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Transport spin polarization of Ni,Fe;_, : Electronic kinematics and band structure
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We present measurements of the transport spin polarization ,#feNi, (0<x=<1) using the recently
developed point-contact Andreev reflection technique, and compare them with our first-principles calculations
of the spin polarization for this system. Surprisingly, the measured spin polarization is almost composition
independent. The results clearly demonstrate that the sign of the transport spin polarization does not coincide
with that of the difference of the densities of states at the Fermi level. Calculations indicate that the indepen-
dence of the spin polarization of the composition is due to compensation of density of states and Fermi velocity
in the s andd bands.

Spin-polarized transport in magnetic materials is begin-explained within simple models based on the constant tun-
ning to play an increasingly important role in fundamentalneling matrix element approximation. The qualitative expla-
and applied research due to the rapid advance ofiation was suggested in a number of paperg., Ref. 3,
magnetoelectronics The very definition of this new field, where it was pointed out that the tunneling matrix elements
based on the ability of magnetic metals to carry spin-for s electrons are larger than fdrelectrons. Although this
dependent current, implies that many physical phenomengpicture is instructive for a qualitative understanding of the
and device applications are determined by the interplay ofransport spin polarization, it is not very useful for quantita-
magnetic and transport properties of these materials. Altive analysis, since in transition metals electrons can be only
though many materials are spin polarized, technical conmarginally divided intos and d types. Instead, it is more
straints limit the number actually used in practice to only aappropriate to speak in terms of different bands with differ-
handful. In particular, Permalloy, a member of a family of ent Fermi velocities. Within this approach we propose a
binary alloys, NjFe, _, (x=0.8), features an attractive com- natural quantitative interpretation of this effect based on
bination of vanishingly small magnetostriction, low coerciv- band-structure calculations, consistent with our spin-
ity, and high permeability, which makes it the material of polarization measurements and the most recent tunneling
choice for magnetic recording media, sensors, and nonvolaesults’
tile magnetic random access memory. In order to make a meaningful comparison between spin-

Impressive progress in understanding magnetic propertiggolarization measurements in various experiments and the
of 3d-transition-metal ferromagnets has been made in théheory, the spin polarization must be clearly defiRé®ne
last decades, particularly due to the advances of the bandannot generally expect that the tunneling spin polarization,
structure calculations, based on the local spin-density apPt, which is determined by a fraction of the spin-polarized
proximation(LSDA). However, many aspects of the decep-current, is the same as the spin polarization probed, for in-
tively simple model system of Nre,_, alloys still elude stance, by spin-resolved photoemissi®. While Py is
quantitative explanations. One of the unresolved problems itelated to the electronic density of stat€9) at the Fermi
the difficulty in reconciling the itinerant character of mag- surface N(Eg), P is determined by a weighted average of
netic d electrons(which seems to be reliably established bythe DOS and tunneling matrix elements, which are, in gen-
de-Haas—van Alfen experimeftsand the value as well as eral, functions of the Fermi velocities. In the spin-polarized
the positive sign of the spin polarization measured by tunAndreev reflection experiments,yet another spin polariza-
neling experiments. Since the electronic density of statetion, P,, is measured. In the cleafballistic or Sharvin
(DOY) at the Fermi level is higher for spin-dovehelectrons  limit, P, is defined by the average projection of the Fermi
than fors electrons, it is obvious that this effect cannot bevelocity vg on z, the direction normal to the contact plane,
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and thusP =Py, *<(N(Eg)Vvg,). In the opposite, dirtydif-

fusive or Maxwel) limit, P, is determined byPy,2
«(N(Eg)VZ,).>® The sameP= P, characterizes the spin
polarization of the bulk electric current, as well as the tun-
neling current in the case of specular, low transparencyx®
barrier® In the Ni,Fe, _, system, where the transport proper-
ties are determined by both headyelectrons and light
electrons, the tunneling current as well as the current in the
diffusive case of Andreev reflection are dominated by the
majority spins, even though their density of states is smaller.
Similarly, there is no reason to believe th&t or P, should

