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Different from the negative colossal magnetoresistd@¥dR) of the LaMnGQ; compound family, a positive
CMR has been discovered at low applied magnetic field and high temperature in the epHaxiaterostruc-
ture we fabricated with Sr-doped LaMg@nd Nb-doped SrTi©by laser molecular-beam epitaxy. The mecha-
nism causing the unusual positive CMR is proposed as a interface effect, i.e., the creation of a space charge
region at the interface with different electron filling in bands comparing to that in the homogeneous region in
Sr-doped LaMn@. Other puzzling CMR features with bias voltage, temperature, and even composition are
well explained by the present scenario.
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The hole doped manganese oxides of general formulaccurs between two magnetic materials with different spin
La,_,B,MnO; (B=Ca, Sr, Ba, Pbhave remarkable interre- carriers?> However, it is amazing and even seems incredible
lated structural, magnetic, and transport properties. In parfor a system with the structure consisting of a nonmagnetic
ticular, they exhibit very large negative magnetoresistancenaterial(SNTO) and a negative CMR materigdl SMO) to
(MR), called colossal magnetoresistafi€IR) which value  arise as a positive CMR property. The physics origin causing
is defined asiR=(Ry—Ry)/R,, with R denoting the resis-  this unusual phenomenon is proposed as the creation of the
tance under applied magnetic fistlandR, being the resis- space-charge region where thg spin-down(ty | ) band is
tance without a magnetic field. The phenomenon of CMR ispartially filled by electrons in LSMO. According to this sce-
currently of considerable interest because of their value imario, the CMR dependence on the bias voltage, composi-
fundamental physics and their potential applicatibh¥he  tion, and the temperature can also be explained qualitatively.
understanding of the microscopic physics underlying the |n order to fabricate a better oxidp-n interface, a
CMR properties is therefore fundamentally important.computer-controlled laser molecular-beam epitaftgser
Though good results of negative MR have been reported iIMBE)® was used to deposit the LSMO/SNT®@n junctions.
some magnetic tunnel junctioi¥TJ),*~* positive MR was  The p-n junction was made by depositing 0.1 Sr-doped
found in very few system:® Although wide and intense LaMnO; with the thickness of 4000 A directly on 0.01 Nb-
studies on the spin polarization, transport property and phodoped SrTiQ (001), as shown in the inset of Fig. 1. The
toelectron spectra of l;gSr, s;MnO; have been carried out, fabrication was done under the following condition: laser
litle has been done for lower doped material such agwith wavelength of 308 nm, repetition rate of 2 Hz, and
Lag ¢Sty sMnO; due to its properties being similar with but duration of 20 np energy density approximately being
less remarkable than those ofll:&r ;MnO; for bulk or thin 1 J/cnf, the substrate temperature of 630 °C, and oxygen
film. However, by depositing hole doped 451, ,MNO;  pressure of X 1073 Pa being maintained during the deposi-
(LSMO) on electron doped SrNR;Tipod; (SNTO) as we  tion. The growth rate was-13 A/min for LSMO. Anin situ
will show later in this Letter, a property of positive CMR is reflection high-energy electron diffractiotRHEED) pro-
created in the system at low magnetic field and high temvided useful information on surface structure, morphology,
perature. Our most recent results for positive CMR in a
multilayer heterostructure have been repoftediithough 201
substantial values of magnetoresistaf{d&) are found for a
variety of materials at low temperatures, and in high mag-
netic fields, useful devices must operate at higher tempera-
ture even near room temperature, and in modest fields of H
being less than 0.1 T. Thus, it is highly desirable to find new
materials and structures with a large MR ratio at high tem-
perature and a low applied magnetic field. Positive CMR
values of 10.6% in 5 Oe, 23.2% in 100 Oe at 290 K, 53.0%
in 5 Oe, 80.0% in 100 Oe at 255 K was found in the . : : - : : . .
LSMO/SNTO p-n junction we fabricated, which are the 20 15 1o ];?%;:Vgi?ageo(‘\s,) 1o 120
largest in all CMR values for high temperature reported pre-
viously, including those absolute values for negative CMR in  FIG. 1. Thel-V curves of the LgoSt ;MNOg/ SNk, 01Tio 0603
a low field and high temperature for perovskite oxide as fafp-n junction without an applied magnetic field at various tempera-
as we know. On the other hand, it is understandable for cettures. Inset: schematic illustration of then junction and the cross-
tain MTJ to be with a positive MR property, if the tunnelling sectional HRTEM image of the interface of tpen junction.
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and growth mode, and the oscillation of RHEED intensity 0.6
was used to control the exact number of the deposited mo- I
lecular layers. Our XRD 6-26 scan curve of the
LSMO/SNTO p-n heterostructure shows that there exist
only LSMO (00l) and SNTO(00l) peaks without any trace

