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Origin of high transport spin polarization in La o,SrosMnO ;: Direct evidence for minority
spin states
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Using the point-contact Andreev reflection technique, we have carried out a systematic study of the spin
polarization in the colossal magnetoresistive manganitg;3gMnO; (LSMO). Surprisingly, we observed a
significant increase in the current spin polarization with the residual resistivity. This counterintuitive trend can
be understood as a transition from ballistic to diffusive transport in the contact. Our results strongly suggest
that LSMO does have minority spin states at the Fermi level. However, since its current spin polarization is
much higher than that of the density of states, this material can mimic the behavior of a true half-metal in
transport experiments. Based on our results we call this matetiahaport half-metal.
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A half-metallic ferromagnet is a metal that has an energywhere N,(Eg),N|(Eg) and vg;,vg| are the majority and
gap at the Fermi levelEg in one of the two spin channels. minority spin DOS and the Fermi velocities, respectively.
Only the other channel has states available for transport, arfthis definition allows a direct comparison between different
thus the electric current is fully spin-polarized. Finding half- experiments and the theory, since all the quantities in(Bq.
metallic or other highly spin-polarized metals would bring can be evaluated from the band structure. The spin polariza-
about major advances in magnetoelectronics, since deviggon P, (n=0) measured by spin-resolved photoemission
performance improves dramatically as the spin polarizationneasurements is determined only by the DOS at the Fermi
of the metal approaches 100%Although half-metallicity level! Transport experiments measure a different spin po-
has been predicted in quite a number of materials, the eXperférization, which includes the Fermi velocitiégq. (1)]. In
mental situation is still controversial, especially for the man-y o pallistic. or Sharvin limitmean free path. larger than
ganese perovskite b3Sty MNO; (LSMO). Theoretical and the Contact'siz«d) the DOS is weighted linearly with
experimental valués® of the spin polarization of this fasci- and P, is measur'edl? In the diffusive. or Maxwell regiFr;1e
n;’:ttir;g material Wich hig?)lty _untasmgal ZF;fuctur?L, mﬁg"‘etic’ ar11L<d), as in the classical Bloch-Bolzmann theory of trans-
electronic properties, obtaine ifferent techniques var - S o _
from 35% Fo 1p00%. Not surprisinély, when Pagk al(.qcon- ort in metals, the weighting is quadratic s (n=2) and
cluded from their spin-resolved photoemission spectroscop
measurement that LSMO is completely spin-polariziect-

P, is measuredassuming that the transport relaxation time,
¥, is a constant Tunneling experiments probe yet another

tracted immediate attention. This result was important notP" polarlzat|on,PT,_wh|ch may St.'" be formally .dEfm?d
only from a practical viewpoint, but also as a potential neWus!ngd Eq.(%j) (for n—|2_) by re_platl:mg the velocn;)es V%’(gh
insight into the microscopic physics of this system, since th r?m_f epin ent ttlmne Ing maftrlx € eants. It calnb €s W.nh
values of the spin polarization are extremely sensitive to th at for the simplest case of a specular tunnel barrier wit
band structure of LSM®.The conclusion of Ref. 3, how- °W transpar.enC)PT. reduces 1P».

ever, disagrees with the band structure calculafitimet pre- One can |mmed|at§aly see from EQ) that Py, P1, Pa,
dicted only 36% for the Fermi-level density-of-stat&0S) andP+ can be dramatlcglly d|ﬁergnt. In LSMO, for instance,
spin  polarizatioh of the bulk La-Ca4MnOs band structure calculations prc_adlctE’g=3_6%, whereang
(Lag -5, aMNO,). Spin-resolved tunnelifgxperiments also  — 927 .OSmce the bulk current is proporﬂonal(m(EF)uF}O,
it ncomplets (4% and 9136, respecivaysin D2 92° IMPLES 1L spvmalrly clctons sy 06k o
polarization for LageSlh3dMnO;.  Recent LSMO- )

: . . spin polarized can be calledteansport half metal, as op-
superconductor tunneling experiments produced a spin polaf-

ization of 72%° To address this controversy, we have donefousseg tgs iogvzrgloznallogglf rgitral ghgﬁr(eEFo)rt:sothaenix-
systematic measurements of the transport spin polarization irli1 ot 2t T O pap P
perimental observation of this effect.

