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Measurements of spin polarization of epitaxial STRuUO 5 thin films
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We have measured the transport spin polarization of epitaxial thin films of the conductive
ferromagnetic oxide, SrRu using point contact Andreev reflection spectroscopy. In spite of the
fact that spin-up and spin-down electronic densities of states at the Fermi level for $SrRuO
calculated from band structure theory are practically the same, the experimental transport spin
polarization for these films was found to be about 50%. This is a direct consequence of the Fermi
velocity disparity between the majority and minority bands. The experimental results are compared
with our theoretical estimates of the spin polarization in the ballistic and diffusive limits20@38
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Recently, there has been a renaissance of research in tBeRuQ;, has a relatively large magnetic moment.
physics of oxides, and especially perovskite-based materials. Until recently, the only practical way to independently
While many of these materials are very similar structurally,determineP has been to use the tunneling technique pio-
they exhibit a wide variety of properties including ferromag- neered by Tedrow and MeservEyThis technique is some-
netism, superconductivity, ferroelectricity, and metal-what limited, however, by the need to grow a uniform tunnel
insulator transitions. The development of thin film depositionbarrier on top of one of the FM electrodes. Soutral,**
techniques has helped to exploit their structural similarity toand Upadhyayet al** have shown that transport spin polar-
grow epitaxial multilayer heterostructures comprised of maization, P, can be determined from the current-voltage
terials with different physical properties and to create novel!—V) characteristics of contacts formed between a super-
devices, such as ferroelectric capaciforsith SrRuQ, as a  conductor and a ferromagnet. The charactef-6¥ charac-
metallic layer. Lately, it has also become possible to creatéeristics due to Andreev reflection at the interfeds quite
and study a new class of electronic devices containingjiﬁere”t for spin-polarized and nonpolarized parts of the
ferromagnet/insulator/ferromagnet structures, whose propefurrent* The point contact Andreev reflecti¢RCAR) tech-
ties are controlled by the electron spin of the magnetid!idue, which emerged as a result of this V‘_’gf&_’z has been
material?® Importantly, SrRu@ (including its modifications ~ US€d to measure the transport spin polarization of conven-
is the only known ferromagnetic metéM) among 4l ox- tional magngtlc systemg, such as Ni—Fe allgyaglyvell as
ides with magnetizatiom~1.6u5/Ru and Curie tempera- Several OX|de18 materials, such as GHF®'" and
ture Te~165 K. Due to its structural simplicity and remark- 180.7510.4MnO3.
able chemical stability, SrRuCforms an excellent interface In this letter we present the measurements of the trans-
with Al,O, barrier layer§ and thus has attracted interest for POt SPin polarization of epitaxial thin films of SrRy@sing
studies of spin-dependent transport and as a potential corh.cAR and compare them with the results of band structure
ponent of these devic&$. calculations. ,

The fractional change in resistanad/R (from parallel The films with the thickness 1200 A were grown on

to antiparallel alignment of the two identical FM layeran mlsf[:tUt. (512,5 I(:OOD .STT'O3 snép;trattgs by lgqo . odf.f—a>t<|sd
be approximated by the Julliere formulaAR/R=2P2/(1 sputiering.=~rour-circie x-ray difraction analysis indicate

—P%), whereP is the spin polarization of FM layers. Im- th_at these eplt_ama! SrRuyCthin films are single domains
. : o o with the[110] direction normal to the substrate surface. The
portantly, P; is the transport spin polarizations, as it in-

. . . urfaces of the SrRuQfilms consist of atomically smooth
cludes spin-dependent tunneling matrix elements and has fo uor y

be distinguished from the density of staté80S) spin erraces with nearly periodic ledges along the miscut, result-

S ing from coherent single domain growth.The film is
pOlarlzatlon, POZ[NT(EF)_NL(EF)]/[(NT(EF)—FNL(EF)]l . f _
whereN, | (E) is the DOS for the majorityminority) bands chemically very stable, which prevented any surface degra

he Fermi level. For SrR q leulatiohe dation and allowed us to obtain reproducible results in many
at the Fermi level. For SrRufband structure calculatio consecutive measurements. In this experiment, we have used

result in almost identical spin-up and spin-down DOS:, a5 grownstrained and lifted-off (freestanding films,
Ni(EfF)~23sURy, and, thereforePo~0, even though gimiar 1o the ones described in Ref. 6. The in-plane lattice
parameters of the as grown films are smaller than that of bulk
dElectronic mail: nadgorny@hal.physics.wayne.edu SrRuQ, (3.93 A), indicating that the film is subjected to a
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TABLE I. Summary of the results for the four SrRy@amples studied:
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FIG. 1. Examples of conductance curfrormalized forvV>A/e) at 1.7 K, . - - 18 -
fitted with the least square fit routine based on the théoajlistic limit) of consistent with our previous work on .l MnO;,™ in

Ref. 22. The temperature is taken to be the measured physical temperatuféhich we have found that the intermediate regime is closer
of the film, the superconducting gapis taken from the BCS temperature to the ballistic than to the diffusive limit.
dependence for Sn. The solid squares are the experimental data, the open Figures 1a) and 1b) show examples of normalized con-
circles the fitsi(@ sample 2(as grown contact 12 £=0.51,2~0.3). (b ductance data and the fits for one of the as grown and free-
Sample 4(freestandingcontact 13 P=0.6, Z~0.17). : . ) 9
standing samples, respectively. Table | gives a summary of