of other diffraction peak from impurity phase or randomly
oriented grain, which means that the thin films of hetero-
structure are in single phase with axis orientation. The
cross-sectional high-resolution transmission electron micro-
scopic(HRTEM) image in the inset of Fig. 1 also shows that
the interface is perfectly oriented, and the epitaxial crystal- :
line structure shows the axis of SNT@1) being parallel to y PN EPIN S B B

(RH' o)/Ro

LSMO(001), and SNTQ100] being parallel to LSMQL00]. -2 -1 -0 -09 08 07 -06 -05
The current versus voltagél-V)) characteristics of the (@) Bias Voltage (V)

LSMO/SNTO junction without an applied magnetic field, 1.0

measured with a pulse-modulated current source, showing

the typical rectifying property of @-n junction are shown in osk e eoneg

Fig. 1. The Ohmic contact between electrodes and the thin | T=255K

films was demonstrated by line&V curves, measured be- - ol e

tween the two electrodes on LSMO or SNTO thin film. The & ™[ _,_ 140 0e o

measurement was taken by a constant current with a step of Ef —A—1000 Oc

0.01 mA. Thel-V behaviors of the LSMO/SNT®-n junc- g 0.4 Wa'd

tion in the magnetic field was measured in the temperature

range of 190 to 290 K by a superconducting quantum inter- 0.2

ference devicdSQUID, Quantum Design MPMS 5.5 TA

magnetic field perpendicular to thpen interface and parallel 0.0 ; ; P T

to the current was applied. The influences of the magnetic 20 18 16 14 12 10 08 0

field on the voltage of the-n junction are more obvious (b) Bias Voltage (V)

with the negative bias than that with the positive bias, be- 0.30

cause the resistance at negative bias is larger than that at :

positive bias for thep-n junction. Figures @&)—2(c) show the 025 F To00K

dependence of the positive CMR as a function of negative L —%—50e

bias voltage for the LSMO/SNT®-n junction under an 0.20 | —°—100e

applied magnetic field varying from 5 to 1000 Oe at 190 K, [ —°—1000¢

—A—1000 Oe A

g@
255 K, and 290 K, respectively. The character of increased g* 0.15
MR with the increased magnetic field for various tempera- ‘_,f

ture in the high-temperature range in Fig. 2 clearly demon- 0.10
strates a positive CMR feature of this structure. The maxi- »
mum CMR value of each curve in Fig. 2 occurs at the 0.05 [/
voltage|V| being in the range of 0.6 V to 0.8 V. Comparing

Figs. 2a)-2(c) plotted at different temperatures, we can see 0.00 ES A A 1 A L L
that for a constant magnetic field and a constant bias, most of © 22 20 -18 'lifias'i,‘;lta;e‘z(v)'l‘o 08 06
the MR values increase with the temperature for 190 K and
255 K but decrease with the temperature for 255 K and 290 [, 2. The variation of MR values of the system with the
K. For example, with a magnetic field of 1000 Oe and anegative bias voltage under several values of the applied magnetic
voltage of -0.8 V, the CMR value being 0.37 at 190 K is field at the temperatures of 190 (), 255 K (b), and 290 K(c).
lower than that of 0.89 at 255 K, but the CMR value of 0.89
at 255 K is higher than that of 0.26 at 290 K. To see thedof LSMO and SNTO. In hole-doped manganistes LSMO,
doping dependence of the positive CMR, we elaborated théhe fived orbitals are split by a cubic crystal field into three
p-n junction with La, ¢St ,MnO; replacing Lag ¢Sty ;MnO; t,q bands and twe, bands. The degeneracy of tbgeband is
in the same condition. The CMR measurement shows thdtirther lifted by Jahn Teller distortion into they" band and
the positive CMR of the LgSry MnOs/SrNky o1TigodO3 theeg2 band. Furthermore, Hund’s rule coupling removes the
p-n junction is much lower than that of the Spin degeneracy in a magnetic state, as shown in the first
Lag oSty ;MNO3/ SrNky o1Tig o5 structure. These abnormal region of Fig. 3. If SNTO is connected with LSMO in an
features are indeed puzzling. applied magnetic field, the electrons frartype SNTO will

