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Maki analysis of spin-polarized tunneling in an oxide ferromagnet

D. C. Worledge and T. H. Geballe
Department of Applied Physics, Stanford University, Stanford, California 94305

~Received 22 December 1999!

Spin-polarized tunneling data on La2/3Sr1/3MnO3 /SrTiO3 /Al junctions have been analyzed in terms of nu-
merical solutions to Maki’s equations which include the effects of orbital depairing, the Zeeman splitting of the
spin states, and spin-orbit scattering. We show that there are two solutions to these equations, and identify the
correct solution. High quality fits to the data with these solutions yield a La2/3Sr1/3MnO3 spin polarization of
P5172.061%.
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INTRODUCTION

Recent interest in highly polarized materials1–3 has seen a
rebirth in the measurement of the spin polarization of c
ducting ferromagnets. Of the three common methods
measuring polarization, spin-polarized photoemission,1 An-
dreev reflection,2 and spin-polarized tunneling,3 the last tech-
nique, pioneered by Meservey and Tedrow,4 is the most ame-
nable to quantitative analysis, as we show in this paper
spin-polarized tunneling, a tunnel junction is grown with
thin insulating barrier sandwiched in between a superc
ducting Al electrode and a counterelectrode composed of
ferromagnetic material under study. AdI/dV measuremen
of the junction at low temperatures~;0.3 K! in a field of a
few T reveals an asymmetry in the spin split Al density
states~DOS!, from which the ferromagnet’s polarization ca
be determined. In order not to quench in such high fields,
Al must be grown very thin~;50 Å! and be carefully
aligned with its plane parallel to the field. The low spin-orb
scattering of the Al is crucial—heavier elements with larg
scattering cannot be used since the density of states doe
split in a field, but simply smears out.

Meservey and Tedrow developed this technique in
1970s, measuring the spin polarization of Fe, Co, and5

Further measurements have been conducted on alloys o
3d elements,6 the rare earths,7 and two Heusler alloys.3,8

Until now, no spin-polarized tunneling measurements on
oxide ferromagnet have been published. One of the diffic
ties encountered with oxide ferromagnets@and also the Heu-
sler alloy NiMnSb~Ref. 3!# is the high growth temperatur
required. This necessitates growing the Al layer last, wh
in turn means that the native oxide of Al cannot be used
the tunnel barrier. Hence tunnel junctions using ferromagn
which must be grown at high temperatures require an ar
cial barrier to be deposited—a considerable challenge c
sidering that the barrier must be pinhole free and on the o
of 15 Å thick.

In Meservey and Tedrow’s original work the spin pola
ization was extracted from the data using a simple ratio
the conductance peak heights analysis,4,5 as described below
This analysis is applicable if spin-orbit scattering is n
present; Al has small but nonzero spin-orbit scattering. T
row and Meservey5 discussed the possibility of fitting th
data to theoretical density of states curves which include
effects of spin-orbit scattering. Engler and Fulde calcula
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such curves,9 and Bruno and Schwartz calculated curves
cluding both spin-orbit scattering and magnetic scatterin10

but the one published fit to data at that time was poor
cause orbital depairing was not included.10 Fulde’s review11

discusses the DOS for either spin-orbit scattering or orb
depairing, but not both. In 1975, Meservey, Tedrow, a
Bruno12 used the theory worked out earlier by Maki,13 which
included both spin-orbit scattering and orbital depairing
fects, to fit data from nonmagnetic tunnel junctions
(Ag/Al2O3/Al). The only work which measured spin pola
ization by fitting data to the full Maki theory was publishe
by Meservey, Paraskevopoulos, and Tedrow in 1980.7 Un-
fortunately the Gd/Al2O3/Al junction used had a very
smeared out conductance. With this one exception, Mese
and Tedrow did not fit their data to theoretical curves, b
used the simple analysis, sometimes subtracting 6–8 %
the polarization to correct for spin-orbit scattering.4–7 There
are two reasons for doing this. First, the full Maki equatio
are difficult to solve numerically, and second, achieving r
sonable fits to the data requires very high quality junctio
In 1985 the first problem was largely solved by Alexand
et al.,14 who studied Fermi-liquid effects in thin Al films by
tunneling. In the present work we point out that the Ma
equations yield multiple solutions, we present a use
method for distinguishing the correct solution, and we u
these solutions to fit our data on La2/3Sr1/3MnO3/SrTiO3/Al
junctions, thus measuring the spin polarization of a fer
magnetic oxide with this technique.