be related to the magnetic moment, which is defined as &
difference in the total number of spin-up and spin-down elec-
trons. Since in NjiFe, _, the Fermi surface is far from spheri-
cal, the effective mass is strongly dependent on the wave
vector, and the bands are highly hybridized, it is unrealistic
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to expect that the spin-dependent transport of these com- FIG. 1. G(V)/G, as a function of voltag® for two samples: 1

pounds can be described by the simple model of the polarco), Fe point/Ta foil base: 2 ¢), Nb point/NixgFey film base:
ized homogeneous electron gas, as it was often assumed dgjig curves—modified BTK fits T=1.7 K, Z=0, A=0.6 meV

earlier works. Consequently, the once popular idea that

thgndT=2.2 K,Z=0.4, A=1.5 meV, respectively The values oP

spin polarization, as measured by the tunneling spectroscopyptained from these fits are 42.5% for Fe and 49.5% fqgidk,.

is proportional to the bulk magnetizatibhis not applicable
to this system.

Note that the bath temperature in the latter case was 1(8ek
text). Curve 1 has an arbitrary vertical offset.

In this article, we present direct detailed measurements of

the transport spin-polarization of the N, _, system by a
newly developed point-contact Andreev reflecti®®CAR)

technique’ We also perform band-structure calculations
the spin polarization in this system, using a standard LS

However, in a magnetic metal this is no longer true and
Andreev reflection is limited by the spin direction with the
ofsmaller number of conductance channels, which drastically
DAchanges the subgap conductance. To account for finite tem-

technique. The measured values of the transport spin polaperatures and arbitrary barrier transparercthe normalized

ization are almost independent of the composifion, rea-

conductance dat&(V)/G, (G, is obtained at voltage¥

sonably good agreement with the theory. Based on the band>A/e, e is the electron chargewere compared to the
structure calculations, we interpret this surprising result as anodifiec® Blonder, Tinkham, and KlapwijkBTK) (Ref. 14
consequence of compensation of the numerous but heéavymodel with only two adjustable parametef &ndZ).° The

electrons and scarce but lighelectrons.

temperature was generally taken to be equal to the tempera-

Many thin films and bulk samples were studied. Theyture of the helium bath and was defined separately from
included a Ni single crystal, several Ni and Fe polycrystal-the BCS dependend@.This procedure allowed us to deter-

line foils, a[100]-oriented single-crystal Fe film grown on

a mine themagnitudeof the spin polarization.

GaAs substrate by molecular beam epitaxy, and a number of Our adjustment mechanism consisted of a sharpened rod

variable composition NFe, _, films grown on SiF100] sub-
strates deposited by thermal-beam evaporatiorf. In order
to make meaningful conclusions from the measurements
to compare the experimental results with the theory, we
termined the structural phase of the,Ng _, films for the
entire composition range. X-ray-diffraction datapecular
0126 scang were recorded for each of the JRie,_, compo-
sitions over two angular ranges, 35°—-68° and 71°-86°
all cases only a single phase was fodfithe y(fcc) phase is
present forx>0.47; the a(bcc phase is present fok

(superconducting or ferromagnetiwhich was driven by a
micrometer until it touched thé&erromagnetic or supercon-
anducting base. Superconducting Nb, V, and Ta were used for
dethe measurements reported here. Typical normalized conduc-
tance dataG(V)/G,, obtained by the PCAR method are
shown in Fig. 1 as a function of voltagé For each sample
a number of different contact junctioriwith the contact re-

. Irsistance 1} <R.<100 Q) were measured and then fitted
with the modified BTK model. In Table | we present a sum-
mary of the data obtained for several samples for the end

<0.30. These results are consistent with the results for bulkoints (Ni and Fg which were studied in more detail. Al-

sampled! and for thin films'? The lattice parameters for th
films were within 0.3% of the corresponding bulk values.

e though we observed some variation in the valueB &r the
same material, the results are quite consistent and do not