To understand the physics inducing the abnormal positivéeak out into the adjacen-type LSMO, even partially fil
CMR property of thisp-n junction structure consisting of a thetzg spin-down(t,q | ) band after filling up th@ spin-up
nonmagnetic materidSNTO) and a negative CMR material ((e 1)) band of LSMO near the interface, then the Schottky
(LSMO), we present our theoretical calculation for the bandbarrler will be built up around the interface to stop the fur-
diagram of the interface region based on the band structuréker leaking of electrons. On the LSMO side close to the
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interface, a space-charge region where the electron density ¢
states(DOS) is larger than that of the homogeneous regions
of LSMO is created, as shown in Fig. 3. Therefore, the
band edge is closer to the Fermi level in the space-charge - 61 &1
region near the interface than that in the homogeneous regio iC;ﬁ| Al -n)
far from the interface. The existence of minority spin carriers :-ri‘_:-- [ :;
in the hole-doped compound §.#51, 3MNO5 and in the MTJ i | ‘
system has been proposetf. Similar to previous work, I g1
weak Hund's rule couplingthe splitting of tgT and tyg| <z :
being smaller than the sum of the crystal field splitting en- &1 |
|
|
I

LSMO SNTO

a0BJIS U

ergy betweerg; andt,y bands and Jahn-Teller splitting en-
ergy between twe, bands is proposed here as a hypothesis
on which the existence of the minority spin carriers in the
system is founded. For a system with a positive CMR, the
tyyl band of the space-charge region has to be filled by some
electrons. In other words, the creation of the space-charges -
region with electron filling in the,,| band in LSMO is the
origin causing the positive CMR in the heterostructure.
In order to show different regions in the structure in an §
applied magnetic filed, we plot Fig(® schematically and
Fig. 3(b) resulting from our calculation for the system in
equilibrium. In our calculation, Poisson’s equation and the . . . | ) -
Boltzmann equation as follows was solved self-consistently ™ 0 200 400 600 800 1000
for the equilibrium carrier densitig®(x) for holes andn(x) () X (d)
for electron$ and the electrostatic potentiei(x),

d2
- 0 = S0 - 10 =N+ Nol,

ergy (e
1 [ I [ 1 1] 1 1 ~
-~ OO & G O A R WWN
o o O O O O
T

FIG. 3. The schematic DOS of thpen junction(a), and the band
diagram for each regiotb) obtained by solving Eq(1).

sistant versus temperature measurement, and the band gap of
E. - ep(x) — E¢ SNTO is taken as 2.8 eV, which is smaller than Srtfc?2
T * due to Nb doping? The electrons in the,,| band where the

magnetization is antiparallel to the spin are minority spin

Er—E, +ep(x) carriers, and the electrorter holes in the e,'1 and thee,’
p(x) = P(T)ex;{— Y ) (1) band where the magnetization is parallel to the spin are ma-
keT jority spin carriers. The MR across suclpan junction of the