EXPERIMENT

Thin film planar electrode La2/3Sr1/3MnO3/SrTiO3/Al
junctions were deposited using laser ablation and sputter
A YBa2Cu2O7 electrode deposited beneath th
La2/3Sr1/3MnO3 was used to eliminate current crowding.15

The differential conductance of the junctions was measu
in a homemade He3 probe, with the La2/3Sr1/3MnO3 lead
negative. Details of the deposition parameters, film char
terization, and measurement have been publis
elsewhere.16

SIMPLE MODEL

In the simple model used to analyze spin polarized t
neling data, which ignores the effects of spin-orbit scatteri
447 ©2000 The American Physical Society
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G5dI/dV is evaluated at four voltages4,5 ~see inset to Fig.
1!: s15G(2V02mH/e), s25G(2V01mH/e), s3
5G(V02mH/e), and s45G(V01mH/e). If it is assumed
that the DOS is the sum of two identical, spin-split densit
of states~i.e., there is no spin-orbit scattering!, then it is easy
to show that the polarization is given by

P5
~s42s2!2~s12s3!

~s42s2!1~s12s3!
. ~1!

The choice ofV0 is arbitrary, and does not affect the result
there is no spin-orbit scattering. In practice, Meservey a
Tedrow choseV0 close toD/e so that thes i were close to
the maxima inG, thus minimizing the dependence on expe
mental error compounded by a steep slope inG. However,
when spin-orbit scattering is taken into account the appa
polarization extracted with this method depends quite se
tively on the choice ofV0 . Figure 1 shows the apparen
polarization, as calculated from Eq.~1!, as a function of the
choice of V0 . The inset for Fig. 1 shows the conductan
used for this example, as calculated from the exact M
theory, using typical parameters for our junctions, includ
an actual polarization ofP572%. Also shown are thes i
used in Eq.~1!. Depending on the choice ofV0 , the apparent
polarization varies from roughly 41% to over 95%. In pa
ticular, the correct polarization, marked by a horizontal li
at P572%, lies in the middle of a steeply sloped portion
the curve, making the apparent polarization a sensitive fu
tion of V0 . The vertical arrow atV050.42 mV marks
Meservey and Tedrow’s choice ofV0 ~chosen so as to plac
the s i as close as possible to the maxima inG!. As seen in
this example, this choice ofV0 tends to overestimate th
polarization. In practice, Meservey and Tedrow were aw
of this problem and so reduced the apparent polarization
standard 6–8 %,4,6,7 a number which they arrived at from
unpublished fits to their data. However, the dependenc
this method on the choice ofV0 invites a more accurate
method of analysis.

FIG. 1. Dependence of the apparent polarization on the ch
of V0 in the simple ratio of the conductance peak heights metho
analysis, which does not take into account spin-orbit scatter
Inset: the conductance curve used to generate Fig. 1, as calcu
by the Maki theory for T50.31 K, H53 T, D50.39 mV, b
50.05, andz50.024. Thes i are evaluated at6V06mH/e, as
noted by the marks at the top of the inset.
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MAKI THEORY

We have analyzed our results by fitting our data to a t
oretical expression for the tunneling conductance. The t
neling conductance is given by

dI/dV}N↑uM ↑u2E
2`

`

r↑~E,H ! f 8~E1eV!dE

1N↓uM ↓u2E
2`

`

r↓~E,H ! f 8~E1eV!dE, ~2!

whereN↓↑ is the spin down~up! DOS of the ferromagnet a
Ef , M ↓↑ is the spin down~up! matrix element for transmis
sion, r↓↑ is the spin down~up! superconducting density o
states, andf 8 is the derivative of the Fermi function with
respect toV. The polarization we measure is given by

P5
uM ↑u2N↑2uM ↓u2N↓
uM ↑u2N↑1uM ↓u2N↓

. ~3!