Lay 7SIy sMnO; single crystals and thin films using the point Recently, Soulenet al2® and Upadhyayet al intro-

contact Andreev reflectioPCAR) technique. . .
. .__..duced the use of Andreev reflection for measuring transport
Importantly, the measured value of the spin polarization_ . larizati h d &gl )
P, depends on the experimental technique. It is 01‘tens?In ho alnzarlon. The .A;]n reev prt())cl a ﬁws propagac;mn.
possiblé? to defineP,, in the following form: of a single electron with energy below the superconducting

gapA from a normal metal to a superconductor by reflecting

|14

<NT(EF)UET>_<Ni(EF)UEL> at the |r_1terface as a hole W_lth the opposite spin. In a non-
n= . et (1) magnetic metal this process is always allowed, because every
(N1(Ep)vgy) +(N(EF)vg)) energy state of a normal metal has both spin-up and spin-
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FIG. 1. Experimental data and fits at different temperatures for a
Lay 7St aMNnO; film. The temperature ordering corresponds to the ~ FIG. 2. Spin polarization as a function of the residual resistivity
curve ordering a¥=0. The experimental data were corrected for Of L8 7Sl MnO; epitaxial films and a single crystal at=1.6 K.
the lead resistance and small nonlinearity liv characteristics 1 e film data are shown by circles and the single-crystal datum by
above the gap. The normaliz&{V)/G, curves were fitted for all @ triangle. The arrow indicates the lowest resistivity film that was
temperatures, varying the spin polarizatiéh and the barrier later irradiated with Siiongshown as squares, the higher resistivity
strengthZ. The BCS temperature dependence for the superconducflm corresponding to the higher dgs@®ashed lines correspond to
ing gapA(T) was used. Inset: Temperature dependence of the spiff 1= 74% andP,=92% (see text Solid line is a guide to the eye.

polarization values for the same sample for K&T<4.2 K.
dependence of the conductance was observed as the gap

down electrons. In a ferromagnet, however, the spin-up an@pened ugFig. 1). Each ofG(V)/G, curves was then fitted
spin-down symmetry is broken, and Andreev reflection isindependently using a modified BTK model with only two
limited by the number of minority spin conductance adjustable parameters: spin polarizatiBnand the barrier
channeld® The measured degree of suppression of AndreestrengthZ. The value of the superconducting gAgT) was
reflection can be then directly related to the spin polarizatiordetermined separately from the BCS dependence. Impor-
of the ferromagnet using an appropriately moditigd stan-  tantly, the values oP for the same sample were practically
dard theory'® This procedure allows a quantitative determi- independent off, as expected for this temperature range,
nation of the transport spin polarization of ferromagnetic ma-<<T¢je (S€€ the inset in Fig.)1
terials. Having confirmed the consistency of our technique, we
Using this approach, we have studied thin films and bulkmeasured the spin polarization in a number of
crystals of LSMO. The films were grown dd00)-oriented  Lay ;Sr,sMnO3 thin films and bulk single crystals, whose
NdGaQ, MgO, and LaAlQ substrates by off-axis residual resistivity ranged from 48 cm to 2000u2 cm
sputterindg® and by pulsed laser deposition. The growth con-(see Fig. 2 Surprisingly, the transport spin polarization was
ditions (substrate temperature and deposition)ratere also  greater for samples with larger residual resistivity. If the ma-
varied to fabricate films of the same composition but withterial were a true half metal, one might expect the opposite
different defect concentrations, and thus different residuatrend: better samples would have less spin-flip scattering and
resistivity. The composition was determined by x-ray fluo-thus show spin polarization closer to 100%. The observed
rescence with an accuracy of 5%. The crystals were grownesult can be understood, however, if we take into account
by a floating-zone techniquf8. the dependence of the transport spin polarization on the ratio
The adjustment mechanism used for the PCAR measuraf the electronic mean free path to the contact size, as dis-
ments and the experimental setup equipped with the standamilissed above. It is natural to expect that all values of the
electronics for tunneling measurements in the temperaturgansport spin polarizationP measured for our samples
range between 1.5 K and 4.2 K are described elsewfi@gs. should be confined betwed®, (pure ballistic limiy and P,
tips were used for all the measurements reported here. Gefpure diffusive limi). Using the values of the densities of
erally, at least ten point-contact junctions were made for eachtated N, (Eg) =0.58 states/eV Mni\ | (Eg) =0.27 states/eV
sample, where the contact resistaigewas kept within the  Mn] and Fermi velocities g, =7.4X 10° ms, vpp=2.2
limits 100Q0>R,>1 (, as prescribed by Ref. 21. Normal- X10° m/s), from Ref. 2, we obtainP,=74%, andP,
ized conductance&s(V)/G,, was then calculated usinG, =92% in fairly good agreement with the experimental data.
obtained for voltaged/>A/e. Each normalized curve was The last number implies that only 4% of the current is
then fitted with the modelsee caption to Fig.)lto obtain the carried by the spin-minority channel, so we can assume
magnitude of the spin polarization. for an estimate that the whole conductance is due to the
As a further test of our technique, we measured the conspin-majority channel. Using Ziman's expression for con-
ductanceG(V)/G,, for a single contact as we cooled the ductivity,
LSMO samples through the superconducting transition tem- 5 5
perature of SnT.=3.7 K. Naturally, a strong temperature o= (13N (Ep)vg 7y, 2
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we obtain for the three values of resistivify;-40 wQ) cm,  essarily introducing any local distortions. Defect concentra-
p~400 Q) cm, andp~2000 ) cm, the mean free paths, tions estimated from the EXAFS correlate with the residual
L~65A,L~6.5A, andL~1.3 A, respectively. The contact resistivity, demonstrating that the latter is due mainly to elec-
size can be estimated from the normal resistance of the comron scattering by defects.