whereN, and N, denote the concentrations of the acceptormagnetic and a nonmagnetic compound depends on the rela-
and the donor, which are taken from the Hall effect measuretive spin orientation of electrons around the Fermi level in
ment as 1. 10'® and 1.16x 10'° cm3, respectively:N(T) each region where the spin polarized carriers pass through.
andP(T) are effective densities for carriers that are the func- Now we focus on the positive CMR dependence on the
tion of the effective mass and the temperature of material@Pplied negative bias V under which the Fermi level of re-
The effective masses for LSMO and SNTO are taken fronion | (p side is raised with respect to that of region (i
Refs. 11 and 12¢ in the previous equation being a dielectric Sid®. We can approximately present the current decreasing
constant for LSMO or SNTO s taken from Refs. 11 and 13,PartAl. (causing the positive MRwith the magnetic field H
andE, and E, denote the energies of the valence band an@nd the current increasing pail_ (causing the negative
the conduction band, respectively. Region I in Fig. 3 denoteR) with H in the following way:
the LSMO homogeneous region far away from the interface, .0 H
region Il denotes the LSMO space-charge region close to the Al =17~ 1,7« DO§(Ee) * DOS (Ey), (2)
interface, region 1l is the SNTO space-charge region close
to the interface, and region IV is the SNTO homogeneous Al_=1 -1« DOS(Eg) * DOS,(Eg2), (3)
region far away from the interface. In Fig. B denotes the
Fermi level in the systent, denotes the band gap betweenwhere DOJE1;) denotes the DOS at the electron filling
toql and eng, and AE is the energy deference between thelevel of theeng band in region I, DOJEe) denotes the
e,”] band edge and they,| band edge in LSMOE, is  DOS of carries involved in the current in t@ZT band in
smaller than the band gap between the two banc%Tdbng region Il, and DOQ(E;|) denotes the DOS of carriers in-
and eng) (=1.0 eV) due to the weak Hund's rule coupling volved in the current in thé,g| band in region Il under the
and the Fermi level locates slightly above the valencebiasV. Only if Al,>Al_, the system can show a positive
band>'5-Y"The Fermi level of homogeneous SNTO locatesMR property. From above equations, it can be clearly seen
slightly above the bottom of Ti @& conduction band being that the electron filling in the,y| band in region Il is the
consistent with its metallic behavior concluded from our re-origin causing the positive MR, and the competition between

n(x) = N(T)exp(—
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- - FIG. 5. The temperature dependence of the magnetoresistance
ol . . . . . . . . ratio in the heterostructure of LSMO/SNTO.
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Temperature(K) electrons in region Il could reach the band edge 6f and
_ the majority channel starts to be available, too, for the cur-
FIG. 4. The temperature dependence of the resistance for thesnt, Therefore, with the increasing of temperature, the posi-

heterostructure of LgSh.,MnOg and SrNf o1Tio.oOs. tive CMR decreasef55 K—290 K. In this scenario we can
two sources of currentEq. (2) and(3)) plays a crucial role !Jnd_erstand the positive CMR dependence on the temperature
in the MR evolution with various measuring conditions of in Fig. 2.

The dependence of the resistance of the LSMO/SNTO
region | hardly tunnel the barrid, to flow to the region II, heterostructure on the temperature between 90 K and 300 K

thus almost no current flow in the system. This correspondé"e mea?urr]ed is plotted in Fig. 4, and the ;empe_ratllzj_re cée;_)rerz]n-
to what we observed at small negative bias voltage in Fig. 1: ence of the magnetoresistance ratio Is shown in Fig. 5. The

With the biag|V/| larger than a certain value, the electrons inMmagnetization of the heterostructure for parallel and perpen-

the valence band of region | tunnel to the conduction band ofiicular fields, respectively, is plotted in Figsaband @b).

region 1, and current starts to flow in the system. But in this'N€ corresponding magnetization for the substrate SNTO

case, the majority channel @cng has states available for Was also measured, and the results show that the magnetic

most parts of the transport in region |, whereas the minorit){?omentum IS WO grdlers srrllaller than that of fLSMO./SNTO
channel oft,,| dominates the transport in region II. With the ""Sterostructure and aimost keeps a constant for various tem-

increase of a magnetic field applied to the system, the spiH?rhatur:e up to 390 K.bAclt(uaIIy tgesehyarllut(ajs are comparaﬁ)le
polarization of the majority carrier in region | and the spin with the measuring background, which demonstrates that

polarization of minority carrier in region Il are both in- . . . . .
creased, thus less and less current can be carried from region 8t @