While exact expressions forM ↓↑ are not available~see
Mazin17 for some models!, they are essentially constant as
function of energy over the few millivolts of interest here,
are N↓↑ . Hence we are justified in fitting the data with A
DOS curves, as long as we interpret the measured pola
tion as being weighted by the spin-dependent transmis
probabilities. The Al DOS is given by Maki’s theory,12,13

which includes the effects of orbital depairing, the Zeem
splitting of the spin states, and spin-orbit scattering. In c
trast to the investigation of Alexanderet al.,14 we do not
need to consider Fermi liquid effects4 as our measurement
were done far below the transition temperature where th
are few quasiparticles. Maki12,13 showed that the Al density
of states is given by

r↓↑~E!5
r~0!

2
sgn~E!ReS u6

~u6
2 21!1/2D , ~4!

whereu1 andu2 are implicitly defined by

u65
E7mH

D
1

zu6

~12u6
2 !1/21bS u72u6

~12u7
2 !1/2D . ~5!

It is important to observe the usual convention that the r
with positive real part is chosen. Herer↓↑ are again the spin
down ~up! superconducting density of states, calculated fr
u1 (u2), r(0) is the normal density of states,E is the en-
ergy with respect toEf , D is the energy gap,z is the orbital
depairing parameter, andb is the spin-orbit scattering param
eter. Examination of Eq.~5! suggests thatu6 take on the
BCS values of (E7mH)/D, with small lifetime corrections
added due to orbital depairing and spin-orbit scattering.
the former case the lifetime is that of a Cooper pair~lifetime
for pair breaking!, whereas in the latter the lifetime is that o
a pure spin eigenstate~lifetime for spin mixing from spin-
orbit scattering, which does not break pairs!.

Surprisingly, Eq.~5! is difficult to solve foru6 . We have
discovered that the difficulty lies in theexistence of multiple
solutions to this four-dimensional problem. These multip
solutions have not been noted before, and are discu
below.
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ANALYSIS OF SOLUTIONS OF MAKI’S EQUATIONS

As a preliminary step we consider Eqs.~5! with eitherb
50 or z50. In these cases straightforward iteration of E
~5! is sufficient, since multiple~nontrivial! solutions only
exist when bothb and z are nonzero. Figure 2 shows th
magnitude of the imaginary part ofu1 ~u2 is related by
symmetry! for the same parameter choices as in Fig. 1 exc
with b50 in one case~dashed line!, andz50 in the other
~solid line!. The sign of the imaginary part ofu1 is irrel-
evant, as can be easily deduced from Eq.~4!. In Fig. 2 we see
in the z50.024 dashed curve characteristic peaks at6D
1mH which represent lifetime effects from orbital depa
ing, and in theb50.05 solid curve we see peaks at6D
2mH and2D1mH which represent mixing of the up an
down spin states. From Eq.~4! we see that the imaginary pa
of u1 is only important whenuRe(u1)u is close to or less than
one, i.e.,uE2mHu is close to or less thanD. Hence the peak
at 2D2mH in the b50.05 curve makes no significan
change tor↓ . The tall peak atD2mH in the b50.05 curve
gives rise to the extra density of states peak atD2mH in r↓ ,
due to spin mixing9 ~see Fig. 5!.

