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Very large magnetoresistance and coherent switching in half-metallic manganite tunnel junctions
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We have fabricated spin polarized tunneling devices based upon half-metallic manganjt#gsag LsinO5)
incorporating NdGa@as a barrier material. These devices show high tunnel magnetoresiétafiRe values
above 77 K and coherent switching with a qualitatively different dependence of resistance on magnetic field to
previous devices. The electron polarization deduced from measurements at 77 K is higher than the directly
measured value at 4.2 K: we suggest an active tunneling mechanism based on percolative phase separation to
account for the general TMR temperature dependence in these materials and the high spin polarization in
particular.

Spin polarized tunnelingSPT) between ferromagnets, pulsed laser depositiSriKrF laser, 248 nmusing stoichio-
which exploits the energy splitting in the density of states ofmetric targets at 600-800°C in a flowing oxygen atmo-
up- and down-spin electrons, has received considerable rephere of 15 Pa with layer thickness of 80 ribottom)/
cent attention both because of the important underlyin®.5—3 nm/60 nm(top). Heteroepitaxial trilayer growth on
physics and the potential applications in magneto-NdGaQ, substrates exhibits a typical layer-by-layer growth
electronics: The tunnel magnetoresistan¢EMR) can be  mode indicating the high quality of the heteroepitaxial struc-
given by ture. As shown in Fig. 1, the surface of the trilayer consists

of atomically flat terraces with one unit-cell height

TMR=AR/Rap=(Rap—Rp)/Rap, (~0.4 nm which is essentially the same as the original sub-

strate with miscut angle 0£0.6°. Devices were patterned
whereR,p and Rp represent the junction resistances whenfrom LCMO /NdGaQ/LCMO trilayers using optical li-
the two ferromagnets have antiparallel and parallel magnetithography and Ar ion milling to produce mesas with a range
zations, respectively. This TMR definition, by which we de- of areas between 36 and 6@0n?; the structure of the com-
fine all the TMR results, sets an ultimate upper limit asplete device is shown schematically in FigaR Four termi-
100%. The other standard definition of TMR in the literaturenal measurements of the tunneling resistance were performed
(usually applied to tunnel junctions with metallic electrodes as a function of magnetic fieldapplied in the substrate
is AR/Rp=(Rap—Rp)/Rp; in this case the value can tend plang and temperatur€. The resistance of the common base
to infinity. In “half-metallic” materials such as the mixed electrode could be independently measured; generally this
valance manganites (La,Ae,MnO;, where Ae is an alka- showed a Curie temperature{)Tof 265 K which is similar
line earth the relatively narrow spin up and down conduc-
tion bands are completely separated leading to 100% polar-
ization at low temperaturés and thus these materials have
been recognized for several years as being good candidates
for the study of spin polarized tunnelifg’ However, TMR
devices incorporating such materials have yielded reproduc-
ible tunnel magnetoresistan€EMR) values only at the low-
est temperatures, and even these values are well below those
predicted on the basis of the independently measured polar-
ization (>75%) 8 The magnetic properties of these materials
are highly sensitive to local crystal properties and the extrin-
sic strain fields induced by the lattice mismatch with the
substrates or tunnel barriers can be sufficient to severely de-
grade the ferromagnetic order in the surface layers which are
critical for tunneling’ Here we describe devices incorporat-
ing a barrier material which have yielded coherent switch-
ings and very high TMR values above 77 K. The results
provide direct evidence for high spin polarization of half- 0.4 nmI X fh
metallic materials at high temperatures and demonstrated the M
feasibility of maximizing TMR.

In this study we selected NdGgCfor the substrate FIG. 1. The surface AFM image of the LCMO/NdGa.CMO
and tunnel barrier because of its low lattice mismatchyilayer (3x3 wm?). The cross-sectional line profile shows that
(<0.08%) with Lg/CaMnO3(LCMO) electrodes. each step height corresponds to one unit-cell thickness of pseudocu-
LCMO/NdGaGLCMO trilayers were grownin situ by  bic perovskites in a given heterostructure.
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25 FIG. 3. The dynamic conductancd/dV of junction (1) from

Fig. 1(b) versus bias voltage for parall€l000 O¢ and antiparallel
(350 Og¢ spin states at different temperatures. All curves can be
accurately fitted by a function of the forci/dV=A+BV?, where

0 A andB are constants which depend on the temperature and mag-
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the devices on the same chip show similar TMR magnitudes