tact,R,. Using a general expressiéhye can expresk, in Additionally, we took one of our low-resistivity films and
the following approximate form: irradiated it with 10-MeV Si ions, which increased the re-
sidual resistivity. This allowed us to measure the change in
4 pL p the spin polarization as a function of residual resistivity in

Rn~§¥+ﬁ! (3)

the samesample. We have found that the spin polarization
for the irradiated sample follows the same cufsbown in
wherep is the residual resistivity. From E3) we can find  Fig. 2) as for as-grown films and crystals. Although the de-
the contact sized for given values ofp andR,. For the fects in these two cases may not be of the same nature, they
lowest residual resistivity samples wigh~40 u€) cm, we  apparently affect the scattering rates in LSMO similarly, at
obtaind~35 A . Therefore, these samples are in the ballisticleast within a limited defect concentration range.

regime and the measured values of the transport spin polar- The EXAFS results analysis together with the irradiation
ization should correspond t®;. The resistivity rangep  experiment allow us to conclude that the observed universal
~400 u{) cm corresponds to the intermediate regime ( dependence of the spin polarization on the resistivity is di-
~d), whereas the highest resistivity samples-2000 rectly correlated with the carrier mean free path in LSMO
w€) cm are in the diffusive regimel(<d), consistent with and is not determined by the surface or morphology of the
our measurements. samples.

The theory of Ref. 18, as well as its modified verstdis It is interesting to note that the conductivity is mostly
directly applicable only to the ballistic transport cade ( (~95%) determined by the spin-majority band, while the
>d). The complete theory for an arbitrary transport regimespin polarization is controlled by the minority band. More-
has yet to be developed. We did derive expressions foover, because of the large disparity between the two bands,
purely diffusive regime,L<d, which will be published the same defects are likely to influence the transport in the
elsewheré! Importantly, when our high-residual-resistivity minority band stronger, as it is much easier for a minority
samples data were fitted with these expressions, we founsand to approach the minimal metallic conductivity limit
that the only appreciable change was in the valueZ,0f kgL~1. In this case, defects will dramatically modify the
while the spin polarization remained basically unchanged. minority carrier properties, without significantly affecting the

The analysis described above is based on the assumptionajority carrier properties. Ultimately, the minority carriers
that higher resistivity of our samples is mainly due to thecan be localized by the disorder, with the majority carriers
increase of the number of defects and corresponds to shortegtaining a long mean free path, to maintain overall metallic
mean free path. However, higher resistivity of our samplegonductivity, in which case the transport spin polarization
could have also resulted from the presence of grain boundwill approach 100%. Thus localization effects may be
aries or some other extraneous effects. To make sure that theewed as a limiting case of a transition from the ballistic to
residual resistivity in LSMO is, indeed, controlled by the the diffusive regime. It is important to emphasize the differ-
concentration of defects, we performed extended x-ray abence between the spin polarization of the current through the
sorption fine structuréEXAFS) measurements that directly interface and the spin polarization of the bulk current. While
probe the local structure of a material. Specifically, the meathe former can change from the ballistic linf#; to the dif-
surements on the MK-absorption edge give a quantitative fusive limit P,, and possibly eventually to 100% if the mi-
description of the real-space local environment around theority carriers become fully localized, the latter is defined by
Mn cations, allowing us to reconstruct the MnOctahedra the diffusive formulas even for the cleanest samples. Of
in LSMO.22* Three films and the single crystal samplescourse, localization affects the bulk transport spin polariza-
with the resistivity 40u() cm<p<<800 u() cm were mea- tion as well as the contact spin polarization.
sured. We found that for all these samples, the NCta- The results of our transport spin polarization measure-
hedra experience little or no distortion. On the other handments for LSMO are consistent with the tunneling measure-
the measurements also indicate that the Mn-La/Sr bondhents of Refs. 4-6 and the band structure calculafions,
length changes from site to site, likely due to La/Sr site de-demonstrating that this material it a half metal. The
fects, which are known to occur in LSMO. These differencesagreement with Ref. 2 is in fact quite remarkable, consider-
are seen in the Mn-La/Sr correlation, where the amplitude oing the approximations used in the calculatidiogal density
the Fourier peak systematically decreases with increasing repproximation, perfect La/Sr orderingSome discrepancy
sidual resistivity. The change in the amplitude of this peakbetween the theoretical prediction for the ballistic limit
(while the amplitude of the nearest-neighbor O peak remain§74%) and our experimental values-60%) is therefore not
unchangeflis consistent with an increase in A-site cation surprising(in the diffusive limit the agreement is almost per-
defects with increasing residual resistivity. This result is infect, P~90%).
agreement with the neutron diffraction refinement of LSMO  How can our results be reconciled with the 100% polar-
samples processed under a variety of conditions that indicaigation inferred from photoemissioh®irst, we note that our
the propensity for A-site defect formatidn.Such defects lowest-resistivity films(and single crystajsare almost iden-
lead to tilting and/or rotation of the octahedra, without nec-tical to the sample described in Ref. 3. Both have residual
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tual crystal approximationthe effect of the uniform lattice
expansion on the band structure of LSMO. This effect re-
ducest without changing the coordination number. We have
found that just 3% linear expansion, which corresponds to
approximately 10% reductiéfiin t, and to 10% reduction in
the overall bandwidth, is already sufficient to make the sys-
tem half-metallic® Therefore, it is quite plausible that the
surface layer of LSMO is, indeed, half-metallic.