When bothb andz are nonzero we have discovered th
there are two solutions to the Maki equations~in addition to
two trivial solutions!. In Fig. 3 we show the magnitude of th
imaginary part ofu1 as a function of energy for both o
these solutions, for the same parameters used in Fig. 1.
see now the presence of peaks at all four energies:6D
2mH, and6D1mH. To help in interpreting these curve
in Fig. 4 we have plotted the same curves as in Fig. 3,
also plotted the magnitude of the sum and difference of
two curves shown in Fig. 2. At large energies~away from the
singularities! the sum and difference curves forb50 andz
50 agree exactly with the two solutions. Hence the t
solutions to the Maki equations in Fig. 3 correspond to
orbital depairing and spin-orbit scattering effects adding
phase and out of phase.

At this point it is not clear which of these two solutions
physically significant. To answer this question, we plot
Fig. 5 the DOS curves for spin down electrons, as calcula
from Eq.~4!, for both solutions. We see that the out of pha
solution has a significant amount of extra weight in one
the peaks. The in phase solution does conserve we

FIG. 2. The magnitude of the imaginary part ofu1 as a function
of energy. Both curves were calculated from the Maki theory w
H53 T, andD50.39 mV. The solid curve hasb50.05 andz50,
and the dashed curve hasb50 andz50.024.
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whereas the out of phase solution does not. It is not c
what the latter solution corresponds to, physically. In a
event, we throw away the nonweight conserving soluti
and use the in phase solution.18

NUMERICAL METHOD

Most straightforward applications of the Newton-Raphs
method to various rearrangements of Eqs.~5! either do not
converge, or converge to only one of the two interest
solutions, regardless of initial conditions. Since one can

FIG. 3. The magnitude of the imaginary part ofu1 as a function
of energy, as calculated from the Maki theory withH53 T, D
50.39 mV, b50.05, andz50.024. For these parameter value
there are two solutions to Eq.~5!, denoted in phase and out o
phase. The in phase solution~solid curve! is the physically mean-
ingful one; the out of phase solution~dashed curve! leads to a
density of states which does not conserve weight~see Fig. 5!.

FIG. 4. ~a! The solid curve is the in phase solution. The dash
curve is the sum of the curves in Fig. 2.~b! The solid curve is the
out of phase solution. The dashed curve is the magnitude of
difference of the curves in Fig. 2. In both~a! and ~b!, note the
agreement between solid and dashed curves at large energies
gesting that the two solutions to the Maki equations correspon
the orbital depairing and spin-orbit scattering effects adding in
out of phase.
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450 PRB 62D. C. WORLEDGE AND T. H. GEBALLE
control which solution is converged to, these methods are
general purpose enough to be useful. The most us
method is the one outlined in Ref. 14. Alexanderet al.14

generalized Maki’s result to include Fermi liquid effects, a
riving at four equations in four complex unknowns, whic
are mathematically equivalent to Eq.~5! when Fermi liquid
effects are ignored. The benefit of using these four equat
instead of Eq.~5! is that for all choices of parameters, th
Newton-Raphson method converges~for u1! to the in phase
solution for E.0 and to the out of phase solution forE
,0. Since the out of phase solution gives the correct s
down density of states forE,0 ~though not forE.0!, the
results of this method give the correct spin down density
states forall energies. This method also gives the corr
spin up density of states.

ANALYSIS OF DATA AND DISCUSSION

Armed with this ability to solve the Maki equations, w
proceeded to fit our data. The zero temperature solution
Eq. ~4! were thermally smeared using Eq.~2! to give theo-
retical values of (dI/dV)S /(dI/dV)N . Figure 6 shows the
normalized zero field data along with a fit using the me
sured temperatureT50.31 K, D50.3960.005 mV, andz

FIG. 5. The spin down density of states, as calculated from
~4!. The solid line is from the in phase solution~solid line in Fig. 3!
and the dashed line is from the out of phase solution~dashed line in
Fig. 3!. The out of phase solution does not conserve weight, an
is discarded.