FIG. 2. (@ Schematic diagrams of the cross-sectit®it) of a  and identical values of the lower coercive figil,; this
typical device andright) plan view of several devices on a com- value agrees well with the coercive field of a plain LCMO
mon base electrodéb) Junction resistance versus applied magneticfiim measured using a superconducting quantum interference
field. The tunnel magnetoresistance, defined®s RP)/RA,?, at device(SQUID) magnetometer. This suggests thgj is as-
77 K for four L& 7C& MnO;/NdGaQ; /Lag Ca MnOs junctions,  spcjated with the switching of the common base electrode,
showing a maximum change of a factor of 7.3 between parallelyhareas devices whose top electrodes are of different sizes
(Rp) and antiparallel resistance®{p) and the coherently sharp 54 a5pect ratios show different values of the higher coercive
switching at two well-defined fields, Junction ared$) 6  goy The coherent switching in tHe-H curve was qualita-
X6 pn, (2) 8x8 pnt, (3) 8316 pmt, (4) 2030 wm*. tively unaltered by varying the field direction in the plane of

the substrate, although the variation of the coercive fields

to that of unpatterned epitaxial single films. The base elecindicates in-plane anisotropy.
trode sheet resistance at low temperatures was several ordersit is notoriously difficult to prove tunneling
of magnitude lower than the junction resistance which enunambiguously. However, the dynamic conductance versus
sures a uniform current distribution across the barrier andoltage for R, and R,p states at different temperatures,
thus any possible geometrical MR enhancement can bshown in Fig. 3, can be accurately fitted by Simmons’
eliminated*! model!? Irrespective of area, the antiparallel barrier resis-

All the devices measured showed very large magnetoretance area product at 77 K was betweer 1D ¢ and 4
sistance at low temperatures, with extremely sharp switchingk 107° Qm?.
between the high and low resistance states which we assume The temperature dependence of the resistance and TMR is
to correspond to antiparallel and parallel alignment of thepresented in Fig. 4. By 100 K, the TMR is suppressed to
moments of the two LCMO electrodes. FigurébPshows about 40% and a measurable TMR disappears above 150 K,
the resistance at 77 K versus magnetic field of a number ddlthough the coherent field switching of the resistance state
junctions from the same chip. Two striking characteristicspersists whilst there is a measurable MR. A decrease of TMR
are evident: first the measured TMRlefined as Rap  with increasing temperature is universal in all magnetic tun-
—Rp)/Rap} is up to 86%;ii.e., a factor of 7.3 between the neling junction systems, but appears particularly drastic in
parallel (Rp) and antiparallel Rap) resistance statgssec- manganite half metallic systemstrom 120 to 300 K the
ondly, the switching between these states is extremely shatemperature dependence of the junction resistance indicates
{R™Y(dR/dH)>400%/0¢&. The distinct binary resistance the development of an activated nontunneling conductance
states and switching points in ti{H) curves, which were which we attribute to the presence of defective states in the
stable and reproducible for both magnetic history and therNdGaG; barrier. However the significant change of the TMR
mal cycles, are qualitatively different from any previous occurs below 120 K where shunting alone cannot explain the
magnetic tunnel junction. The reproducible TMR values argemperature dependent junction resistance.
higher, and have been achieved at a much higher tempera- A convincing model for spin tunneling was first formu-
ture, than in any previous device. As shown in Figh)2all  lated by Julliee ! This model is based only on the effective
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FIG. 4. The temperature dependence of the junction resistance
in parallel (1000 Og and antiparalle[350 Og spin configurations FIG. 5. The temperature-dependent polarization derived from
(continuous lings and the corresponding temperature dependenta ghserved TMR using ER) is compared to the spin anisotropy
tunnel magnetoresistance for two different junctigsigmbolg. The ¢ 5 Lay, ;St, aMNO; thin film measured by spin-polarized photo-
inset schematically illustrates the growth, with decreasing temperaémissioh(rebroduced from Ref. 26 The inset shows a schematic
ture, ofinte.rconnected ferromagnetic regignsshadegnext to the diagram of the tunnel device with phase separated paramagnetic
tunnel barrier(black. regions adjacent to the barrier shaded gray. The ferromagnetic re-

. L . . gions (unshadegdmerge further into the electrodes as the effective
spin polarization at the Fermi energi{) so that for iden-  |o¢q Te rises.

tical electrodes the zero bias conductance is given by
SITiO; (Ref. 9 demonstrate that within such dead layers

