi-
cient of resistance(PTCR effect has been extensively
measured:; here typical values of 300 nFlamere found:*1°
much smaller than the capacitance values obtained here.
The data will be analyzed in a simplified model for the
GB capacitance of a depletion layer. The GB region is mod-
eled as a semiconductor adjacent to the metallic grain with a
sharp interface. The built-in voltag¥y; is given by the
chemical potential shift as discussed abowg;=Au

«W(Mg—MZ,). This shift can be as large as 0.1 Wf 1 1
Vpi>V+, the capacitance per area of the depletion layer is . D
given by*®
GrEOeND
C=N"%v, @ R A= RA =
with the vacuum permittivityey, relative permittivity e, , ]-D/(el«lnn) 1/(eunND)

and donor densitNp . In case of nondegenerate semicon- . . )

ductorsV+ is given bykgT/e, whereas in case of a degen- _FIG_. 5. Schemat!c drawing of the metal_—semlconductor _contact
erate semiconductor one hes= 1/ ed In(n)/du]. Assuming indicating the varlatlo_n of thg carrier densutg(x)_ and th_e thick-
€,~100, Np~5X 107" m=3,Y7 V,~0.05 eV® one obtaines nessesy of the depletion region a_nldo_f the bulk_llke semlcgnduc-

a capacitanc€ ~ 3x 10° nE/en?. This value is in between tor. At the bottom an equivalent circuit neglecting the resistance of

the values obtained for the manganites and those for BaTiO the metal is indicated.

Equatlon (2) s .val|d qt'low temperature; Whembi. with the replacemen¥;— V,;+V,. In the limitn<Np usu-
>Vy; for a vanishingVy, it is clearly unphysical, since in y considered, the voltage drop occurs mainly over the

. . : . . Il
this case the capacitance has to vanish. The divergence in E@e :
. . . letion layer and/,=V,. In the present , however,
(2) stems from the fact that in the derivation the carrier den- pletion layer and/,=V, € present case, noweve

sity n(x) = NpexgeVx)/kT] was assumed to be small com- the additional voltage appearing across the depletion layer

d toN d has b lected(x) denotes th vanishes in the limitv,;—0 andV, has to be calculated
pared 1oNp and has been neglecte (x) enotes the po- taking the ohmic resistances into account. If the resistances
tential distribution in the semiconductor and is taken to be s 1o metal electrode and the bulk semiconductor are ne-
negative. Here the depletion-layer capacitance will be de

. ; . . glected, the excess voltadk is proportional to the differ-
rived without the assumptloh\/(x)|>kT. Figure 5 shov_vs ence of depletion layer conductivities f&f,;>0 and Vy;

the geometry of the metal-semiconductor contact considered .

here. Near the interface a depletion layer with free carrier

densityn(x) = Npexg V(X)/V+] is formed. The potentiaV(x) Np—n

is obtained from Poisson’s equation with a charge density V,= N Va. 4

p(x)=¢e[Np—n(x)]. Boundary conditions aré(x)—0 and D

dV(x)/dx—0 for x—o as well asv(0)=—Vy,;. The charge In the limit V,;—0, one obtains for the capacitane

per area in the depletion layer is given by =(0Q/ V) (dVy1dV,)
_ dv -0 €€g Vi 5
Q—Grfoa(X— ) = i V_T (5)
V+ 12 Since it is expected that
= \/ZErfoeNDVbi 1- T[l_exq_vbi/VT)]
o Vpi(Mg—Mgp), ()
()

the measured capacitance should be related to the difference
In the following the carrier density in the depletion layer is of the second power of grain and GB magnetization. The
approximated by a constant=Npexp(—Vy;i/Vy). Then the  grain magnetizatiorM ; should be identical to the global
thicknessl of the depletion layer can be defined 6N,  magnetization as measured by the SQUID, since the volume
—n)lp=Q. In the limit V,;—0 this approaches the constant fraction occupied by the GB’s is vanishingly small. The GB
valuelp=\e€,€9Vr/eNp. The capacitance per area is given magnetization is difficult to measure directly. On general
by C=dQ/dV,, whereV, is the applied voltage. This volt- grounds its magnitude is expected to be reduced compared to
age induces an additional voltagk across the depletion the grain magnetization; magnetic force microscopy indi-
layer such that the capacitance can be calculated fronfi3Eq. cates that the Curie temperature at the grain boundary might
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FIG. 6. Capacitance normalized by the value at 80 K of the FIG. 7. Capacitance normalized by the value at 80 K of the
step-edge sampldeft axis) compared to the second power of the step-edge sampleteft axis) compared to the second power of the
normalized grain magnetizatidnight axis. normalized grain-boundary magnetizatigright axis. The GB

magnetization was determined from the low field magnetoresis-
not be reduced Here we proceed as follows. First, in Fig. 6 tance.

the capacitance measured over the step edges is compared to _ )
the second power of the measured magnetization, thus eHld MR=[R(H;) —Ry]/R,. H. denotes the coercive field.
tirely neglecting the GB contribution. For both samples theFigure 7 shows the measured GB capacitance compared to
squared grain magnetization rises with decreasing temperﬁe square of thehGB magnetization; fOL thf samgle} W'tlf:
ture much steeper than the capacitance. This indicates thetL0l Step edges the agreement is remarkably good, for the
(a) there is a substantial GB magnetizatibhsg or (b) Eq other sample it is reas%nable. From these data we arrive at
B . . .
(6) does not hold. As a second step we estimate the nge conclusion tha@mMGB In contrgst.to Eq(6). H_oweyer,
magnetization within the model of Eveis al:® assuming a oned hlaj to bg:ar mr(rdr;;ng trzgi). tfgs fngal reshult IS .h'%hlyl
o L model dependent a g. (6) is based on theoretical cal-
fr_e%med GB{ mag?etlég/ﬂg;l these authors derived the IO\?éulations for the undistorted cubic phase. It is clearly desir-
1€ld magnetoresistan as able to develop a more detailed microscopic model of a GB
2 2 in the manganites in order to understand the magnetotrans-
MR MGg/Myg. @ port properties.
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