FIG. 6. Normalized data forH50 T ~solid line!, and theoretical
fit ~dashed line! from Eq. ~2! with T50.31 K, D50.39 mV, andz
50.016.
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50.01660.0005. This finitez is presumably due to the fring
ing field from the remnant domain state of the LSMO. W
have made over fifty junctions with high quality gaps such
that shown in Fig. 6, which attests to the reproducibility
our technique. All similarly grown junctions have values
D andz within a few percent of those quoted here. Figure
shows the normalized 3 T data, along with a fit from Eq.~2!
with D50.39 mV, z50.02460.0005,b50.05, and a polar-
ization of P5172.061%, meaning that 8660.5% of the
transport weight comes from spin up electrons, and
60.5% from spin down. All similarly grown junctions hav
been fit with values of polarization within a few percent
this. The fit is extremely sensitive to the polarization, a
much less sensitive to the values ofb and z. A different fit
with P5170% was too high atV520.25 mV, and too low
at V510.25 mV, showing the sensitivity of the fit to th
polarization. We have used the measured temperaturT
50.31 K, the accepted value ofb50.05 for thin, granular
Al,4 the zero field value forD50.39 mV,19 and only varied
P and z. Fitting such a complicated curve with only tw
fitting parameters is good support for Maki’s model. T
agreement between theory and experiment is significa
better than the limited amount of previously publish
data.7,10

LSMO was theoretically predicted to be highly polarize
by Pickett and Singh.20 Their calculation showed that ther
were some pockets of minority spins at the Fermi energy,
that these were likely to be localized by disorder, and th
not contribute to the tunneling spin polarization which w
measure.

The other two methods referred to in the opening pa
graphs, namely spin polarized photoemission and Andr
reflection, have also been used to measure the spin pola
tion of LSMO. Spin polarized photoemission by Parket al.1

suggested that the surface barrier of cleaned and anne
films of LSMO is 100% spin polarized. It is not clear ho
this should compare to our tunneling results, since in tunn
ing the matrix elements favor the highly mobiles-d hybrid-
ized states. Hence, it may be that photoemission and tun
ing measure fundamentally different polarizations. Andre
reflection measures yet another type of polarization. The
act form of the polarization is not known, though Mazin17

has derived several expressions, two of which are valid in
diffusive and ballistic limits. In these limits the spin densiti

q.

so

FIG. 7. Normalized data forH53 T ~solid line!, and theoretical
fit ~dashed line! from Eq. ~2! with T50.31 K, D50.39 mV, z
50.024,b50.05, andP5172.0%.
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PRB 62 451MAKI ANALYSIS OF SPIN-POLARIZED TUNNELING . . .
in Eq. ~3! are weighted by powers of the Fermi velocit
instead of by matrix elements. For purposes of compari
between Andreev reflection and tunneling, Mazin has use
particularly simple model to derive an expression for t
tunneling polarization. In the limit of an infinitely high delt
function barrier he finds the expression for the tunneling
larization is the same as the diffusive Andreev result. Ho
ever, the Andreev reflection data of Soulenet al.2 on LSMO
were taken in the ballistic regime, and so are not direc
comparable to our tunneling data. Still, their data give a
larization of 78%, which is in surprisingly good agreeme
with our result ofP572%.

CONCLUSION

We have demonstrated that the analysis of spin polar
tunneling data by the ratio of the conductance peak heigh
susceptible to large errors. Instead we have used nume
T
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cal

solutions to Maki’s equations to unambiguously fit our da
We have shown that there are two solutions to these eq
tions, and have identified the correct solution by appealing
conservation of spectral weight. The correct solutions p
vided excellent fits to our data on La2/3Sr1/3MnO3/SrTiO3/Al
junctions. This allowed us to measure the spin polarizat
of La2/3Sr1/3MnO3 to beP5172.061%.
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