Rp '=M(D?(Eg) +D?(Eg)), there are regions which are highly ordered, but that these
. regions must be electrically discontinuous. This spatial inho-
Rap=2MD;(Ef)D (Ef), (1) mogeneity is reminiscent of the phase separafitor which

whereRp andR,p are the resistances in parallel and antipar-there 'So 2‘3”60‘ ewdence n-a num.be_r' of manga}nlte
allel oriZntatior?gD (E) and D (E) are the spin-up and system£%?LIn a tunnel junction, since significant tunneling

spin-down densit’y gf states aIMLi is the tunneling probabil- can only occur between_ m_eta!llc magnetically ordere_d re-
ity. Thus the TMR is given by gions, the (_a>_<tent and distribution of the ferromagqetlc re-

' gions will critically affect the total tunnel current. Static con-

_ _ —op2 2 ductivity contrast images of strained LCMO films bytka
ARIRap=(Rap~Re)/Rap=2P"/1+ P%, @ et al?* have shown that metallic regions grow both with de-
where P is the spin polarization given by =(D(Eg) creasing temperature and increasing field, nevertheless some
—D | (Ep))/(D(Eg) +D | (Ef)). insulating regions still persist at low temperatures.

Using Eq.(2), we plot the apparent polarization as a func-  Here we therefore suggest an active tunneling mechanism
tion of temperature in Fig. 5. The maximum polarization inbased on percolative phase separation playing a dominant
the LCMO electrodes from the data in Fig. 2 was 0.86. Al-role accounting for the general TMR temperature depen-
though the band structure of L. a,CaMnO; has been calcu- dence in these materials and the high spin polarization in
lated and predicted to be essentially half-metallic at lowparticular. Significant tunnelingand hence MR will only
temperatures>!4 our value is very much higher than has occur with the growth of the ordered ferromagnetic surface
been reported for manganite tunnel junctions at this tempergshase; this is illustrated schematically in the inset to Fig. 4.
ture (@ maximum of 20—-30 %'’ In Fig. 5 we also show the Since the parallel tunnel configuration has a low resistance
polarization measured by Parktal. by spin polarized area product, the percolative growth of FM regions provides
photoemissiort>1® Their data is normalized to the low tem- an immediate explanation of the rapid fall R with de-
perature value, and so the curve represents an upper bounddeasing temperature beyond a certain threshold temperature
the actual polarization. From the figure it is evident that theof around 100 K. Since the degree of strain, and hence sur-
two curves cross, and that in the lowest temperature range face T- suppression, is much smaller in our devices with
which we could measure, our value is unexpectedly abové&ldGaQ, barriers, one would expect generally higher MR
even this upper bound. Indeed, our inferred spin polarizatiowalues than with SrTiQ
at 77 K is more than the value of 78—80 % inyl;&r, sMnO4 The inhomogeneous magnetic state in both electrodes of a
measured directly by Andreev reflection at 4.2 K by Soulentunnel junction raises the question of their mutual alignment.
et al® and Osofskyet al!’ If the relative alignment of the FM regions across the barrier

This high value must partly be a consequence of the imwere sensitive to the macroscopic magnetic alignment of the
proved structural perfection of our devices; however, the fullelectrodes, then the effective area of the junction would be
explanation must be more complicated. Transport measurelifferent in the parallel and antiparallel states; a larger effec-
ments of manganite thin films suggest a redutgdassoci- tive tunnel area when the moments were aligned would en-
ated with lattice mismatch and the existence of an electrihance the MR and hence the inferred polarization could be
cally dead surface layéf. However, our magnetic substantially increased—as we observe in our experiments.
measurements of LCMO thin films and multilayers on This is clearly particularly critical at high temperatures when
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the FM area is relatively small, and provides a further reasomattice matched insulator dramatically improves the proper-
for the rapid delay in MR with increasing temperature. How-ties. These results raise the possibility of very high TMR in
ever, to clarify this in more detail, further experiments onwell-engineered half-metallic systems through the control
phase separation including the dynamics of the inhomogeover the scale and alignment of phase separated magnetic
neous metal-insulator and magnetic transition will beregions within devices.

needed.

This report shows that TMR in half-metallic systems can This work was supported by EPSRC through the Ad-
be qualitatively different in materials systems with optimizedvanced Magnetics Program, the UK-Korea Science & Tech-
interfaces. We have proposed that phase separation at intarelogy Collaboration Fund, and the Royal Society. We thank
faces can provide an explanation for the rapid decay in MRProfessor D. M. Edwards for useful discussions and Dr. P. K.
in manganite tunnel junction and a reason why using a bettéWong for advice on device fabrication.
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