the system. At a very small bigd¥|, the electrons in the

| to region Il due to the scattering between carriers with ppanllel
antiparallel spins; in other words, larger and larger resistance
is caused in the system. Therefore, the positive MR is created
at this bias voltage. WitHV| being larger than a certain ;
. . . 41 —0—100e 4
value, the Fermi level of region | shifted up enough to reach \ —0—100 08
kK —4A— 1000 Oe

the bottom of theeng band of region Il, so that the majority
channel ofeng in region Il starts to be available for trans-
port, and thus the CMR value starts to decrease with the
increase ofV|. This behavior of MR depending on the bias
voltage agrees well with the phenomenon shown in Fig. 2. : : :
Furthermore, the maxima of CMR values in Fig. 2 occurring _ (b)
around the value OE, verify our present scenario. [ perpendicular

Comparing the two junctions of one with 515 ,MNO;
and the other one with lggSry sMnO;3, the one with higher
(0.2 Sr hole doping is with lower Fermi level. As the energy
difference AE between the edges %ZT andty,| bands is 1185&
very small, the electrons in region Il are mostly at the bottom —&— 1000 Os
of thet,q] band. Thus, the lowing of the Fermi level might
cause great decreasing of the average DOS irt,fjjeband
of region Il, as well as the positive CMR.

m (10'4emu)

(=
T

=
T
1

Now, Let us focus on the temperature dependence of the 0 ' . .
positive CMR. With the increased temperature, the electron 100 TZ??() 00
filling of the t,4| band in region Il increases, as well as the
positive CMR in the systenf190 K-255 K. If we keep FIG. 6. The magnetic momentum of the heterostructure versus

increasing the temperature over a certain value, the filling ofemperature.
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18 2 v interface effect, as the LSMO film remains a negative CMR
and SNTO is almost without any MR property in the system.
% Of course, the interface effect might also remain a little in
212r the in-plane current measurement.
8 In the realistic system, the four regions are not clearly
§ divided as to what are shown in Fig(a3, but merge one to
g 6r the next smoothly from region | to IV. Thus, sharp interfaces
E between different regiond and IlI, or lll and IV) do not
exist, but the origin of the positive CMR is in principle the
0 same as we have presented above.

In summary, positive CMR properties of the
LSMO/SNTO p-n junction have been reported and the ori-

FIG. 7. Temperature-dependent resistance measured by usigin of the puzzling phenomena has been proposed by the
in-plane currents and the four-point geometry for LSNt2noted  electron filling in the spin-down band in the space-charge
by hollow symbol$ and for SNTO(denoted by solid symbols region of LSMO close to the interface. Meanwhile, spin-up

) ) ) (eng) carriers of region Il in transport plays a crucial role in

SNTO can be taken as a nonmagnetic material. Figure ghe MR evolution at various measuring conditions. More-
shows that there is no magnetic transition around 250 Kgyer, the large sensitivity of the resistance to the magnetic
although the positive MR is the largest around 250 K. Wefije|q of the present structure in this Letter meets the high
can under_stand itin t.he following way. AIthpugh the den_sitydesire for the application of a large MR ratio in a low mag-
of states in thet,; spin-down band in the interface region netic field and near room temperature. We believe the results
(which is sensitively dependent on temperalysiays a cru-  gnd their physics origin we present in this Letter are impor-
cial role for the positive MR property in transport, it affects tgnt, not only from a practical viewpoint, but also as a po-
little the magnetization of the system that is contributed byiential of a new insight into the microscopic physics of the
the homogenous region of LSMO, as the depletion l&§fe¥  materials, since the value of the CMR is extremely sensitive
interface region (20 nm thicknessis much thinner than the  tg the band structure of the system. We hope the creation of
homogenous regio®00 nm thicknegsof LSMO, as shown  the region with minority spin carriers in this structure can
in Fig. 3b). motivate studies on new structures of heterostructaueh

Furthermore, the resistance measurements used in-plagg 3 junction consisting of a magnetic material and a semi-
currents and the four-point geometry also have been carrieghnductoy and their amazing properties.

out to clear out the properties of both components of the
heterostructure. The results shown in Fig. 7 clearly demon- The authors would like to thank the National Natural Sci-
strate that the positive MR property indeed comes from theence Foundation of China for support.
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