The details of the PCAR technique are describedappear to depend strongly on whether the ferromagnet was a

elsewhere€. The method measures the degree of suppres
of Andreev reflection at a ferromagnet/superconductor in
face due to the spin polarization of the ferromagriethe

siobulk single crystal, a foil, or a film. Furthermore, it does not
terseem to matter whether it was the point or base in the con-
tact. Finally, the value oP does not depend strongly on the

Andreev process allows propagation of a single electron wittsuperconducting material. Accordingly, the values Fofor

the energy below the superconducting gagrom the nor-

individual samples of each material were averaged together.

mal metal to the superconductor, by reflecting at the interFor Fe,(P)=(44+3)% and for Ni,(P)=(46*3)%.

face as a hole via a time-reversal process. In a nonmagnetic The PCAR results for the entire Nie,_, are shown in
normal metal this is always allowed, because in such a metdtig. 2. For the measurements of the thin-film series a Nb tip
each energy state has both spin-up and spin-down electronsas used. The spin polarization is almost composition inde-
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TABLE I. Spin-polarization results for pure Fe and Ni.refers 100 : ‘ : ‘
to the number of distinct point contacts madeto the average i FCC BCC ]
polarization obtained for th&l contacts, andiP to the standard & L i
deviation. G=crystal, Fi=foil, Fm=film. § 5010 ﬁ/ﬁ_\\ 0
Point/Base N  P%  PoinyBase N  P(%) 3 [ x
. g o
Fe/V (C) 9 4552 Nb/Ni(C-1) 8  45+2 < 0 7
Fe/Ta(Fl) 14  46r2 Nb/Ni(C-2 8  41+4 o \\ //
Fe/Nb (FI) 3 42+3 Nb/Ni (C-3) 11 48+4 =2 i ]
Nb/Fe(Fm) 5 413  NbNi(F) 10 452 & -0¢ 1
Ta/Fe(Fm) 12 45+ 2 Nb/Ni (Fm) 14 45+3 F E'/E\a—s
Ta/Ni (FI-1) 8 44+ 4 1OO[F ]
. - | | | |
TalNi(F-2) 10 80=1 0 02 04 06 08 1

Fe (Atomic Fraction)

Average, Fe  (P) 443  Average, Ni (P) 46+3 .
FIG. 3. The results of the band-structure calculations for

Pns Pavs @andPy2: (8), Py (O), Pnyi (A), Pyy2. The lines
are guides to the eye. The results for pure Ni are shown for com-
pleteness.

pendent, whereas the measured magnetic mofsantvn in
the inset in Fig. 2 changes by a factor of 3. Evidently, our
measurements do not show any correlation between the spin compare the experimental results with the calculations
polarization and magnetic moment, which was observed iperformed in the appropriate lattice structure. For Ni content
the early tunneling spectroscopy measuremémtithough ~ x<<0.35, the calculations were carried out in an average bcc
our spin-polarization values differ substantially from theselattice, forx>0.35 an average fcc lattice was usé&everal
early results, they are quite close to the most recent tunnelingrdered Ni-Fe supercells with the compositions Nife
measurementsobtained from the “companion” NFe_,  NiFe;, NiFe;, NiFe,, NisFe, and NjFe were used. The re-
samples. This result is not necessarily to be expected asults of the calculations of the spin polarizatidPy(, Py,
PCAR probeN(Eg)v2, averaged over the entire Fermi sur- @1d Pny2) are shown in Fig. 3. First of all, we observe that
face, whereas tgnneling through a thick barrier can be showﬁhea;?zrzg gg::ae”;Zg?r?ihaer?n?p:gm:‘rﬁfslg‘ ?;]zegi?:éghc;g?mﬁ&'n
to probeN(Eg)ve, or_1|y at those s_elected p0|_nts of the Fe_rm| of the spin polarization for a given experiment. These differ-
surface where quasimomentum is perpendicular to the inter,

f A I ) ndividual ins in th ences are due to the strong variation of the kinematic prop-
ace. Apparently, averaging over individual grains In thegias petweers-like and d-like electrons. Specifically, the