. . o ! the results for all four samples. The average valud®a$
biaxial compressive strain in the plane of the fill,( 55 504 with no obvious difference between the two types of
:Syyf:_lo'G‘l‘%?' From the Qvaluefof the normal SCZ” t?}? films. However, a larger standard deviatichP, for each
out-of-plane lattice parameter was found to be 3.96 A, whichy, ¢or the as grown than for the freestanding films may
is larger than that of bulk materials, demonstrating a uniaxiaj, jicate that the results for the freestanding films are more
tensile strain along110] direction (e,,=0.50%) in the film. o5 o sentative of the bulk materiaPs while the rather large
In contrast, both the in-plane a_nd qut-of-plane lattice paramy,,iation in the values o for the as grown films might be
eters(~3.93 A of the freestanding films are the same as thaty q 14 the film anisotropy and the effects of local strain.
of t_he t_)ulk _”?ate“a'- _Th's implies that th_e as grown SrRuO Importantly, the chemical stability of the films resulted
which is initially subjected to an elastic strain, is fully re- in (generally very low interface barrieZ, 0<Z<0.3. Thus
laxed after films are lifted off. We found that both the mag- g ;" measurements have been practically unaffected by any
netically an resistively measured Curie temperatiigesig- possible dependence of the valuesRobn Z, which have
nificantly increased from about 150 K for the strained film top .., reported in some systeMfisNe would like to empha-

about 160 }T when the elk?stic strain was relaxed. size, that, even though this dependence is, in principle, pos-
Spin polarization in the PCAR experiments can be répgjpie gye to spin-dependent scattering or strong spin-orbit
resented by the expression coupling, one has to be very careful not to confuse a fiite

=1, N;(Ep)ol —N,(Ep)on in the ballistic limit with theZz=0 case in the diffusive limit.
=t i1 P ey (1)  To illustrate this point we present an examfie Figs. 2a)

li+1 Ni(Ep)ve + N (Ep)ug, and 2b)] of one out of the two contacts we have measured,
which could have been described by a hig@ekVhile it is
practically impossible to fit this data by the ballistic theory
unlessone starts to varA which in this case has to be 30%
higher than the BCS value, we can easily fit the same data
with the diffusive theory, with the corre&t andZ=0.

To compare the experimental data with the electronic
band structure results, the density functional calculations, us-
ing the general potential linearized augmented plane wave
method as previously describ&& were done for SrRugin
the orthorhombicPbnm structure?® This structure has a
primitive unit cell consisting of four SrRuQformula units
arising from av2x2Xv2 superstructure of the simple per-

wherevg, | is the Fermi velocity of the majorityminority)
spins, wheren is either 1 or 2, depending upon whether
conduction in the contact is in the ballistimean free path

is much larger than the size of the contdetL>d) or dif-
fusive (L<d) regime, respectivel{**> Using the values of
the resistivity of SIRu@ (~40 w{)cm at 4 K we can esti-
mate the mean free path for minorify) and majority (1)
carriers, using the Ziman formula fQTL:%NL(EF)Ulzlel
and UT:%NT(EF)UETTT, respectively, and takingr=o,

+ o, from wherel ~80 and 45 A for minority and majority
carriers, respectively. From an interpolation fornful®&,
~4pLI13wd?+ p/2d the contact sizel is estimated to be 50—
150 A. Thus both majority and minority carriers are in an
intermediate regime df ~d.

We studied four SrRu@samples with approximately ten - Mo P, ] ul oﬁo o,
different contacts measured for each sample. Soft Sn tipg °O o o 5*1_09°°°""”00 ° o oo
were used to prevent any possible additional strain in the§ = . s §, o om
films due to the mechanical sample—tip interaction. Measure$ o} L, e % ® o SRy
ments of the -V and differential conductanceG ~ §e=} oo T £ 0 s
=(dl/dV) characteristics were made using a conventional .. ° i A

four-terminal probe arrangement with a standard lock-in ~ ’ Bias Vottage (mv) Blas Voltsge (m¥)
techniquet! The values ofP are extracted by fitting each ® ®

individual data set with the recent theGfyising aan£4d|fled FIG. 2. (a) Balistic fit with =036, P=0.49 and inflated gap A
BTK model; generalized for spin-polarized metafs." The =0.69 mV); (b) Diffusivefit of the same datésample 2 contact 3vith the

ballistic model can easily fit most of the contacts. This iscorrect gap(0.55 m\) andz=0, P=0.41.
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TABLE II. Calculated majority and minority Fermi velocities and the spin

polarizationPy, (top) and Py,2 (bottom) with respect to the lattice direc- and for developing the fitting routine. and J. Claassen for
tionsa,b,c The densities of states are assumed to be the same for majori '

t . .
and minority electrons. Note the rather large anisotropyPigr alongb and yeChn'Cal assistance. B.N. acknowledges support by DARPA
a/c axis. The minus sign of the spin polarization reflect the fact that thethrough ONR Grant N00014-02-1-0886.
minority spin current is larger than the majority in both ballistic and diffu-
sive cases. This cannot be directly confirmed by the PCAR technique, which
can only measure the absolute value of the spin polarization but is consistentC. B. Eom, R. B. van Dover, J. M. Phillips, D. J. Werder, J. H. Marshall,

The authors thank I. I. Mazin for numerous discussions

with the results of Ref. 4.
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