Another possible explanation of the photoemission results
can be attributed to the spin-filtering, whereby a faster scat-
T e A tering rate for minority spin electrons compared to the ma-
H (0e) ] jority spin electrons leads to an excessive apparent spin

e B B : polarization®® This explanation is also consistent with the
lack of dispersiorE(k) observed in Ref. 3.
Temperature (K) In conclusion, our results unambiguously show the pres-
ence of the minority electrons at the Fermi level in the bulk

FIG. 3. Temperature dependence of the magnetic moment of thgf | SMO, in good agreement with the band structure
lowest resistivity film in the external in-plane field of 500 Oe. Inset: Ca'cu'ationsz, indicating that this material is not a half-metal.
Hysteresis loop for the same film &t=4.2 K. At the same time our measurements have directly shown a
L ) high degree of the current spin polarization (58%
resistivity of ~40 u{) cm, Curie temperature 0£350 K, _9594) in bulk LSMO. This result confirms that this mate-

and coercive force of~50 Oe(see Fig. 3 On the other iy s 4 promising candidate for magnetoelectronics applica-
hand, the band structure calculations, which agree well withi, s since ultimately it is the current spin polarization that

our measurements, predict for the photoemission-probed spifyhirols the performance of these devices. One can call

polarizationP, a low number of 36%. Since only-1-nm Lay ;SrysMn0O;3, therefore, atransport half-metallic ferro-

surface layer is accessible to the photoemisione pos- magnet, due to the fact that the spin polarization of the cur-
sible resolution of this discrepancy would be that only the,oni in this material is approaching 100% in the high-

surface of the sa%mple, which haqc?gndergong a comple¥egistivity limit. The origin of this high current spin
cleaning procedurewas half-metalll >~ Indeed, it is well _polarization is, however, entirely different from that in the
known that one of the main surface effects on the electroni ase of a conventional half-metal. It is mostly due to the

structure is the overall band narrowing, as a surface atom hqﬁrge difference in the mobility of the spin-up and spin-down
a sn;aller coordination numbeZ than a bulk atom(by  giectrons, rather than their DOS. Our conclusions are based
~20% for the cubic perovskite lattizeThus the overall o st on the measured spin-polarization values themselves,

bandwidth, which is roughly proportional to the proda@t i rather on the observation of a clear correlation between
(t being the effective hoppingis reduced at the surface by he pyik resistivity and the measured spin polarization that is
the same amourif. As the minority band in LgSr, MnO; oppositeto the one expected for a true half-metaThis

is quite narrow and its edge is very close Q.2 eV) to the  picture agrees quite well with the band structure calculations,

Fermi energy, band narrowing can easily make the systeynq the results of the tunneling studies for this complex and
half-metallic. To check whether a band narrowing of the Or-remarkably rich material system.

der of 20% may be responsible for the results of Ref. 2, we
considered another problem, which also has band narrowing, The authors are grateful to A. Bratkovsky, T. Geballe, D.
albeit for a different reason. Namely, we calculatéd vir- Worledge, and I. Zutic for useful discussions.
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tion using the PCAR technique even in a true half-metal, due to
potentially always-present spin-flip processes. However, the nor-
malized conductanceG(0)/G(V), measured in our “defect-
free” low resistivity LSMO sampleG(V)/G(0)(corresponding

to ~60% spin polarization differs by a factor of 5 from
G(0)/G(V) for the sample with the highest polarization mea-
sured to date by this technique-95% in CrQ), indicating a
profound difference between the two materials.