Ni,Fe, -, films helps to bring the tunneling spin-polarization germj velocity anisotropy between the different sheets of the
results close to the Fermi surface-averaged PCAR results. parmj surface, as well as the angular anisotropy, have to be
To calculate the spin polarization, we performed LSDA taken into account for a quantitative description of any spin-
band-structure calculationt§.Our x-ray measurements al- transport experiment. While “heavy” parts of the Fermi sur-
lowed us to conclude that a single structural phase wagace dominate the DOS spin polarization, “light” parts de-
present at any given Ni-Fe composition. Thus we were abléermine the spin polarization relevant for transport and
tunneling phenomerfaThere is good agreement between the
60 ] . i : ] : i : ] experimental data for the Ni-rich and Ni-poor alloys and
band-structure calculations for the diffusive limity,2 (ex-
cept for pure Fe wherBy, agrees with the experiment better
thanPy,2). This result is quite reasonable because the elec-
tron mean free path,, of these alloygbut not necessarily

l

R
,§ 40T 1 for the pure componentss typically very shor{compared to
S 2 the size of the contaceven at low temperatures, especially
§ 30| = . for minority spins (.~5-10 A).?° This is also consistent
N b with the agreement between PCAR and tunneling spin
£ 20f o1 i polarizations} as mentioned above, the latter is also defined
& = by (Nv?).
0k = 1 We could not perform reliable calculations for pure Ni.
0 - This reflects a well-known problem in conventional band-
02 04 06 08 10 7 structure theory, which is unable to completely account for
Y o5 o4 os  os 1o  electronic correlation effects in thel3tates of metallic ox-

ides and, to a lesser extent, of Ni. The correlation effects in
Ni are known to reduce the exchange splitting by a factor of

FIG. 2. PCAR results for the spin polarizatiras a function of 2 Which, in turn, should affect the spin polarization. For a
Fe content for NjFe,_, samples. ), films; (X), pure Ni and Fe  different reason, we exclude the theoretical calculations for
foils and single crystals. Inset: Magnetic momeMit,as a function the compounds close to the 50:50 Ni:Fe composition. At
of the Fe content for NFe, _, samples. The lines are guides to the relevant lattice parameters the fcc phase of Fe is antiferro-
eye. magnetic, so close to its solubility limit in the fcc Nap-

Fe (Atomic Fraction)
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proximately 60—65 %the corresponding Ni-Fe alloys must trons (the variation of the Fermi velocity over the Fermi
have Fe clusters which are sufficiently large to develop ansurface and, therefore, dependent on the measurement tech-
tiferromagnetic order. On the other hand, Fe-Ni and Ni-Ninique and the transport process in question. In particular, our
interactions are ferromagnetic. This creates frustration leactalculations give a quantitative explanation for a longstand-
ing to noncollinear spin ordering. A theory of spin- ing problem of the positive values of tunneling spin polar-
polarized transport in such systems is yet to be developed.jzation observed for the Ni-Fe system, which has important

In summary, we have presented the band-structure calcympjications both for fundamental issues of spin transport
lations of the transport spin polarizations in the Ni-Fe systemynq for magnetoelectronics applications.
and the experimental measurements of the same system us-

ing the PCAR technique. Overall, the spin polarization mea-

sured by PCAR technique agrees reasonably well with the We are grateful to J. S. Moodera for providing the results
band-structure calculations fé= Py, It is also in surpris- on tunneling prior to publication, G. Prinz for useful discus-
ingly good agreement with the most recent tunneling reéults.sions, and T. Ambrose, C. T. Tanaka, T. J. M. Verspaget,
Furthermore, our results repudiate the idea of a direct relaand M. Maoliyakefu for technical assistance. We also thank
tionship between the spin polarization and the magnetic mod. Byers for numerous discussions and for providing the
ment. At the same time we show that the spin polarization irmodified BTK program, and P. Broussard for help in com-
electronic transport is determined by the delicate balance gfuter modeling. This work was supported by ASEE and
the density of states and the kinematics of $htendd elec- ONR.
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